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Erythropoietin Protects Dopaminergic Neurons
and Improves Neurobehavioral Outcomes in
Juvenile Rats after Neonatal Hypoxia-Ischemia
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ABSTRACT

Brain injury as a result of hypoxia-ischemia remains a com-
mon cause of morbidity and mortality in neonates. No effective
therapy is currently available. The hematopoietic cytokine eryth-
ropoietin (Epo) provides neuroprotection in many adult models
of brain injury and is currently being investigated as a therapeutic
agent for human stroke and spinal cord injury. We tested the
hypothesis that recombinant Epo (rEpo) would improve neurobe-
havioral outcomes after neonatal hypoxic-ischemic brain injury.
Postnatal day 7 rats underwent right common carotid artery
occlusion followed by a 90-min exposure to 8% oxygen. Rats
were subsequently treated with rEpo or placebo. Sensory neglect
and apomorphine-induced rotation were measured at P27 and
P28. Rats were killed at P30, blood was drawn, and the brains
were perfusion-fixed for histology and immunohistochemistry.
No differences in gross brain injury between rEpo and placebo-
treated rats were found. Neonatal rEpo treatment protected do-
pamine neurons as indicated by the preservation of tyrosine
hydroxylase—positive cells in the substantia nigra pars compacta
and ventral tegmental area. rEpo treatment also improved func-
tional outcomes by reducing sensory neglect and preventing the
rotational asymmetry seen in control animals. No differences in

Perinatal exposure to hypoxia-ischemia (HI) produces brain
injury that is a significant source of morbidity and mortality for
preterm and term neonates. Neonatal HI exposure initiates a
multifactorial cascade that can persist for days, producing
injury to multiple brain regions with corresponding motor,
behavioral, and cognitive impairments. Although there are
currently no effective therapies to ameliorate hypoxic-ischemic
brain injury, several useful rodent models of neonatal brain
injury are available. Using 7-d-old (P7) rat pups, which are
comparable to near-term humans in brain maturity (1), the
technique entails unilateral ligation of the common carotid
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hematocrit, white blood cell counts, neutrophil counts, or platelet
counts were measured. We observed that rEpo treatment pro-
tected mesencephalic dopamine neurons and reduced the degree
of behavioral asymmetries at 4 wk of life. On the basis of these
findings, we conclude that further studies investigating the safety
and efficacy of high-dose rEpo as a neuroprotective strategy are
indicated in neonatal models of hypoxic-ischemic brain injury.
(Pediatr Res 58: 297-301, 2005)

Abbreviations
ADHD, attention-deficit/hyperactivity disorder
DA, dopamine
Epo, erythropoietin
EpoR, erythropoietin receptor
HI, hypoxia-ischemia
P, postnatal day
rEpo, recombinant Epo
SNpc, substantia nigra pars compacta
TH, tyrosine hydroxylase
VTA, ventral tegmental area

artery and subsequent exposure of the animals to hypoxia
(Rice-Vannucci model) (2). This procedure produces perma-
nent unilateral brain injury in multiple regions, with specific
impact on the basal ganglia including decreases in striatal
dopamine (DA) receptors and increases in striatal DA trans-
porters (3,4). Disruption of dopaminergic neurotransmission is
suspect for several developmental disorders. Moreover, candi-
date neuroprotective treatments may be tested by examining
specific markers of DA and dopaminergic function.
Erythropoietin (Epo) is a hematopoietic cytokine that has
been shown to have beneficial effects in the central and pe-
ripheral nervous system (5-7). Epo receptors (EpoR) are
present on many cell types in brain, and their activation by Epo
results in cell-specific effects (8). Stimulation of neurons with
recombinant Epo (rEpo) decreases glutamate toxicity (both
N-methyl-p-aspartate and «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid mediated) (9,10), up-regulates anti-
apoptotic factors Bcl-x; and Bcl-2 (4,11), and decreases nitric
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oxide-mediated injury (12-14). In addition, rEpo preserves
blood-brain barrier integrity (15), enhances proliferation/
differentiation of oligodendrocyte precursors (16), and promotes
neurogenesis from neural stem cells (17). rEpo has also been
shown to promote the differentiation of DA neurons and stimulate
DA release from the striatum (18 —20). The combination of these
factors leads to decreased apoptosis and neurologic injury in
various animal models, including HI-induced brain injury, kain-
ate-induced seizures, experimental autoimmune encephalomyeli-
tis, and concussive brain and spinal cord injury (21).

Here, we report results of an experiment that was designed
to test for improved neurobehavioral outcomes tested 3 wk
after Epo treatment and neonatal HI exposure. Because the
brain injury produced using this HI model affects multiple
tissues, including (but not limited to) DA-containing pathways,
we sought to identify possible behavioral asymmetries by
borrowing indices of unilateral DA depletion used in the rodent
model of Parkinson’s disease. We hypothesized that unilateral
HI-induced brain injury might produce contralateral sensory
neglect and DA agonist—stimulated rotation and that Epo treat-
ment would reduce the degree of asymmetry in these indices.
Recognizing that mesencephalic dopaminergic neurons of the
substantia nigra pars compacta (SNpc) and ventral tegmental
area (VTA) have a relatively high rate of apoptosis during devel-
opment, are influenced by striatal injury, and can be protected by
interventions that up-regulate Bcl-2 (22), we further hypothesized
that rEpo treatment after neonatal HI exposure would protect DA
neurons in both the SNpc and the VTA.

METHODS

Animals, injury, and treatment. This study was performed in accordance
with the guidelines established by the Animal Care Committee at the Univer-
sity of Washington. The right common carotid artery of P7 Sprague-Dawley rat
pups was isolated and permanently ligated using electrocautery under me-
thoxyflurane anesthesia. After a 2-h recovery period with the dam, unanesthe-
tized rats were exposed to hypoxia (humidified 8% O,, 92% N,, 90 min, 36°C
ambient temperature). Three of 46 pups died during hypoxic exposure (6.5%
mortality). After hypoxia, litters were culled to 10 pups (23) and assigned to
one of two treatment groups: Epo treated (n = 15) versus placebo treated (n =
15). rEpo (2500 U - kg~ ' - d~ ' s.c.) was prepared in 10 mM PBS vehicle that
contained 0.1% BSA and administered daily for 3 d. Placebo-treated animals
were dosed using the same schedule of vehicle injections. Sham animals (n =
10) underwent surgery with simple incision but without ligation or hypoxia and
received either vehicle (n = 5) or Epo (n = 5) treatment. Sham groups were
collapsed because there was neither injury nor differences in weight, complete
blood counts, behaviors, or immunohistochemistry.

Neurodevelopmental behavioral assessment. To identify asymmetrical
behaviors that could implicate underlying unilateral neurologic injury, we
tested for contralateral sensory neglect and DA agonist—induced behavioral
asymmetry. In this model, these phenomena should not be interpreted to
suggest that injury is limited to DA neurotransmission or DA receptor—
containing neurons.

On P27, sensorimotor responses to tactile stimulation were scored using an
established scale. Briefly, animals were habituated to the testing area, and then
a single paintbrush bristle was used to touch the animal lightly across 11
defined areas/hemispheres. This sensory stimulus triggers motor orientation
toward the stimulus that can be scored from zero to four as follows: 0 = none,
1 = minimal, 2 = turning halfway, 3 = complete turning, and 4 = complete
turning and biting the bristle (24,25). A ratio to represent differences between
hemispheres then is calculated by summing the scores for each hemisphere and
dividing the contralateral by the ipsilateral sum. Ratios less than one indicate
impairment of responding to stimulation contralateral to the injury. This
phenomenon is termed sensory neglect and is a reliable marker of unilateral
brain injury (24,25).

On P28, DA agonist—induced rotation was assessed. Rat pups were placed
in individual round chambers and videotaped before and after injection of the

DEMERS ET AL.

DA receptor agonist apomorphine (0.2 mg/kg s.c.). The tape was reviewed, and
all rotations ipsilateral (negative) and contralateral (positive) to injury were
counted for calculation of net turning in 5-min increments by a blinded
observer. The range of number of rotations (ipsilateral to contralateral) is also
reported when significance was present.

Safety. Rat pups were weighed on P7, P10, P28, and P30. Blood was obtained
at the time they were for evaluation of the complete blood count indices hemat-
ocrit, white blood cell count, and platelet count, along with the neutrophil
(polymorphonuclear) counts from the white blood cell differential count.

Gross brain injury. Rat pups were killed on P30 with an overdose of
pentobarbital (Abbott Laboratories, Chicago, IL) 100 mg/kg i.p. followed by
transcardiac perfusion with heparinized 10 mM PBS followed by 4% parafor-
maldehyde. Brains were photographed before paraffin embedding for evalua-
tion of gross brain injury. Gross brain injury was scored using an ordinal scale
developed by Vannucci et al. (26) as follows: 0 = normal ipsilateral hemi-
sphere, 1 = mild atrophy with <25% ipsilateral/contralateral size difference,
2 = moderate atrophy ~25-50% difference, 3 = atrophy with cystic cavitation
<3 mm, and 4 = atrophy with cystic cavitation =3 mm.

Immunohistochemistry. DA-containing neurons of the SNpc and VTA
were identified by labeling of the catecholamine synthesis enzyme tyrosine
hydroxylase (TH). Coronal brain blocks 3 mm thick were embedded in
paraffin, cut to 5 wm, and mounted on slides. Slides were processed through
xylene and declining alcohol concentrations, boiled in 10 mM citrate buffer
(pH 6), and rinsed in 3% hydrogen peroxide followed by 5% normal blocking
serum. The primary antibody, polyclonal rabbit anti-TH 1:200 (AB-152;
Chemicon, Temecula, CA), was applied for 1 h at 36°C. A biotinylated
secondary antibody (KPL 16-15-06) was applied at 1:200 for 1 h at room
temperature. Avidin—horseradish peroxidase conjugate (Vectastain, Vector
Labs, Burlingame, CA) and Fast DAB (D-4168; Sigma Chemical Co., St.
Louis, MO) were used to mark immunolabeled cells, and slides were coun-
terstained with hematoxylin. A minimum of three sections per animal were
stained. Using a light microscope and X100 magnification, digital images in
each hemisphere of both SNpc and VTA were captured by a blinded observer
(27). Using computer software (Soft Imaging System AnalySIS, Ascend
Instruments, Portland, OR), images were analyzed by first outlining separately
the area of the dorsal tier of the SNpc and VTA (28), then all TH-positive cells
within each area were counted. Both areas and cell counts were measured. All
measurements from each individual were averaged so that each subject was
represented by a single score per variable. Cell densities (count/area) were
calculated for both ipsilateral and contralateral SNpc and VTA, and a ratio of
ipsilateral/contralateral effect was calculated for subsequent group averages
and comparisons. Data are reported as a ratio of ipsilateral/contralateral TH
density for rEpo-, placebo- or sham-treated groups, and mean ipsilateral
TH-positive cell counts = SEM are also reported.

Statistical analysis. Data were expressed as mean = SEM. Differences
between placebo-, sham-, and rEpo-treated animals were compared using
ANOVA. When significance was present, post hoc tests were performed using
Tukey’s for between-group comparisons and Dunnett’s for within-group com-
parisons. Differences between proportions were compared using x*. A p =
0.05 was considered significant. Statistics were performed using SPSS soft-
ware (Chicago, IL).

RESULTS

Unilateral HI exposure produced varying degrees of gross brain
injury both within and between neonatal treatment groups. Vari-
ability in gross brain injury is evident in Fig. 1, which shows
whole brains photographed from one litter of experimental rat
pups that were killed at P30 (Fig. 14) and the quantified gross
injury scores for each treatment group (Fig. 1B). One hundred
percent of sham animals but only 40% of placebo-treated
animals were uninjured and given a score of 0, and this
difference indicates that HI exposure induces significant uni-
lateral gross injury (p = 0.05). On this measure, the mean
injury score for rEpo-treated animals was 1.1 * 0.4, compared
with 1.5 = 0.4 for placebo-treated animals (p = 0.15).

Neonatal HI altered the sensorimotor responses to tactile
stimulation measured in juvenile rats. Figure 2 shows the
sensory neglect ratios determined at P27 in each treatment
group. Placebo-treated animals exhibited significantly more
sensory neglect than either sham (p = 0.001) or rEpo-treated
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Figure 1. Severity of gross brain injury. Photograph (A) and histogram (B)
showing subtle differences in gross brain injury between conditions. Fixed P30
rat brains were scored for increasing injury from O to 4. (A) One litter of
Epo-treated (1-5) vs placebo-treated animals (6—10) is shown. Large infarcts
are apparent in animals 6, 7, and 10 and a smaller one in animal 3. (B) The
frequency distribution for injury scores for all animals is shown. The placebo-
treated group exhibited significantly fewer uninjured brains (score = 0) when
compared with shams (*p = 0.05), but the proportion of uninjured scores for
Epo-treated rats was not different from any group. Bar = 10 mm.

rats (p = 0.05). Although neonatal rEpo treatment reduced the
degree of contralateral sensory neglect, it did not prevent it
altogether (p = 0.05).

Neonatal HI produced asymmetric rotation behavior in ju-
venile rats that were given apomorphine injection. Figure 3
illustrates the time course of rotation across treatment groups.
Placebo-treated animals showed significant ipsilateral rotation
15 min after apomorphine injection compared with sham con-
trols (p = 0.01), indicating a functional DA receptor imbalance
between right and left hemispheres. In contrast, neither sham-
nor rEpo-treated animals exhibited asymmetric rotation.

HI-induced loss of dopaminergic neurons in both the SNpc
and the VTA was reduced by rEpo treatment. Figure 4 shows
photomicrographs of TH staining in the ipsilateral SNpc (Fig-
ure 4A), and a schematic illustrating the sampling areas for
SNpc and VTA outlined (Figure 4B). In Figure 4C, neonatal
rEpo treatment prevented the HI-induced loss of both SNpc
and VTA TH-positive neurons seen after HI treatment com-
pared with placebo-treated animals (p = 0.01). Mean ipsilat-
eral TH-positive neuron counts in the SNpc are 62.6 = 9.0,
50.2 = 5.7, and 40.6 = 4.7, respectively, for sham-, rEpo-, and
placebo-treated groups. A similar phenomenon existed for the
VTA, with mean ipsilateral TH-positive neuron counts of
147.5 = 33.7, 135.7 = 16.9, and 109.3 *= 18.5, respectively,
for sham-, rEpo-, and placebo-treated groups. Mean TH-
positive counts in the SNpc or VTA of the hemisphere contralat-
eral to the injury did not differ between groups (data not shown).
A few general observations are worthwhile. In the injured hemi-
sphere of placebo-treated animals, the size of both the SNpc and
the VTA and the TH-positive neuron count declined substantially.
However, that reduction in area was not sufficient to offset the loss
of DA neurons, and thus the ipsilateral/contralateral TH density
ratio for placebo-treated animals is still well below one. In com-
parison, rEpo-treated animals exhibited a small decrease in SNpc
and VTA combined with a relative preservation in TH-positive
neuron count ipsilateral to the injury; therefore, the ipsilateral/
contralateral density ratio was slightly greater than one. As indi-
cated, sham animals exhibited equivalent TH densities between
hemispheres.

Table 1 lists the animal weights and complete blood cell
indices collected to assess safety and overall health. Although
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Figure 2. Histogram illustrating differences in sensory neglect scores be-
tween conditions. At P27, rats were tested for somatosensory orientation to
tactile stimulation and scored for degree of response. ANOVA indicated
significant effects of treatment (F, ;o = 17.5, p < 0.001, n = 10-15/group).
Post hoc testing identified that neonatal unilateral carotid artery occlusion with
hypoxia exposure produced sensory neglect compared with shams, and Epo
treatment reduced the degree of sensory neglect compared with placebo-treated
animals as indicated (*p = 0.05, ***p = 0.001).
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Figure 3. Apomorphine-induced rotation. This graph illustrates the time
course of DA agonist—induced rotation. At P28, rats received an injection of
apomorphine (0.2 mg/kg, s.c.), and behavior was filmed for calculation of net
rotation. ANOVA identified treatment effects (Fg 39 = 3.3, p = 0.01, n =
10—15/group). Post hoc testing revealed that placebo-treated rotation differed
when compared with Epo- or sham-treated animals (**p = 0.01). Fifteen
minutes after injection, placebo-treated animals were rotating ipsilateral to the
injury, and Epo prevented manifestation of rotational asymmetry. The maxi-
mum rotations during each interval were *+3, 8, 22, and —18, respectively.

sham controls weighed more than both groups of Hl-exposed
animals (p = 0.05), there was no weight difference between
rEpo- and placebo-treated animals. Last, there were no differ-
ences in any parameter of the complete blood cell count among
sham-, rEpo-, or placebo-treated animals.

DISCUSSION

This report extends our understanding of neonatal unilateral
hypoxic-ischemic brain injury and identifies neuroprotection
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Figure 4. TH immunostaining in dopaminergic mesencephalic nuclei. Quanti-
fication of TH immunostaining 3 wk after neonatal HI exposure revealed differ-
ences in the density of DA neurons in the injured hemisphere of both the SNpc and
VTA. (A) Photomicrographs (X100) show only the injured SNpc of representa-
tives from each group. (B) Mesencephalic regions quantified. (C) corresponding
TH density ratios (ipsilateral/contralateral) between all treatment groups are
shown. ANOVA (SNpc, F, ,9 = 10.1, n = 5-14/group; VTA, F, o = 10.6,n =
5-8/group) and subsequent Tukey’s post hoc testing found that Epo treatment
prevented the substantial unilateral decrease in TH density seen in placebo-treated
animals in both the SNpc and the VTA (**p = 0.01). Bar = 200 wm.

Table 1. Growth and hematology

Weight  HCT WBC PMN PLT
Group 0) (%) (1000/uL)  (1000/uL)  (1000/uL)
Sham 96.6 373 1.41 0.25 925
Epo 85.7% 373 1.82 0.34 929
Placebo  87.2% 364 2.26 0.45 943

CBC, complete blood count; HCT, hematocrit; WBC, white blood cell
count; PMN, neutrophil count; PLT, platelet count.

Although Epo and placebo-treated animals weighed less than shams (¥p <
0.05), no differences were seen in HCT, WBC, PMN or PLT counts between
treatment groups.

Twenty-one rats were included in the analysis (n = 2—11 per condition) of
the CBC.

and corresponding improvement of functional outcomes after
early rEpo treatment. By incorporating assessment of behav-
ioral asymmetries associated with DA neurotransmission and
sensorimotor function to assess the effectiveness of neonatal
rEpo, we have combined two important models toward the com-
mon goal of reducing brain injury. Specifically, we demonstrated
that high-dose rEpo administered for a brief period after neonatal
HI was able to protect DA neurons, reduce sensory neglect, and
prevent rotational asymmetry in the juvenile rat.

In contrast to work published by Kumral et al. (29), we did
not see a statistically significant difference in infarct volume
between rEpo- and placebo-treated animals. This might be
explained by several factors. This neonatal model of unilateral
brain injury is known to have variability in the degree of injury,
particularly with shorter exposure times to HI (30). This vari-
ability within groups might obscure real differences between
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groups. In the initial presentation of this model of HI-induced
brain injury, Rice et al. (2) exposed P7 rat pups to 3.5 h of
hypoxia and subsequently found that >90% of animals had
evidence of moderate to severe neuronal changes in the ipsi-
lateral cortex and striatum and that 56% of animals had ipsi-
lateral hemisphere infarctions. Other factors can also affect the
degree of brain injury in this model, including carbon dioxide
tension (26), energy availability (31), and litter size (23). Given
the possibility that a threshold level of injury beyond which no
treatment may be possible may exist, we chose a 90-min HI
exposure to avoid extensive injury and thus optimize our
chance of identifying subtle effects. The dose of rEpo, the
dosing schedule, and the timing at which evaluation was done
might also account for the differences that we report compared
with Kumral et al. (29).

Neonates who are exposed to hypoxic-ischemic brain injury
sustain both acute and chronic morbidity that includes sensory,
motor, cognitive, and behavioral systems. The full extent of
this injury may not be apparent until school age or later
(32,33). Premature neonates are particularly vulnerable to HI
exposure and may have a variety of deficits when tested at
school entry, including decreased 1Q scores; slowed processing
speed; altered perceptual organization; and difficulties with
reading, math, and spelling (34). In addition, several behavioral
problems, including decreased attention span and hyperactiv-
ity, both hallmarks of attention-deficit/hyperactivity disorder
(ADHD), are common in these at-risk populations.

ADHD is mediated in part by DA and involves a complex
interaction among the mesocortical, frontostriatal, and nigro-
striatal circuits. Disruption of these circuits accounts for the
symptoms found in ADHD: mesocortical DA deficit leads to
attentional and executive deficits, striatal hyperdopaminergic
state leads to hyperactivity, and nigrostriatal DA disruption
impairs the learning of complex motor tasks (35,36). Of par-
ticular interest is the circuit composed of the VTA, nucleus
accumbens/ventral striatum, medial prefrontal cortex, and sub-
iculum of the hippocampus (35). In patients with ADHD, there
are alterations in glutamate, DA, and noradrenergic transmission
within this circuit. In addition, the SNpc has been shown to
interact with the VTA and both the ventral and dorsal striatum and
thereby has a role in integrating the various basal ganglia circuits
(37). We have shown that rEpo administered for 3 d after neonatal
HI injury was able to preserve the number of mesencephalic DA
neurons that persisted into the juvenile period in rats. This pre-
liminary work offers promise that neonatal treatment with rEpo
may lessen behavioral disability in HI-exposed neonates.

rEpo was shown previously to have multiple beneficial effects
in the CNS, including decreasing glutamate toxicity, inhibiting
apoptosis, decreasing oxidative injury, decreasing inflammation,
and decreasing blood-brain barrier permeability. Neonatal rEpo
after HI brain injury also was shown recently to preserve adult
hippocampal CA1 neuron counts and provide lasting protection
against spatial memory deficits (38). rEpo has also been shown to
stimulate DA release from the striatum (39), and exposure to HI
has been shown to affect both DA receptor expression and DA
reuptake transporter expression (3,40). EpoR was identified re-
cently on adult DA neurons (41). The mechanism of rEpo’s
protection of DA neurons in this study is currently being investi-



EPO PROTECTS DOPAMINERGIC NEURONS

gated in our laboratory. We speculate that it may include a
combination of the known actions of Epo within the CNS or may
involve other DA-specific mechanisms of Epo. It has been shown
that neural progenitors that were exposed to hypoxic conditions
differentiated along a dopaminergic pathway (19). In addition, this
tendency of neural progenitors to differentiate into dopaminergic
neurons was replicated with rEpo treatment of the neural progen-
itors and blocked by the administration of anti-Epo antibody.

In this study, we not only demonstrated important neuropro-
tective effects of rEpo, but we also showed that short-term
treatment with high-dose rEpo in the neonatal period seemed to
be safe. We did not see differences in hematocrit, platelet
counts, white blood cell counts, or neutrophil counts between
treatment groups. There were differences in weight between
sham-treated and rEpo- or placebo-treated animals 3 wk after
brain injury but none between rEpo- or placebo-treated ani-
mals, suggesting the HI exposure was the likely explanation for
the weight differences. We chose a dose of rEpo (2500 units -
kg ' - d”!s.c.) that results in therapeutic cerebrospinal fluid
levels when given to immature animals with intact blood-brain
barriers (8), and we administered rEpo during the peak of
inflammation in this injury model (42). Recently, rEpo was
administered at doses up to 30,000 units - kg~ ' - d~ ' in animal
models (43), and both the timing and the dose of Epo used for
neuroprotection continue to be actively investigated.

In summary, we have demonstrated a protective effect of
high-dose rEpo on the nigrostrial DA system when adminis-
tered after neonatal HI. These findings add to the growing body
of literature supporting the use of rEpo as a neuroprotective
agent and demonstrate beneficial effects of rEpo on neurode-
velopment when given after neonatal HI brain injury.
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