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Abstract
Neonatal stroke leads to mortality and severe morbidity, but
there is no effective treatment currently available. Erythro-
poietin (EPO) has been shown to promote cytoprotection
and neurogenesis and decrease subventricular zone mor-
phologic changes following brain injury. The long-term cel-
lular response to EPO has not been defined, and local changes
in cell fate decision may play a role in functional improve-
ment. We performed middle cerebral artery occlusion in P10
rats. EPO treatment (5 U/g IP) significantly preserved hemi-
spheric brain volume 6 weeks after injury. Furthermore, EPO
increased the percentage of newly generated neurons while
decreasing newly generated astrocytes following brain in-
jury, without demonstrating long-term differences in the
subventricular zone. These results suggest that EPO may
neuroprotect and direct cell fate toward neurogenesis and
away from gliogenesis in neonatal stroke.

Copyright © 2007 S. Karger AG, Basel

Introduction

Stroke occurs in approximately 1 in 4,000 live full-
term births [1]. This leads to adverse changes in central
nervous system development and, consequently, in-
creased mortality and long-term neurological morbidity.
Despite these lifelong effects, no adequate postinjury
strategy for treatment is currently available.

We have previously described a nonhemorrhagic
stroke model in the neonatal rat using transient middle
cerebral artery occlusion (MCAO) [2, 3]. This ischemia-
reperfusion injury results in damage to the ipsilateral
striatum and parietotemporal cortex. Erythropoietin
(EPO) has been shown to play an important role in neu-
ronal survival in both mature and immature rodent mod-
els of brain injury [4-11]. Recent studies also demonstrate
a beneficial effect of exogenous EPO administration in
reducing infarct volume [12], and improving short and
long-term functional performance [12-14]. EPO may
mediate protection via downregulation of proapoptotic
genes [15, 16], modulation of the inflammatory response
[17-19], reduction of glutamate toxicity [5, 20-22], vaso-
active and proangiogenic effects [13, 23, 24], or direct
stimulation of neuronal production from precursors [25,
26].
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Focal ischemic injury has been found to temporarily
stimulate precursor cell proliferation in the adult rodent
forebrain subventricular zone (SVZ), which is a germina-
tive area for new neurons that migrate to the olfactory
bulb throughout life [27-30]. EPO is known to promote
neurogenesis in vitro and in vivo [25], and has also been
shown to enhance neurogenesis in the SVZ following
stroke in the adult rat [13]. We have also seen increased
SVZ hypertrophy at an early time point in neonatal ro-
dents, 2 weeks following MCAO, but response was de-
creased in EPO-treated rats [12], possibly from enhanced
early migration of cells or decreased SVZ response sec-
ondary to preservation of local tissue.

Given the changes in infarct and SVZ volumes ob-
served with exogenous EPO, a question arises regarding
this preserved tissue, and what types of cells populate the
injured area. Neurogenesis has been demonstrated fol-
lowing EPO treatment with an increase in newly gener-
ated cells from precursors [13, 25, 26], and possibly also
an effect on cell fate in vitro [13, 25]. However, a variety
of cell types besides neurons express EPO and EPO recep-
tor (EPO-R) following brain injury [5], including astro-
cytes, endothelial cells, and microglia, and a glial response
may play a role in volume preservation after injury. We set
out to determine if EPO alters cell fate decision 6 weeks
after transient MCAO by quantifying the proportion of
newly generated neurons and astrocytes in the injured ar-
eas, and we used unbiased stereology to calculate pre-
served brain volume in vehicle and EPO-treated brains.

Materials and Methods

The University of California, San Francisco Institutional An-
imal Care and Use Committee approved all animal research, and
every effort was made to minimize animal suffering and reduce
the number of animals used.

Cerebral Focal Ischemia — Reperfusion

Allsurgical procedureswere performedin 10-day-old Sprague-
Dawley rats; this age was chosen to approximate the development
of the term human newborn [31]. Female rats with an 8- to 9-day
old litter (~10 pups per litter) were bought from Simonson Labs
(Gilroy, Calif., USA). Mothers were housed in a temperature and
light-controlled facility and given food and water until pups were
10 days old. Transient focal cerebral ischemia was produced using
the MCAO method with some modifications [2, 3]. Briefly, each
pup was weighed and anesthetized with 3% isoflurane in a mix-
ture of 70% N,O and 30% O,. Following induction of anesthesia,
1.5% isoflurane was maintained and rectal temperature was mon-
itored and maintained at 36-37°C with a combination of heating
blanket and overhead light. With the animal supine, the right
common carotid artery, external carotid artery (ECA), and inter-
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nal carotid artery were exposed with a midline cervical incision.
The pterygopalatine, occipital, superior thyroid, maxillary, and
lingual arteries were coagulated. After ligation of the ECA, a 5-0
nylon monofilament suture with blunted tip was inserted into the
ECA lumen and gently advanced through the internal carotid ar-
tery up to the middle cerebral artery until slight resistance was
felt. Sham controls did not have the suture advanced. After place-
ment of the suture, the wound was closed.

MR Imaging and EPO Treatment

Each animal was examined by diffusion-weighted spin echo
planar imaging (SE EPI) at 25-30 min after MCAO. The entire
brain was imaged with serial 2-mm thick coronal sections as pre-
viously described [2, 12] using the following pulse sequence set-
tings: TR/TE = 5,000/60 ms, 4 averages, field of view = 35 mm,
data matrix 128 X 128, diffusion gradient duration = 20 ms, sep-
aration = 29.7 ms, amplitude = 70 mT/m, b-factor = 1,045 s/mm?.
Reperfusion was achieved after 45 min of occlusion by removing
the suture under isoflurane anesthesia. In a previous study, we
found that an occlusion time of 45 min produced a moderate lev-
el of injury involving the ipsilateral striatum and parietotemporal
cortex, and reperfusion was confirmed with contrast study [12].
Animals that exhibited ischemic injury in atypical regions, such
as brainstem, or that showed lack of cortical involvement were
excluded from the study. Immediately upon reperfusion, a single
dose of either vehicle [0.1% bovine serum albumin (Sigma, St.
Louis, Mo., USA) in saline] or recombinant human EPO (a gift
from Johnson and Johnson) at a dose of 5 units per gram of body
weight was injected intraperitoneally. Following surgery, animals
recovered from anesthesia and were returned to the dam until
weaning. Most pups that received MCAO at P10 showed poor
suckling during the first 2-3 days following surgery and were ga-
vage fed, with daily weights measured for the first week to ensure
adequate weight gain. All animals were injected with BrdU (5-
bromo-2'-deoxy-uridine; Roche, Indianapolis, Ind., USA) at a
dose of 50 mg/kg/dose twice per day on post-MCAO days 7
through 9. This dosing regimen was chosen to limit labeling of
proliferating glial cells just after brain injury, and for the maximal
period of neurogenesis following adult brain injury [32].

Histology

For histopathologic examination, animals were anesthetized
with sodium pentobarbital (100 mg/kg; Nembutal, Abbott Labs,
Abbott Park, IIl., USA) and sacrificed 6 weeks following surgery
by transcardiac perfusion with ice-cold 4% paraformaldehyde in
0.1 M phosphate buffered saline (PBS, pH 7.4). Brains were care-
fully removed and postfixed overnight, equilibrated in 30% su-
crose in 0.1 M PBS and left at 4°C for a maximum of 72 h. Free-
floating serial 40-m coronal sections were collected throughout
the brain in each animal using a freezing microtome. Sections
were stored at 4°C in 0.1 M phosphate buffer with 0.1% sodium
azide for a maximum of 2 weeks or stored in cryoprotectant at
-20°C until staining.

Volumetric Analysis of Bilateral Brain Hemispheres and SVZ
For volumetric analysis, sections were mounted and air-dried,
stained with cresyl violet, dehydrated in graded ethanol solutions,
cleared in Citrisolv (Fisher Scientific, Pittsburgh, Pa., USA) and
cover-slipped in Permount (Fisher Scientific, Pittsburgh, Pa.,
USA). Using systematic random sampling, a series representing
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every 12th section was selected, stained, and analyzed. Sections
encompassed the whole striatum from the genu of the corpus cal-
losum rostrally to the rostral hippocampus caudally. Volumetric
quantifications were performed using a Nikon Eclipse E600 pho-
tomicroscope equipped with a high-resolution CCD camera, a
motorized XYZ axis computer-controlled stage, and Neurolucida
and Neuroexplorer morphometry software package (Micro-
BrightField, Inc., Colchester, Vt., USA). The cross-sectional areas
of the region of interest (ROI) in each section was traced on the
computer screen at low power usinga 2 X /4 X lens and the volume
of the ROI was calculated according to the Cavalieri principle
[33]. For the RO], the right and left hemisphere and SVZ were
traced. Morphological criteria were used consistently in all ani-
mals to determine the boundaries of the SVZ. Dorsolateral stria-
tal extension of the SVZ was outlined, which resembles the dark
band and thin long triangle in the sections corresponding to Plate
10-20 of the Paxinos Rat Brain Atlas [34]. Briefly, the superior-
medial boundary of the SVZ was defined by the corpus callosum,
the lateral boundary by the striatum, and the inferior boundary
by the lateral ventricular margin. By using this sampling strategy,
approximately 11 histological sections per brain for hemispheric
measurement and 6 sections per brain for SVZ measurements
were analyzed. Quantification was conducted by an examiner
blinded to treatment group. Damage due to stroke was deter-
mined quantitatively by calculating the percent preserved volume
in the ipsilateral, or lesioned, hemisphere vs. the contralateral,
control hemisphere. Size alteration of SVZ was investigated by
calculating the percent SVZ volume in lesioned vs. control hemi-
sphere in each animal.

Immunophenotyping and Confocal Analysis

For quantititative analysis of cell types, the entire striatum was
sectioned coronally and a systematic random sampling of every
24th section (3-4 sections per animal) was double-immuno-
stained for BrdU/NeuN, or BrdU/GFAP. Briefly, after overnight
incubation in either mouse anti-NeuN (1:800, Chemicon, Tem-
ecula, Calif., USA) or rabbit anti-GFAP (1:400, Chemicon, Tem-
ecula, Calif., USA), sections were fixed in 4% PFA, denatured by
incubation in 2 M hydrochloric acid at 37°C for 30 min, washed
in 0.1 M Borate buffer and blocked in 25% goat serum (in TBS with
0.1% Triton-X) for 1 h before BrdU staining. Sections were incu-
bated overnight with rat anti-BrdU (1:200, Abcam, Cambridge,
Mass., USA) and NeuN or GFAP in blocking solution. Sections
were rinsed and incubated for 1 h with goat anti-rat Alexa 594
(1:800, Molecular Probes, Eugene, Oreg., USA) and Alexa 488 sec-
ondary antibodies in blocking solution. Sections were then
mounted on Superfrost slides (Fisher Scientific, Pittsburgh, Pa.,
USA) and coverslipped using Vectashield (Vector Laboratories,
Burlingame, Calif., USA).

Double-immunostained sections were imaged using a confo-
cal scanning laser microscope (Zeiss LSM 510, Jena, Germany) at
20X objective (Plan-Apo lens, NA 0.75, camera resolution 1,024
X 1,024 pixels, field dimensions 412 X 412 X 25 wm), and ana-
lyzed using the LSM software (Zeiss LSM Image Browser Version
3.5.0.376). On each section, a tile scan of the entire hemisphere
was imaged, the ROI (striatum) was outlined, and the 20X field
was randomly placed within the ROI for imaging. Following im-
aging of the full thickness z stack (2-pm steps) of the 20X field,
the field was manually moved a fixed distance of approximately
400 pm in the horizontal and then vertical axis, resulting in 4-6
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counting images per striatum per section. BrdU+ cells were quan-
tified using Metamorph Offline (6.0, Universal Imaging Corpo-
ration, Downington, Pa., USA) and double-labeled cells were
counted manually. Cells were considered double-labeled if cola-
beling with relevant morphology was seen throughout the extent
of the nucleus for BrdU and NeuN, or if the cytoplasmic GFAP
markings surrounded the nuclear BrdU marker, when viewed in
x-y cross-section, as well as in x-z and y-z cross-sections pro-
duced by reconstructions from z stacks taken with the 20 X objec-
tive. Cell density was calculated as average number of cells per
20X field, and cell percentage was calculated as total number of
double-labeled cells per total number of BrdU+ cells.

Data Analysis

Results are expressed as mean *+ SD. For volumetric analysis,
one-way analysis of variance (ANOVA) was performed with Stu-
dent-Newman-Keuls post-hoc test for multiple comparisons. For
cell counts, unpaired t test with Fisher’s PLSD was used. Pearson
correlation coefficients compared statistical relationships. p val-
ues below 0.05 were considered significant. All statistical analyses
were performed using StatView (version 5.0.1, SAS software, Cary,
N.C., USA).

Results

Twenty animals underwent transient MCAO and 8
underwent sham surgery; there was no mortality from
the procedure. According to the inclusion criterion by
MRI imaging, 17 of 20 MCAO animals were included
and randomly allocated to MCAO with vehicle (n = 9) or
MCAO with EPO treatment (n = 8). Two pups from the
MCAO vehicle group and one from the MCAO EPO
group died during the week following the procedure. The
remaining survivors were divided as follows: sham sur-
gery with vehicle (VS, n =4), sham surgery with EPO (ES,
n =4), MCAO with vehicle (VO, n = 7), and MCAO with
EPO (EO, n = 7). Male and female rats were evenly dis-
tributed between the 4 groups, with no statistical signifi-
cance between males and females in any of the analyses
(data not shown).

EPO Preserves Hemispheric Brain Volume following

MCAO

Animals that received transient MCAO had signifi-
cant tissue loss in the ipsilateral striatum and parietotem-
poral cortex at 6 weeks after injury (fig. 1a). In animals
that underwent sham surgery, there was no difference in
hemispheric volume between VS and ES treatment. In the
VO group, there was a significant decrease in percent pre-
served volume, but this tissue loss was significantly re-
duced in the EO group, demonstrating a marked protec-
tive effect (fig. 1b, c).
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Fig. 1. Evidence that exogenous EPO has a

neuroprotective effect at 6 weeks after in-
jury. a Cresyl violet-stained coronal sec-
tion shows MCAO causes persistent injury
and volume loss in the ipsilateral striatum
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No Difference in SVZ Volume 6 Weeks after MCAO

On cresyl violet staining, the SVZ is a darkened, nar-
row band between the corpus callosum and subcallosal
striatum adjacent to the ventricular margin rostrally,
which widens dorsolaterally beneath the corpus callosum
through caudal sections (fig. 2a). Previously, we have
shown an increase in SVZ size ipsilaterally 2 weeks after
MCAO, with marked expansion rostrally and laterally,
which decreased with EPO treatment [12]. In this study,
there was no statistically significant difference in SVZ
volume between the 4 groups at 6 weeks after injury
(fig. 2b). Animals with severe injury did show an increase
in SVZ size, with widened morphology (fig. 2c), which
correlated with size of injury (fig. 2d); however, there was
no difference between EPO and vehicle treatment.

EPO Did Not Increase Density of Newly Generated

Cells in the Damaged Striatum

On days 7 through 9 following MCAO, animals were
injected with BrdU, a thymidine analog incorporated
during S phase, to label cells newly generated during this
time period after injury. Given previous studies suggest-
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ing an increase in production of cells from precursors in
the SVZ following MCAO and EPO [12, 13, 25], we looked
at the production of all BrdU+ cells in the injured areas
at 6 weeks. We did not find an increase in the density of
newly generated cells following MCAO, in either the VO
or the EO group (fig. 3), suggesting that a single dose of
EPO may have a larger effect on cell fate than number on
days 7 through 9 after injury.

EPO Increases Neurogenesis in Damaged Striatum

Sections were double-immunostained with antibody
to BrdU and NeuN, a neuronal nuclei monoclonal anti-
body that is a marker for mature neurons, to identify
newly generated cells that survived to become neurons in
and near the site of injury (fig. 4). EPO treatmentled to a
significant increase in both the density (fig. 4c) and pro-
portion (fig. 4d) of newly generated neurons in the in-
jured striatum, whereas the numbers in the contralateral
striatum were not different from controls (data not
shown). In addition, in the sham groups, EPO treatment
significantly increased the density of newly generated
cells that became neurons (fig. 4c), suggesting that EPO
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Fig. 2. Neither MCAO nor exogenous EPO
has an overall significant effect on SVZ
volume 6 weeks after injury. a Cresyl vio-
let-stained coronal section showing the
right SVZ (marked by arrows) in a sham
animal, bordered by the corpus callosum
superiomedially, the striatum laterally,
and the lateral ventricle medially. b There
was no difference in SVZ volumes at 6
weeks after injury between the 4 groups.
¢ SVZ (arrows) in a severely injured ani-
mal, with widened morphology rostrally
and triangular shape caudally. d SVZ size c
correlates with severity of hemispheric in-
jury (r? = 0.19, p < 0.04).
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plays a role in cell fate decision, even in the absence of
injury, but that MCAO treatment results in a larger in-
crease of new neurons following EPO treatment.

EPO Leads to a Decrease in GFAP-Positive Astrocytes

in the Damaged Striatum

A large number of BrdU+ cells in the injured striatum
did not express NeuN, perhaps indicative of gliosis or ac-
cumulation of other cell types in the ischemic brain tis-
sue. Therefore, GFAP, an anti-glial fibrillary acidic pro-
tein polyclonal antibody that labels astrocytes, was used
to examine the role of gliosis following MCAO (fig. 5). In
the MCAO groups, there was a significantly reduced pro-
portion (fig. 5¢) of newly generated cells that become as-
trocytes in the striatum following EPO treatment. Like-
wise, in the sham groups, EPO treatment reduced the
percentage of newly generated astrocytes, suggesting a
role for EPO in determining cell fate and favoring a neu-
rogenic outcome.

Erythropoietin in Neonatal Stroke
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Fig. 3. EPO has no effect on density of newly generated cells in
either the sham or MCAO groups. hpf =20 field (412 X 412 X
25 pwm).
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Fig. 4. Evidence for exogenous EPO as a regulator of neurogenesis. Coronal 40-pm section of striatum immu-
nostained with antibody to BrdU (red) and NeuN (green) to label newly generated cells that survived to become
mature neurons by 6 weeks of age. a 20X confocal projection image. b Selection of individual 2-pm z steps of
NeuN+ cells (top), BrdU+ cells (middle), and merge images (bottom). Colabeled cell marked by arrow. ¢ EPO
increased the density of newly generated neurons in sham (* p <0.05) and MCAO animals (* p < 0.001 vs. VO).
d EPO increased the proportion of newly generated cells that become neurons in MCAO animals (* p <0.03 vs.

VO).

Discussion

The results of this study demonstrate that a single dose
of exogenous EPO immediately following transient
MCAO preserves brain tissue and decreases infarct vol-
ume 6 weeks after injury. EPO treatment leads to an in-
crease in the percentage of newly born neurons in the
injured areas, while decreasing the percentage of astro-
cytes, without changing the overall density of newly born
(BrdU+) cells. This suggests a dual role for EPO, promot-
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ing not just neuroprotection, but also neurogenesis pos-
sibly via the alteration of cell fate decisions, as opposed to
increased production of all cell types.

EPO has previously been shown to preserve brain vol-
ume following neonatal hypoxia-ischemia (HI) [6, 8, 14],
and to decrease infarct volume following transient MCAO
in P7 rats [15]. We chose a single dose of EPO immedi-
ately following injury, as opposed to during or prior to
injury, to more closely approximate a clinical scenario
where EPO may be used for treatment. This model, simi-
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lar to other postinjury dosing regimens [14, 15], has pre-
viously been demonstrated to confer short-term histolog-
ical and functional benefit [12]. In our model, similar to
our findings at 2 weeks, there still persists preservation
of brain tissue at 6 weeks. While EPO had no effect on
volumes in sham animals, the significant difference in
injured animals suggests neuroprotection. The mecha-
nism by which this occurs has not been entirely elucidat-
ed, but it may involve a decrease in intracellular calcium
[21], inhibition of nitric oxide-induced death [22], or
modulation of the inflammatory [17-19] or angiogenic
responses [13, 23, 24]. In transient MCAO, Sola et al. [15]
found a significant decrease in TUNEL-positive cells
with EPO, suggesting an antiapoptotic effect. EPO in-
duces an increase in phosphorylated Janus kinase 2 and
signal transducer and activator of transcription-5
(STATS) expression, resulting in upregulation of anti-
apoptotic genes such as Bcl-xL [15, 16, 25, 35] and NF-kB
[25]. EPO does not appear to protect against early injury

Erythropoietin in Neonatal Stroke

in the first 6 h [8], rather at later time points, suggesting
a delay is required for the responsible mechanism. This
may be related to upregulation of EPO-R, synthesis of
protein, or activation of a cascade that results in neuro-
protection.

While these results suggest a role for EPO in preserva-
tion of tissue, this may not be sufficient for long-term
improvement, and neurogenesis may be a necessary re-
sponse. In rodents, neurogenesis is thought to primarily
occur during embryogenesis, with the exceptions being
the olfactory bulb and dentate gyrus [36, 37]. The SVZ is
a source of neurons that migrate to the olfactory bulb [38,
39], and this neurogenesis peaks during the first 2 post-
natal weeks [40]. Previously, the SVZ was found to be-
come less cellular 3 weeks after HI [41], but other studies
have found an increase in ipsilateral SVZ size, propor-
tional to the size of hemispheric damage [27, 28, 42], with
an increase in progenitor cells [43] and neuroblast migra-
tion toward the site of injury [27, 28]; however, these in-
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creases in SVZ size and cellularity following injury do not
persist [27, 28]. Increases in BrdU+ density in the ipsilat-
eral SVZ at 2 weeks following HI [44], quinolinic acid-
induced seizure [45], and MCAO [27, 30, 46, 47] decrease
to or near control levels 2—-4 weeks later.

Local injury may initiate pathways that increase pre-
cursor proliferation, but also enhance migration and de-
termine cell fate. Parent et al. [47] found a transient in-
crease in SVZ neurogenesis 2 weeks after MCAO, without
changes in astrocytic markers, and migration and differ-
entiation of region appropriate neurons in the peri-in-
farct striatum. Collin et al. [45] also found an increase in
SVZ cell proliferation and newly generated neuroblasts in
the ipsilateral striatum following quinolinic acid-induced
injury, with a gradient from medial to lateral, suggesting
neurogenesis through recruitment of neuroblasts into the
striatum. Arvidsson et al. [46] noticed an increase in
BrdU+/NeuN+ cells in the lesioned striatum after stroke,
as well as massive gliosis, but 80% of the newly generated
neurons disappeared between 2 and 6 weeks. This sug-
gests that following brain injury, new neurons migrate
into the damaged areas, but local trophic factors/signals
that play a role in migration and differentiation may be
inadequate for survival.

EPO does show promise as a trophic factor that may
support cell differentiation, survival, and possible incor-
poration into neural networks. EPO increases the density
of newly born cells and oligodendrocyte precursors in the
striatum, corpus callosum, and SVZ [48]. In our study,
there was no overall difference in SVZ volume between
the groups at 6 weeks after injury, regardless of MCAO or
EPO treatment. Hypertrophy was still seen in the ani-
mals with the most severe injury, suggesting a relation-
ship between injury size and precursor proliferation.
Consistent with this, MCAO caused an increase in ipsi-
lateral SVZ size and change in morphology at 2 weeks
after injury, which was reduced with EPO treatment [12].
At 6 weeks, the overall lack of difference may represent a
return of SVZ size to normal following migration [30] or
a decrease in precursor cell proliferation and number af-
ter the infarct has evolved. In addition, while newly gen-
erated neurons migrate from the SVZ following injury,
new astrocytes may proliferate locally as well, so the exact
role of the SVZ in producing different cell types following
EPO is not clear. To differentiate between these hypoth-
eses will require careful quantification of cell type and
number in the SVZ and surrounding infarct areas at se-
quential time points following injury.

The most striking finding of our study is a shift from
astrocytic to neuronal cell fate. In this model, despite a

328 Dev Neurosci 2007;29:321-330

lack of effect on SVZ size, there was an increased density
and percentage of newly generated neurons (co-labeled
with BrdU and NeuN) in the injured striatum. We did
not, however, find an increased density of newly born
(BrdU+) cells. Normally after brain injury, extensive gli-
osis occurs near the site of injury [27, 28, 44], which per-
sists in contrast to newly generated neurons. Plane et al.
[27] found increased BrdU+ and GFAP+ cells in the in-
jured hemisphere at 1 week following HI, concentrated
in the ipsilateral white matter and periventricular stria-
tum. At 2 weeks, many newly generated neurons and as-
trocytes were located near the lesioned striatum, and at
3 weeks widespread gliosis remained while new neurons
decreased. Ong et al. [28] saw an increase in newly gen-
erated neuroblasts and astrocytes 2 weeks following HI,
but only astrocytes persisted at 4 weeks. Shingo et al. [25]
found that hypoxia, via elevated EPO expression and
blocked by anti-EPO antibody, induced a two- to three-
fold increase in numbers of neurons/sphere in vitro. This
increase in neuronal production was mimicked by EPO
in a dose-dependent manner, but did not increase total
cell number or astroglial cells vs. controls, and decreased
the production of secondary stem cells. In vivo, intraven-
tricular EPO increased newly generated neurons that
migrated to the olfactory bulb, with rapid phosphoryla-
tion of STATS5 and upregulation of NF-kB. This resulted
in an increase in neurogenesis and a corresponding de-
crease in secondary stem cells, suggesting a role for NF-
kB in directing multipotent precursors to the neuronal
lineage [25]. In addition, TUNEL labeling did not show
differences between EPO and non-EPO treated, signify-
ing a role for EPO in neurogenesis as opposed to cell sur-
vival.

What mechanism underlies this change in cell fate
commitment? EPO is increased by hypoxia and brain in-
jury, and EPO and EPO-R have been detected in multiple
cell lines in the brain, suggesting EPO could work in au-
tocrine-paracrine fashion and result in neuroprotection
and neurogenesis [5, 25]. EPO and EPO-R are weakly ex-
pressed in the adult brain [49], but are upregulated in the
ischemic penumbra following permanent focal ischemia
in adult mice [5]. EPO and EPO-R play important roles
in embryonic development, including radial glia develop-
ment, starting at E11 [50]. Upregulation of astrocytes and
their precursors, such as radial glia, may be the source of
newly generated neurons in the postnatal brain [51]. Fa-
gel et al. [42] found an increased number of cells of the
astroglial lineage proliferating in the neurogenic zones
during recovery from perinatal hypoxia. These cells, via
glial-derived factors or neuroblast production from ra-
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dial glia, may influence production and migration of cells
to injured areas.

In this model of neonatal brain injury, a single dose of
EPO immediately after injury preserved brain volume
and increased neurogenesis while decreasing the glial re-
sponse in the injured area. An important question to an-
swer involves the long-term functional outcomes in this
model. We have previously seen improved behavioral
performance at 2 weeks after injury. Others have shown
long-term improvements with EPO in visuospatial learn-
ing and memory [14]. Given the evolution of injury over
time [8], it remains to be seen what dose and treatment
regimen results in the best long-term outcomes. Taken
together with previous studies, our observations suggest
that EPO may be useful both early, for its direct neuro-
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