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Injury stimulates neurogenesis in the adult brain, but the role of
injury-induced neurogenesis in brain repair and recovery is un-
certain. One strategy for investigating this issue is to ablate
neuronal precursors and thereby prevent neurogenesis, but this is
difficult to achieve in a specific fashion. We produced transgenic
mice that express herpes simplex virus thymidine kinase (TK) under
control of the promoter for doublecortin (Dcx), a microtubule-
associated protein expressed in newborn and migrating neurons.
Treatment for 14 days with the antiviral drug ganciclovir (GCV)
depleted Dcx-expressing and BrdU-labeled cells from the rostral
subventricular zone anddentategyrus, andabolishedneurogenesis
and associated neuromigration induced by focal cerebral ischemia.
GCV treatment of Dcx-TK transgenic, but not WT, mice also in-
creased infarct size and exacerbated postischemic sensorimotor
behavioral deficitsmeasured by rotarod, limb placing, and elevated
body swing tests. These findings provide evidence that injury-
induced neurogenesis contributes to stroke outcome and might
therefore be a target for stroke therapy.

The finding that brain injury stimulates the production of new
neurons (neurogenesis) in the mammalian brain (1) suggests

a role for this process in brain repair. Injury-induced neurogenesis
is observed across a broad range of injury models in experimental
animals and human patients. Focal brain ischemia, for example,
triggers increased proliferation of neuronal precursor cells in the
anterior subventricular zone (SVZ), followed by their migration
into ischemic brain regions, where they differentiate and mature
(2–6). This raises the possibility that therapeutic enhancement of
injury-induced neurogenesis might constitute a new approach to
the treatment of stroke or related disorders.
One strategy for investigating the contribution of adult neuro-

genesis to brain function or repair is to ablate neuronal precursors
in the brain’s principal neuroproliferative zones—the anterior
SVZand the hippocampal dentate gyrus (DG). Several techniques
have been used for this purpose, including x-irradiation (7–13),
antimitotic (4, 14–18) or other antiproliferative (19) drugs, and
conditional transgenic targeting of selected [glial fibrillary acidic
protein (GFAP)-, nestin-, or homolog of Drosophila tailless–
expressing] cell populations with HSV-1 thymidine kinase (TK)
(20–23) or inducible recombination (24). However, studies that
use these ablation techniques to assess the functional significance
of neurogenesis can be difficult to interpret, because ablation may
be accompanied by inflammatory responses with microglial acti-
vation (7), alterations in microvascular anatomy (7), systemic
toxicity (18), or involvement of nonneuronal cell lineages (25).
We report the results of studies on the effects of neuronal pre-

cursor cell depletion on outcome from experimental stroke in
transgenic mice that express TK under control of the doublecortin
(Dcx) promoter (26). Dcx is a microtubule-associated protein
expressed primarily inmigrating neurons during development (27,
28) and adulthood (29, 30), including injury-induced (31) neuro-
genesis. BecauseDcx is amore specificmarker of neuronal lineage
than GFAP or nestin, and because Dcx is first expressed in close
temporal relation to cell division (i.e., BrdU labeling) (29), we
considered it a promising candidate gene target for TK ablation-

based studies of the role of adult neurogenesis in determining
outcome from experimental stroke.

Results
Generation of Dcx-TK Mice. A3.5-kb fragment upstream of theATG
start codon of Dcx is sufficient to drive the expression of reporter
genes in embryonic and adult neuronal precursors (26). Transient
transfectionofmouseembryonicfibroblastswith this fragment leads
to immunohistochemically detectable expression of Dcx and other
neuronal (βIII-tubulin, microtubule-associated protein 2) but not
astroglial (GFAP) or oligodendroglial (galactosylceramidase) lin-
eage markers (26). Eight transgenic pDcx-TK founders (F0) were
bred to F1. Three of these lines expressed TK in cells of adult brain
SVZ and DG, indicating that the Dcx promoter we used can drive
TK expression. Themice appeared healthy with normal growth and
reproduction, andwith basal levels ofDcxprotein expression similar
to those in WTmice (Fig. 1A).

Neurogenesis in Dcx-TK Mice. Brains from both WT and Dcx-TK
transgenic mice not given ganciclovir (GCV) showed abundant
expression of Dcx in DG subgranular zone and SVZ (Fig. 1B).
Double-label immunohistochemistry of sections through the SVZ
ofDcx-TK transgenic mice showed that TKwas localized to nuclei
of cells that expressed Dcx in the cytoplasm (Fig. 1C).
In preliminary experiments, WT and Dcx-TK mice were treated

with saline or GCV for 14 days by the i.p. route. No GCV-induced
change in food or water intake, overall health, or mortality was
observed in either group, but body weight in Dcx-TK mice was
≈10% lower than that in WT mice at the conclusion of treatment.
Therefore, the intracerebroventricular routewas used to administer
GCV in subsequent experiments, including all those reported here.
GCV caused no change in the extent of Dcx expression or BrdU
uptake in the SVZ of WTmice. In contrast, GCV-treated Dcx-TK
mice exhibited profound depletion of Dcx-immunoreactive cells
from SVZ (Fig. 1D). Depletion of Dcx-positive cells from SVZ of
GCV-treatedDcx-TKmicewas accompanied by a similar reduction
in the number of cells that incorporated BrdU. Triple-label immu-
nohistochemistry confirmed that despite almost complete disap-
pearance of Dcx- and BrdU-positive cells from the SVZ of Dcx-TK
transgenic mice, there was no loss of GFAP-expressing (astrocytic)
cells (Fig. 1E). In addition, there was no evidence of microglial ac-
tivation in GCV-treated mice that might indicate inflammation as-
sociated with secondary injury (Fig. 1F). These findings are
consistent with the absence of a cytotoxic bystander effect of GCV
on other cell types in this study.
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GCV treatment for 14 days also depleted Dcx-positive cells
from DG (Fig. 1G) and from the proximal but not distal rostral
migratory stream (RMS) (Fig. 1H), through which new neurons
normally migrate from SVZ to reach the olfactory bulb. When
GCV was given for 7 instead of 14 days, many Dcx-positive cells
persisted in the SVZ and proximal RMS, whereas after treatment
for 28 days, Dcx-positive cells were eliminated from these areas
and from the distal RMS as well (Fig. 1I). This time-dependent,
proximodistal depletion of Dcx-expressing cells is consistent with
the time course over which dividing neuronal precursors traverse
the RMS (32) and suggests that Dcx-positive cells in the distal

RMS of GCV-treated Dcx-TK mice represent cells that had
completed division before GCV treatment began. Overall, these
results indicate that Dcx-expressing neuronal precursor cells are
severely depleted in neuroproliferative zones of the adult brain in
GCV-treated Dcx-TK mice.

Focal Cerebral Ischemia in Dcx-TK Mice. Focal cerebral ischemia was
induced by middle cerebral artery occlusion (MCAO) in Dcx-TK
mice on day 14 of vehicle (saline) or GCV treatment. Adminis-
tration of saline orGCVwas then continued for an additional 24 h,
at which time mice underwent sensorimotor testing and were then

Fig. 1. Neurogenesis in Dcx-TK mice. (A) Dcx protein expression in Dcx-TK transgenic compared with WT mouse SVZ, with negative (ES cell–derived neu-
roepithelial precursors) and positive (E15 mouse brain) controls. (B) Dcx expression (brown) in SVZ of WT and Dcx-TK transgenic mice not treated with GCV. (C)
Localization of nuclear TK expression (green, arrow) to cells expressing cytoplasmic Dcx (red) in SVZ of Dcx-TK transgenic mice not treated with GCV. (D)
Depletion of Dcx- (top, brown) and BrdU- (bottom, brown) immunoreactive cells from SVZ of Dcx-TK but not WT mice treated for 14 days with GCV. Arrows
indicate few remaining Dcx- and BrdU-immunopositive cells in GCV-treated Dcx-TK mice. (E) Sparing of GFAP- (purple) in contrast to Dcx- (green) and BrdU-
(red) expressing cells in SVZ of Dcx-TK mice treated for 14 days with GCV; all three markers are spared in WT mice. Arrows indicate a rare Dcx- and BrdU-
immunopositive cell. (F) Absence of microglial activation (Ox42 antibody staining, brown) in SVZ of GCV-treated WT and Dcx-TK mice, compared with
a positive control (mouse cerebral cortex after MCAO). (G) Depletion of Dcx-immunoreactive cells (brown) from DG of Dcx-TK but not WT mice treated for 14
days with GCV. (H) Depletion of Dcx-immunoreactive cells (brown) from SVZ (*) and proximal (p) but not distal (d) RMS of Dcx-TK but not WT mice treated for
14 days with GCV. (I) Compared with Dcx-TK mice treated with GCV for 14 days, mice treated for 7 days showed relative preservation of Dcx-immunoreactive
cells in SVZ (*) and proximal RMS (p), whereas mice treated for 21 days showed depletion of Dcx-immunoreactive cells in distal RMS (d).
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killed. Postischemic functional deficits, measured using the ro-
tarod (Fig. 2A), limb placing (Fig. 2B), and elevated body swing
(Fig. 2C) tests, were greater in GCV-treated Dcx-TK than in
saline-treated Dcx-TK or saline- or GCV-treated WT mice. His-
tologic outcome was assessed by measuring infarct size, as de-
termined by 2,3,5-triphenyltetrazolium hydrochloride (TTC)
staining of coronal brain slices to determine infarct area (33), and
then integrating area throughout the rostrocaudal extent of the
infarct to calculate infarct volume (34).GCV treatment ofDcx-TK
mice extended the area of infarction (Fig. 2D) and increased in-
farct volume compared with that observed after saline treatment
of Dcx-TK or saline or GCV treatment ofWTmice (Fig. 2E). This
increase in infarct volume was not attributable to differences in
brain edema, because the method used to determine infarct vol-
ume controls for differences in edema (34) and because whole wet
brain weight after MCAO was not significantly different across
treatment groups (PBS-treated WT, 505 ± 9 mg; GCV-treated
WT, 501 ± 11 mg; PBS-treated Dcx-TK, 505 ± 11 mg; GCV-
treated Dcx-TK, 513 ± 8 mg; n= 3–4 per group). Therefore, both
neurobehavioral and histologic outcome from focal cerebral is-
chemia are adversely affected by ablation of Dcx-expressing cells.

Ischemia-Induced Neurogenesis and Neuromigration in Dcx-TK Mice.
Ischemia-induced proliferation of neuronal precursors in SVZ is
followed by migration of newborn neurons into the adjacent is-
chemic striatum (3–6). In WT mice that underwent MCAO, this
was evidenced by an increase in the number of Dcx-positive cells
in the ipsilateral SVZ, and the appearance of Dcx-positive cells,
some with sterotypic migratory morphology (35), in the peri-
infarct region of the striatum (Fig. 3A). A similar picture was
observed ipsilateral but not contralateral to MCAO in Dcx-TK
mice not given GCV (Fig. 3B). However, in GCV-treated Dcx-
TK mice, in addition to the depletion of Dcx-positive cells from
the SVZ noted above, Dcx-positive cells were absent from the
striatum (Fig. 3C). Thus, GCV treatment ablated not only
baseline, but also ischemia-induced neurogenesis and subsequent
neuromigration in Dcx-TK mice.

Discussion
A small number of studies have used ablation techniques to study
neurogenesis in experimental stroke. Arvidsson et al. (4) admin-
istered cytosine-β-D-arabinofuranoside (Ara-C) to mice for 12
days after transient MCAO and found that it reduced the number
of BrdU-positive cells in the ipsilateral SVZ and the density of
BrdU/Dcx-positive cells in the ischemic striatum by ≈90%. Zhang
et al. (16) treated mice with Ara-C for 7 days after MCAO and
found similar reductions in the number of BrdU-positive cells in
the ipsilateral SVZ and BrdU/Dcx-positive cells in the ischemic
striatum. However, neither of these studies examined the effect of
Ara-C on histologic or functional outcome from stroke. Raber
et al. (10) treated gerbils with cranial x-irradiation 2 weeks before
the induction of global cerebral ischemia by bilateral common
carotid artery occlusion. Irradiation reduced the number of BrdU-
positive cells in theDGgranule cell layer by>75%and the number
of BrdU/βIII-tubulin-positive cells by >85%, compared with
counts in nonirradiated ischemic animals. Preischemic irradiation
also worsened performance in a water-maze task, indicating ex-
acerbation of ischemia-induced deficits in spatial learning.
In an effort to more precisely ablate specific populations of

neural precursor cells, some studies have made use of conditional
TK-expressing transgenicmouse strains. Expression ofTK renders
the cell population of interest susceptible to the cytotoxic effect of
GCV (36). Studies to date have used either GFAP (20–22) or
nestin (23) to direct the expression of TK. GFAP is a type III in-
termediate filament protein expressed classically in astrocytes,
including SVZ astrocytes that give rise to neurons (37) and oli-
godendrocytes (38). Nestin is a type VI intermediate filament
protein associated with cells of neuroepithelial origin, including
both neuronal and astroglial lineages, as well as a variety of non-
neural cell types (39).
Imura et al. (20) found thatGCV treatment of astrocyte cultures

from postnatal GFAP-TK transgenic mice, or systemic adminis-
tration of GCV to adult GFAP-TKmice, prevented the growth of
multilineage neurosphere cultures in vitro. The same group

Fig. 2. Focal cerebral ischemia in Dcx-TK mice. WT (black bars) and Dcx-TK transgenic (DCX-TK, red bars) mice were treated for 14 days with saline vehicle
(PBS) or GCV, then underwent MCAO to induce focal cerebral ischemia. Twenty-four hours later, behavioral testing was performed and mice were killed for
measurement of infarct size. (A) Rotarod scores, expressed as time (s) mice remained on the rod; lower scores represent more severe deficits. (B) Limb-placing
test scores, expressed according to the scale described in Materials and Methods; lower scores represent more severe deficits. (C) Elevated body swing test
scores, expressed as percentage turns away from the ischemic hemisphere, as described inMaterials and Methods; lower scores represent more severe deficits.
(D) Infarct areas (white) in TTC- (red) stained coronal brain sections from PBS- and GCV-treated Dcx-TK mice. (E) Infarct volumes (expressed as percentage
hemispheric volume) in PBS- and GCV- treated WT (black) and Dcx-TK (red) mice. *P < 0.05.
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showed subsequently that treatingGFAP-TKmice for 20 dayswith
GCV reduced the number of BrdU-positive cells by ≈70% in the
DG subgranular zone and by≈80% in the SVZ, and also depleted
cells in these regions that expressed embryonic nerve-cell adhesion
molecule (22). Morshead et al. (21) reported similar findings. Fi-
nally, Singer et al. (23) treated nestin-TK mice for 28 days with
intracerebroventricular GCV, which caused near-complete loss of
dividing (Mcm2- or Ki67-positive) cells and of Dcx-positive cells
from both DG and SVZ. None of these studies examined behav-
ioral consequences of cell depletion nor effects on recovery from
ischemia or other forms of brain injury.
Our results indicate that SVZneurogenesis contributes to short-

term functional outcome after experimental stroke in mice. This
conclusion is based on the finding that ablation of Dcx-expressing
cells with GCV before MCAO in Dcx-TK transgenic mice results
in increased infarct size andmore severe neurologic deficits. These
results are consistent with those of the one previous study in which
neurogenesis was ablated and an adverse effect on outcome from
cerebral ischemiawas observed (10). That study differed fromours
in that x-irradiation was used to inhibit neurogenesis, the model
used was global rather than focal ischemia (stroke), and histologic
outcome was not studied. We chose to target Dcx-expressing cells
because we expected that this approach would bemore specific for
neuronal precursors than radiation or drugs, which can affect di-
viding cells irrespective of cell lineage, or GFAP- or nestin-based
ablation, because thesemarkers are also expressed in nonneuronal

cells (37–39). Dcx expression has been reported in some pheno-
typically mature neurons of the rat hippocampus, striatum, ol-
factory bulb, and piriform cortex (40), but the cytotoxic effect of
GCVdepends onDNAreplication, so nondividing cells are spared
(36). A subpopulation of multipotent, neurosphere-forming cells
that express low levels ofDcx has also been described (41). Finally,
Dcx-immunopositive cells with morphologic features of mature
astrocytes have been reported in human brain autopsy specimens
and a human glioblastoma cell line (42) but not in rodent brain.
The finding that ablation of neurogenesis worsens outcome

from MCAO suggests that neurogenesis normally exerts a salu-
tary influence in this setting. However, the effect that we ob-
served occurred too early to be explained by a failure to produce
new mature neurons, which requires weeks rather than days (4).
Therefore, the beneficial effect of neurogenesis on early out-
come after ischemia is likely mediated by other than neuronal
replacement. Neuroprotective effects of immature neurons have
been proposed previously and have been ascribed to the release
of chemical mediators (43). Certain growth factors, such as
VEGF, also improve early postischemic endpoints, such as in-
farct size, too quickly for their effects to be explained by the
production of mature new neurons (44). In fact, secretion of
VEGF has been implicated in the beneficial effect of marrow
stromal cells administered after ischemia (45).
In conclusion, ischemia-induced neurogenesis seems to help

mitigate histologic and neurobehavioral deficits in the early af-
termath of experimental stroke. This effect occurs too soon to be
accounted for by the de novo production of fully differentiated
neurons, although such neurons do seem to be produced later
and to survive long term (46), and may contribute to recovery in
the chronic phase of stroke. In the shorter term, neurogenesis
may enhance brain repair through the release of growth factors
or other soluble mediators. Clinical experience indicates that
improvement after stroke may be observed early in the course
but typically continues for several months (47). Accordingly, it
would not be unexpected if multiple repair mechanisms, oper-
ating within different time frames, were to coexist.

Materials and Methods
Animals. Dcx-TK transgenic mice were generated in the Buck Institute
Transgenic Laboratory. To prepare the Dcx-TK transgene, mouse genomic
DNA was isolated from embryonic brain, and PCR was performed using
Dcx promoter-specific primers (sense, CTTTTGTCTCTCTCAGCCTC; antisense,
AGAAAAGGGTGGAGATAAGG). These were designed based on the Gene-
Bank database sequence (accession no. AY590498), which was further
verified by DNA sequencing. The mouse Dcx promoter was directionally
cloned into the plasmid. The HSV-TK gene was excised with BamHI from
pBS mcs1mCMVTKpA vector and cloned in a plasmid containing the Dcx
promoter. The pDcx-TK transgenic vector was injected into CD1 embryos.
Identification and characterization of transgenic mouse lines was per-
formed by PCR using HSV-TK-specific primers (HSVTK-1: 5′-CCACCACG
CAACTGCTGGTG-3′; and HSVTK-2: 5′-CGAGG CGGTGTTGTGTGGTGT-3′).
Mice were used in experiments at age 2 to 3 months. All procedures were
approved by local committee review and conducted according to the Na-
tional Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals, with an effort to minimize suffering and reduce animal numbers.

GCV Administration. In pilot studies, 30, 50, 75, or 100 mg/kg GCV (Cytovene,
Roche) was administered daily via i.p. injection for 7, 14, or 21 days. However,
regimens that produced depletion of Dcx-expressing cells (≥50 mg/kg for ≥14
days) caused weight loss of 10% or more in Dcx-TK transgenic mice. To avoid
this and other possible systemic effects, in the experiments reported here,
GCV was infused into the lateral ventricle using an osmotic minipump. Mice
were anesthetized with 4% isoflurane in 70% N2O/30% O2, implanted with
an osmotic minipumps (Alzet 1003D), and infused continuously for 14 days
with 0.25 μL/h of either 20 mM GCV or normal saline. Focal ischemia was
induced 14 days after the onset of GCV administration. Depletion of Dcx-
expressing cells was confirmed by immunohistochemistry.

BrdU Administration. BrdU(50mg/kginsaline;Sigma)wasgivenbythei.p. route
twice daily on the last day of GCV administration, and animals were killed 24 h

Fig. 3. Ischemia-induced neurogenesis and neuromigration in Dcx-TK mice.
(A) Dcx expression (brown) in SVZ and adjacent periinfarct striatum (CPu) of
WT mice 24 h after MCAO. (Right) Higher-magnification view showing Dcx-
expressing cells with migratory morphology in periinfarct striatum. (B) Dcx
expression (brown) in SVZ and adjacent striatum (CPu) ipsilateral and con-
tralateral to infarct, in PBS-treated Dcx-TK mice 24 h after MCAO. (C) Dcx
expression (brown) in SVZ and adjacent striatum (CPu) ipsilateral and con-
tralateral to infarct, in GCV-treated Dcx-TK mice 24 h after MCAO.
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later. Brains were freshly isolated, and 50-μm coronal sections were cut with
a cryostat and stored at −80 °C. Some brains were perfused with 0.9% saline
and 4% paraformaldehyde in PBS (pH 7.4) and embedded in paraffin.

Western Blotting. The SVZ was dissected from mouse brains and cell lysates
extracted in PBS containing 0.05%Nonidet P-40, 0.25% sodiumdeoxycholate,
50mMTris·HCl (pH 8.5), 100mMNaCl, 1mMEDTA (pH 8.0), 1 μg/mL aprotinin,
and 100 μg/mL phenylmethylsulfonyl fluoride. Protein (50 μg, determined
using a Bio-Rad assay) was boiled at 100 °C in SDS sample buffer for 5 min,
electrophoresed on SDS/12%PAGEgels, and transferred to PVDFmembranes,
which were incubated overnight at 4 °C with rabbit polyclonal anti-DCX
(1:1000; SantaCruzBiotechnology), ormousemonoclonal anti-actin (1:20,000;
Oncogene Science). Membranes were washed with PBS/0.1% Tween 20, in-
cubated at room temperature for 60 min with HRP-conjugated anti-rabbit or
anti-mouse secondary antibody (1:3,000; Santa Cruz Biotechnology) and
washed three times for 15 min with PBS/Tween 20. Peroxidase activity was
visualized by chemiluminescence (NENLife Science Products). Antibodieswere
removedwith stripping buffer (100mM 2-mercaptoethanol/2% SDS/62.5 mM
Tris·HCl, pH. 6.7) at 50 °C for 30 min, followed by washing with PBS/Tween 20
and reprobing.

Immunohistochemistry. Paraffin-embedded, 6-μm sections were deparaffi-
nized with xylene and rehydrated with ethanol. To detect BrdU-labeled
cells, sections were incubated in methanol at −20 °C for 10 min and in 2 M
HCl at 37 °C for 50 min, and rinsed in 0.1 M boric acid (pH 8.5). Sections
were then incubated in 1% H2O2 for 15 min and in blocking solution
(2% goat serum, 0.3% Triton X-100, and 0.1% BSA in PBS) for 2 h at room
temperature, before being treated with mouse monoclonal anti-BrdU
overnight at 4 °C. Dcx immunohistochemistry was conducted using
a standard protocol with antigen retrieval, according to the manu-
facturer’s instructions (Vector Laboratories). The primary antibodies used
were mouse monoclonal anti-BrdU (2 μg/mL; Roche), affinity-purified goat
anti-Dcx (1:200; Santa Cruz Biotechnology), and mouse monoclonal OX42
(1:100; Sertotec). Sections were washed with PBS and incubated with
biotinylated donkey anti-goat or biotinylated horse anti-mouse antibody
(all 1:200; Santa Cruz Biotechnology) for 1 h at room temperature, then
washed and placed in avidin–peroxidase conjugate solution (Vector Lab-
oratories) for 1 h. The HRP reaction was detected with 0.05% dia-
minobenzidine and 0.03% H2O2. Processing was stopped with H2O,
and sections were dehydrated through graded alcohols, cleared in xylene,
and coverslipped in permanent mounting medium (Vector Laboratories).
Sections were examined with a Nikon E800 epifluorescence microscope.
Controls included omitting the primary and secondary antibodies.

Multilabel Immunohistochemistry. Multilabel immunohistochemistry was
performedasdescribedelsewhere (6). Theprimaryantibodiesused, inaddition
to those listed above, were rabbit anti-GFAP (1:1,000; Sigma) and goat anti-
HSV1 TK (vL-20; 1:200; Santa Cruz Biotechnology). Secondary antibodies were
Alexa Fluor 488-, 594-, or 647-conjugated donkey anti-mouse, anti-goat, or
anti-rabbit IgG (1:200–500; Molecular Probes). Fluorescence signals were
detected using an LSM 510 NLO Confocal Scanning System mounted on an
Axiovert 200 inverted microscope (Carl Zeiss) equipped with a two-photon
Chameleon laser (Coherent), and images were acquired using LSM 510 Im-
aging Software (Carl Zeiss). Two- or three-color imageswere scannedusingAr,
543 HeNe, 633 HeNe, and Chameleon lasers. Selected images were viewed at
high magnification. Controls included omitting either the primary or sec-
ondary antibody or preabsorbing the primary antibody.

Focal Cerebral Ischemia. Permanent MCAO was induced by intraluminal oc-
clusion with a nylon monofilament suture. Male mice weighing 30–35 g were

anesthetized with 2.0% isoflurane in 30% O2 and 70% N2O using a vapor-
izer. Rectal temperature was maintained at 37 ± 0.5 °C with a thermostat-
controlled heating blanket (Harvard Apparatus). Blood was analyzed using
an ISTAT portable clinical analyzer and EC8+ cartridge (Heska); results of pre-
and post-MCAO arterial blood studies are shown in Table S1. After the neck
was incised in the anterior midline, the left external carotid artery was ex-
posed, ligated with a 6-0 silk suture, and dissected distally, and its branches
were electrocoagulated; the left internal carotid artery was then isolated
and separated from the vagus nerve. A 6-0 surgical monofilament nylon
suture (Devis and Geck) was blunted at the end, introduced into the left
internal carotid artery through the external carotid artery stump, and ad-
vanced 9 to 10 mm past the common carotid bifurcation. The skin was su-
tured within 10 min of incision. After recovery from anesthesia, mice were
kept in a 20 °C air-conditioned room. Sham-operated rats underwent iden-
tical surgery except that the suture was not inserted.

Rotarod Test. Mice were trained on an accelerating (from 5 to 40 rpm) ro-
tating rod (rotarod) for 3 days before MCAO; only those mice able to remain
on the rod for 20 s at 40 rpm were subjected to MCAO (48). Test sessions
consisting of three trials at 40 rpm were carried out just before MCAO and at
24 h after focal ischemia by an investigator who was blinded to the exper-
imental groups. The final score was expressed as the mean time that
a mouse was able to remain on the rod over three trials.

Limb Placing Test. Limbplacing, a test of lateralizedpostischemic sensorimotor
dysfunction (49), was evaluated bilaterally 24 h after ischemia. The test con-
sisted of seven limb-placing tasks, which were scored by a blinded observer as
follows: 0, no placing; 1, incomplete or delayed placing; 2, complete, imme-
diate placing. Forelimb and hindlimb scores were averaged for each animal.

Elevated Body Swing Test. The elevated body swing test was used to test asym-
metric motor behavior. Mice held by the base of the tail were raised ≈10 cm
above the testing surface (50). The initial direction of body swing, constituting
a turn of the upper body of >10° to either side, was recorded in three sets
of 10 trials, performed over 5 min. The number of turns in each (left or right)
direction was recorded, and the percentage of turns made to the side contra-
lateral to the ischemic hemisphere (percent left-biased swing) was calculated.
For each mouse, average scores were determined.

Infarct Volume Measurement. Mice were anesthetized and decapitated 24 h
after the onset of ischemia. Brains were removed and 1-mm coronal sections
immersed in 2% TTC in saline for 20 min at 37 °C, then fixed for 2 h in 4%
paraformaldehyde (33). In some cases, infarct area was determined by he-
matoxylin and eosin staining. Infarct area, left hemisphere area, and total
brain area were measured by a blinded observer using the NIH Image pro-
gram, and areas were multiplied by the distance between sections to obtain
the respective volumes. Infarct volume was calculated as a percentage of the
volume of the contralateral hemisphere, as described previously (34).

Statistical Analysis. Behavioral testing was conducted using 12–16 mice and
infarct volume was measured using 5–7 mice per group. Results are reported
as mean ± SD. The significance of differences between means was assessed
by Student t test (single comparisons) and ANOVA followed by Bonferroni
post hoc or Fisher protected least significant difference (multiple compar-
isons), with P < 0.05 considered statistically significant.
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