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Abstract

Traumatic brain injury (TBI) is a leading cause of acquired neurologic disability in children. Erythropoietin (EPO), an

anti-apoptotic cytokine, improved cognitive outcome in adult rats after TBI. To our knowledge, EPO has not been studied

in a developmental TBI model. Hypothesis: We hypothesized that EPO would improve cognitive outcome and increase

neuron fraction in the hippocampus in 17-day-old (P17) rat pups after controlled cortical impact (CCI). Methods: EPO or

vehicle was given at 1, 24, and 48 h after CCI and at post injury day (PID) 7. Cognitive outcome at PID14 was assessed

using Novel Object Recognition (NOR). Hippocampal EPO levels, caspase activity, and mRNA levels of the apoptosis

factors Bcl2, Bax, Bcl-xL, and Bad were measured during the first 14 days after injury. Neuron fraction and caspase

activation in CA1, CA3, and DG were studied at PID2. Results: EPO normalized recognition memory after CCI. EPO

blunted the increased hippocampal caspase activity induced by CCI at PID1, but not at PID2. EPO increased neuron

fraction in CA3 at PID2. Brain levels of exogenous EPO appeared low relative to endogenous. Timing of EPO admin-

istration was associated with temporal changes in hippocampal mRNA levels of EPO and pro-apoptotic factors.

Conclusion/Speculation: EPO improved recognition memory, increased regional hippocampal neuron fraction, and de-

creased caspase activity in P17 rats after CCI. We speculate that EPO improved cognitive outcome in rat pups after CCI as

a result of improved neuronal survival via inhibition of caspase-dependent apoptosis early after injury.
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Introduction

Traumatic brain injury (TBI) is the leading cause of trau-

matic death and disability in children 1–14 years of age1,2 in

the United States, affecting nearly half a million children each year.

TBI causes cognitive disabilities, such as impaired learning and

memory,3–7 that impose a heavy strain on society.8,9 Despite these

facts, no treatments in clinical use today specifically decrease the

cognitive sequelae of TBI.

Erythropoietin (EPO) administration may blunt TBI-induced

cognitive dysfunction. EPO is an anti-apoptotic neuroprotective

cytokine10,11 that is used to treat anemia in adults and children. In

pre-clinical studies using adult rats, EPO administration decreased

neuronal death and improved cognitive outcome after TBI.12–15

The effects of EPO on immature rats after TBI are unknown.

The immature rat may respond differently than the adult to EPO

treatment after TBI. In the immature brain, given its increased sus-

ceptibility to pathologic apoptosis after injury,16 the anti-apoptotic

effects of EPO may lead to greater neuronal survival after TBI than

in the adult. However, should EPO interfere with developmentally

appropriate apoptosis,17 then EPO could worsen cognitive dys-

function after TBI in immature rats. A preclinical study of EPO in a

developmental model of TBI is warranted, particularly in light of

ongoing clinical trials of EPO in adult TBI (NCT00987454 and

NCT00313716) and newborn hypoxic-ischemic brain injury

(NCT01471015).

Endogenous EPO is largely produced in the kidney and liver.10

Until recently, EPO was known only for its hematopoietic effects.

In the bone marrow, EPO stimulates hematopoiesis by inhibiting

apoptosis of the erythroblast while promoting proliferation and

differentiation of erythroblast progenitor cells. Mounting evidence

now supports an additional neuroprotective role of EPO.

Both EPO and its receptor are produced by neuronal, glial,

and endothelial cells in the rodent18 and human brain19 in a
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developmentally regulated fashion.19,20 In animal models, endog-

enous EPO improves brain tolerance to ischemic and traumatic

insults.21,22 In vivo, administration of recombinant human EPO (Rh

EPO) decreased neuronal apoptosis23,24 and increased the expres-

sion of the anti-apoptotic factors Bcl2 and Bcl-xL25 relative to the

pro-apoptotic factors Bad and Bax26,27 in the rodent brain. In vitro,

Rh EPO increased neuronal proliferation and differentiation of

neuronal progenitors.28 Penetration of Rh EPO into the brain,

however, is limited. Therefore, neuroprotective doses of Rh EPO

are much larger than those used to stimulate hematopoiesis.20,29,30

We hypothesized that, in a rat model of pediatric TBI, Rh EPO

would improve cognitive outcome and increase neuron fraction in

the hippocampus, a brain region critical for learning and memory. To

test this hypothesis, we used controlled cortical impact (CCI) in 17-

day-old rat pups to model pediatric TBI, as previously described.31

The Novel Object Recognition test at post-injury day (PID) 14 was

used to assess cognitive outcome.32 CCI rats were treated with Rh

EPO or vehicle (VEH), and SHAM rats with VEH. Histologic ana-

lyses of hippocampal neuron fraction and neuronal caspase activa-

tion were done at PID2, based on the expected peak in apoptotic cell

death in the immature brain after trauma.33,34 Hippocampal caspase

3 activity, and mRNA levels of Bcl2, Bax, Bad and Bcl-xL in the first

14 days after CCI was used to evaluate the impact of Rh EPO on the

intrinsic pathway of apoptosis, considered to be the predominant

form of apoptotic death in neuronal cells.35

Methods

Animals

All experimental protocols were approved by the Animal Care
and Use Committees at the University of Utah, in accordance with
US NIH guidelines and carried out at the University of Utah. All
surgical procedures were performed using aseptic technique.

Briefly, male Sprague-Dawley rats were obtained from Charles
Rivers Laboratories (Raleigh, NC) on post-natal day (P) 7–10. We
studied only males to eliminate any potential confounding effects of
gender. Rats were housed in litters of 10 with the lactating dam until
weaning on P 21–23. After weaning, rats were housed 3–5 per cage
and allowed free access to food and water. All cages were kept in a
temperature- and light-controlled (12 h on/12 h off ) environment.

In order to control for maternal rearing characteristics, ran-
domization was distributed evenly within litters. Rats were ran-
domized to experimental group at age P17, at which time rats
underwent CCI or SHAM craniotomy followed by Rh EPO or
vehicle (VEH) injection. After weaning, rats were placed in cages
without any segregation based on experimental group.

CCI procedure

CCI was carried out as previously described.31 At least two
litters of ten rats each were used to generate the numbers needed per
group (6–8 rats per group for molecular studies and 6–7 rats per
group for functional testing) for each time point in our study. On
P17, rats undergoing CCI (n = 6–7/ litter) were anesthetized with
3% isoflurane for induction, followed by 2–2.5% isoflurane for the
duration of surgical preparation, using a VetEquip Bench Top
Isoflurane Anesthesia System (Pleasanton, CA). Core temperature
was monitored via a rectal probe and continuously controlled at
37 – 0.5�C using a servo-controlled heating pad. Oxygenation,
heart rate, and respiratory rate were monitored using femoral probe
pulse oximetry (Mousox �, Starr Life Sciences, Oakmont, PA).

The rat was placed into a stereotaxic frame (David Kopf, Tu-
junga, CA). After shaving, prepping with povidone-iodine and in-
cising the scalp, a craniotomy (6 mm x 6 mm) was performed over
the left parietal cortex (centered at the point 4 mm posterior and

4 mm lateral to bregma). Care was taken not to perforate the dura.
Once the craniotomy was complete, anesthesia was reduced to 1%
isoflurane for a 5 min equilibration period. CCI was then delivered
(Pittsburgh Precision Instruments, Pittsburgh, PA) to the left pari-
etal cortex using a 5 mm rounded tip to deliver a 1.5 mm defor-
mation at 4 m/s velocity and 100 ms duration. Immediately after
CCI, isoflurane was increased to 2–2.5%, and the bone flap was
replaced and secured with dental cement (Patterson Dental, Salt
Lake City, UT). The scalp incision was sutured, and triple antibiotic
ointment and bupivacaine 0.5% were applied topically. Isoflurane
was stopped, and rats were allowed to recover in a temperature-
controlled chamber. Once fully awake, rats were returned to their
dams and littermates. SHAM rats (n = 3–4/litter) underwent iden-
tical surgical craniotomy, equilibration, and closure procedures
without CCI.

EPO dosing and rationale for dosing paradigm

Rats were dosed by intraperitoneal (IP) injection of Rh EPO
(Procrit�) manufactured by Amgen Inc, CA. Rh EPO exerts neu-
roprotective and erythropoietic functions in rodents.36 Rat EPO has
a predicted size of 36 kDa, while human EPO has a predicted size as
high as 40kDa, given its one additional glycosylation site.

In the 7-day-old37 and adult rat,38 5000 U/kg Rh EPO given IP
reliably produces measurable brain levels of EPO. Since Rh EPO
takes between 3 and 9 h to peak in the brain,20,37 we chose to give
the first dose 1 h after injury so it would be both clinically relevant
and likely to produce an effect on early cell death. We chose to give
two more doses, one at 24 and the other at 48 h after injury, to
coincide with the expected peak in apoptotic cell death in the im-
mature brain.33,34 Finally, based on data that an additional dose of
Rh EPO at post injury day (PID) 7 improved long-term outcome in
a rat model of neonatal stroke,39 we added a fourth dose. Thus,
EPOCCI rats received 5000 U/kg Rh EPO IP at 1, 24, and 48 h after
CCI and again at PID 7. At these time points, VEHCCI and
SHAMVEH rats received an equal volume of IP vehicle (0.25 g
BSA, 0.58 g sodium citrate, 0.58 g sodium chloride, and 6 mg citric
acid in 100 mL dH2O (pH 6.9 – 0.3) as described in the Procrit�
package insert).

Tissues

Rats were anesthetized with IP xylazine (8 mg/kg) and ketamine
(40 mg/kg) for tissue collection. Rats were killed by swift decapi-
tation either at 6 h after Rh EPO or VEH (on PID1, 2, and 7) or at an
equivalent time of the day (PID3 and 14). The left (or ipsilateral to
injury) hippocampus from CCI and SHAM animals was labeled
either CCIipsi or SHAMipsi, respectively. The right (or contralateral
to injury) hippocampus from CCI and Sham animals was labeled
CCIcontra or SHAMcontra, respectively. Tissue was dissected on
ice, snap frozen in liquid nitrogen, and stored at - 80�C. For his-
tology, rats underwent transcardiac perfusion-fixation at PID 2.
Brains were removed, cryoprotected via placement in graded sucrose
solutions (5, 15, and 30%), embedded in 2% gelatin medium, and
frozen for immunofluorescence (IF) studies.

Hematocrit

Hematocrit determination was made using the I-Stat� system
(Abbott Laboratories, Abbott Park, Il) on samples obtained by left
ventricular puncture from a separate cohort of anesthetized
EPOCCI (n = 4–6), VEHCCI (n = 4–6), and SHAMVEH (n = 4) rats
upon completion of CCI or SHAM surgery (on PID 0) and on PID 3,
7, and 14.

RNA isolation and real-time RT-PCR

Total RNA was extracted with Nucleospin II (Macherey-Nagel
Inc. Bethlehem, PA), treated with DNase I (Ambion, Austin, TX),
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and quantified by spectrophotometry (Nano-Drop ND-1000, Na-
noDrop Technologies, DE). Samples were run on the 7900HT
Sequence Detection System (Applied Biosystems, Foster City, CA)
using gene-specific primers and probes. Primers and probes used
from Applied Biosystems were Rn01481376_m1 (EPO); Rn
00575519_m1 (Bad), and Rn 00437783_m1 (Bcl-xL). Primer pairs
were designed for the remaining genes, as follows: Bcl-2: Forward
primer, 5¢- CAG GAT AAC GGA GGC TGG G-3¢. Reverse primer,
5¢- GAA ATC AAA CAG AGG TCG CAT G-3¢. Probe, 5¢- TGC
CTT TGT GGA ACT ATA TGG CCC CA-3¢; Bax: Forward pri-
mer, 5¢- TGG TTG CCC TCT TCT ACT TTG C-3¢. Reverse pri-
mer, 5¢- TGA TCA GCT CGG GCA CTT TA-3¢, Probe, 5¢- AAC
TGG TGC TCA AGG CCC TGT GCA-3¢. Relative quantification
of PCR products was based on value differences between the target
and GAPDH control by the comparative threshold cycle method
(Taqman Gold RT-PCR manual, PE Applied Biosystems).

Determination of total (Immunoblot)
and Rh EPO (ELISA) levels in rat brain

We measured total EPO (endogenous rat EPO and exogenous Rh
EPO) levels in rat brain by immunoblot using an antibody derived
from an epitope common to both rat and human EPO. Protein
samples were extracted by homogenizing ipsilateral PID1 hippo-
campi in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0,
0.5% DOC, 1% NP-40, 1% SDS) with protease inhibitors (Roche
Applied Science, Indianapolis, IN). Protein concentration deter-
mined by the BCA method (Pierce Protein Research Products,
Rockford, IL) was used to calculate volume for equal protein
loading (100 mcg/sample). Proteins were separated by SDS PAGE
using Criterion XT Precast 8% Bis-Tris Gels (Bio-Rad, Hercules,
CA), followed by transfer to PVDF membranes in MOPS buffer.
After blocking with 5% milk in Tris-buffered saline and 0.1%
Tween 20 (TBST), membranes were exposed to specific antibodies
against EPO (rabbit polyclonal 1:500, sc-7956, Santa Cruz Bio-
technology, Santa Cruz, CA) followed by goat anti-rabbit HRP
secondary antibody (1:5,000, Cell Signaling Technology MA).
Signals were detected with Western Lightning ECL (PerkinElmer
Life Sciences) and quantified relative to GAPDH (rabbit mono-
clonal 1:4000, 14C10, Cell Signaling Technology, Danvers, MA)
by densitometry on a Kodak Image Station 2000R (Eastman
Kodak/SIS, Rochester, NY). The same methodology and antibody
(sc-7956, Santa Cruz Biotechnology) were used to run varying
dilutions of Procrit� in vehicle to determine the sensitivity of
immunoblot to detect Procrit�.

Based on pharmacokinetic studies in neonatal and adult rats,37,38

we anticipated that Rh EPO would reach near-maximal levels in the
brain at 6 h after the second Rh EPO injection (PID1). Therefore,
PID1 tissue was used to measure rat brain Rh EPO levels using the
Human EPO Immunoassay (DEP00 Quantikine� IVD�, R & D
Systems, Minneapolis, MN) used in both these publications. Half
the forebrain per rat was loaded because hippocampus alone did not
yield detectable levels of Rh EPO using this assay. Briefly, 200 mg
tissue were homogenized in 400 mcL of ice-cold lysis buffer
(0.32 M sucrose, 1 mM EDTA, 5 mM Tris, 0.1 mM phenyl-methyl-
sulfonyl-fluoride, 1 mM b-mercaptoethanol) using a 22G needle
followed by manual homogenization with a sterile pestle. Samples
were incubated for 40 min at 4�C and then centrifuged for 30 min at
13,000 g to get 300 mcL supernatant. ELISA was performed ac-
cording to manufacturer’s instructions. The optical density of each
well was measured using the GENiosPro microplate reader (Tecan,
Research Triangle Park, NC). Protein concentration determined by
the BCA method was used to normalize ELISA Rh EPO results.

Caspase activity

Frozen hippocampal samples were sonicated in five times the
volume of ice-cold lysis buffer (0.03 M Tris, 0.15 M NaCl) on ice

and then spun at 10,000 g for 5 min at 4�C. Aliquots of 30 micro-
grams/50mcL were prepared, based on the protein concentration as
determined by BCA, and loaded into the Caspase-Glo� 3/7 assay
(Promega Corporation, Madison WI) plate. The plate was then
gently shaken for 30 sec in a plate shaker, followed by incubation
at RT for 1 h. Luminescence of each sample was read using
GENiosPro microplate reader (Tecan). Because each plate used
only samples from a given time point, results are only comparable
between groups for each time point.

Novel Object Recognition testing

We used a black Plexiglas� NOR chamber (52 · 52 · 30 cm) as
described for juvenile rats (P29–40)40 to test PID14 rat pups. The
box was housed in a small room with soft lighting. Objects used for
testing were small, plastic, and easily cleaned objects secured to the
box using Velcro.� Interaction of the rat with an object was
measured using automated video tracking and data analysis
equipment from EthoVision� v 7.1 (Noldus Information Tech-
nology, Wageningen, NL) and confirmed by dual observer analysis
of the videotaped session when needed. Exploration was timed for
the duration that the rat’s nose was within 2 cm of the object, as
determined by a digitally drawn arena. Time spent rearing, if
present, was not considered exploration. The box and objects were
cleaned between rat pups with 70% alcohol to remove odor traces.
During the habituation phase, each rat pup was allowed to explore
the empty box individually for 15 min per day over 2 days to ensure
acclimation to the testing environment. During the 5 min famil-
iarization phase, a single rat was placed in the arena containing two
objects. The rat was returned to the arena 30 min later. During the
5 min testing phase, the rat was exposed to one object from the
familiarization trial and to one novel object. Performance on the
testing phase was measured by the percent novel exploration time
(100* (N/ (N + F)) where N is the time spent on the new object and F
on the familiar. A higher exploration time is considered to reflect
greater memory ability, while an exploration time of 50% is not
better than chance.

Histology

Frozen brains (n = 4 per group) were sliced into coronal sections
from - 2.52 to - 3.24 Bregma.

For each animal, three serial 20 micron-thick sections from
dorsal hippocampus taken 120 microns apart were placed on a
single slide. Each of the three sections was taken from a comparable
anatomical level as determined by The Rat Brain Atlas in Stereo-
taxic Coordinates.41 All slides were processed on the same day, and
exposed to freshly made reagents at the same times to minimize
variation in conditions between groups. Antigen retrieval was
performed by equilibrating slides in antigen retrieval solution (H-
3300, Vector Laboratories, UK). Nonspecific binding sites were
blocked using 3% normal goat serum and 0.1% Triton X-100.
Sections were incubated overnight at 4�C in a humidified chamber
with two primary antibodies: anti-NeuN 1:500 (mouse monoclonal
MAB377, Millipore, MA) and anti-cleaved caspase3 antibody
(activated caspase 3) 1:250 (rabbit polyclonal AB3623, Millipore),
diluted in 0.1% Triton with PBS. After washing, slides were then
incubated with a secondary goat anti-mouse 1:250 (Alexa-
Fluor633�, Molecular Probes, OR) and a secondary goat anti-
rabbit 1:500 (AlexaFluor488�, Molecular Probes) 1:500 followed
by Orange Nucleic Acid Stain 1:30,000 (SYTOX� Molecular
Probes).

Hippocampal subregions were imaged using a Nikon A1 con-
focal microscope (Melville, NY) and 10x PLANAPO NA 0.45
Objective. Automated XY scanning and stitching of multiple fields
was done using the Nikon Elements software v4.1 Scan large Image
module with 10% overlap. The hippocampal subregions CA1,
CA3, DG regions of interest (ROIs) were then drawn manually (as
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shown schematically in Fig. 8A) after thresholding the SYTOX
channel to separate dense nuclear areas from the surrounding tissue.
The volume of interest was thus limited to the granule cell body
layer (DG) and stratum pyramidale (CA1 and CA3). Each ROI was
then imported into Imaris v4.5 (Bitplane, South Windsor, CT)
where confocal z-stack images were 3D-reconstructed.42,43 The
Imaris software spots analysis was performed to identify individual
nuclei. Spots analysis places a colored sphere at the centroid of the
regions of interest from thresholding SYTOX or NeuN signal. The
region target size used for spots was based on measurements of the
average size of SYTOX positive labeling in NeuN positive cells
(2 lM). Spots were generated using local background correction
and displayed as spheres with smaller diameter than the maximum
(1 lM rather than 2 lM) for clarity as shown in Figure 8B. Spheres
from the NeuN signal which overlapped SYTOX were counted as
NeuN-positive cells (red spheres), co-localization of activated
caspase-3 and SYTOX was used to determine the number of activated
caspase3-positive cells (blue spheres) and co-localization for NeuN,
and activated caspase 3 (purple spheres) was used to determine the
number of activated caspase3-positive neurons within each ROI. The
relative number of positive cells is compared to the total number of
nuclei found from the SYTOX spots analysis; for example, the ratio
of NeuN + cells to total cells was used to calculate neuron fraction.

Statistics

All data are expressed as mean – SE and/or as percentage of
control. Data were analyzed using one-way ANOVA, treating each
of the three groups as an independent group. For hematocrit and
cognitive testing, the three groups were EPOCCI, VEHCCI, and
SHAMVEH. For histology and tissue analyses, since samples were
obtained from the hemisphere ipsilateral and contralateral to injury
from each rat, comparisons between the three groups were limited
to samples from the same hemisphere. Thus, comparisons were
made between ipsilateral hemispheres from EPOCCI, VEHCCI,
and SHAMVEH or between contralateral hemispheres from
EPOCCI, VEHCCI, and SHAMVEH. Post Hoc testing was done
using Fisher’s Protected Least Significant Difference and p < 0.05
was defined as the cutoff for statistical significance, using Stat-
view� software.

Results

Overall survival was not different between the three study

groups, ranging from 97%–98.5%. Similarly, baseline weight and

weight gain after injury were not different between groups. As

shown in Figure 1, Rh EPO increased rat pup hematocrit after CCI,

relative to vehicle, only at PID7 (40 – 1.2% and 35 – 0.6%, re-

spectively) without attaining values typically reported for polycy-

themia in rats (45%–65%).44,45

Exogenous and total EPO levels

ELISA demonstrated that Rh EPO is present in rat pup brain.

Exogenous EPO (Rh EPO, Procrit�) levels were measured in each

hemi-forebrain per rat (including the hippocampus) because hip-

pocampus alone did not yield sufficient tissue to detect Rh EPO

using ELISA.

Rh EPO levels in forebrain were detectable in EPOCCI, but not

VEHCCI, rats. Rh EPO levels in EPOCCI rats were not signifi-

cantly different between hemispheres ipsilateral and contralateral

to injury (3.7 – 0.7 mU/mg vs. 2.4 – 0.7 mU/mg protein, p = 0.1).

Uncorrected for protein content, Rh EPO levels were 49 – 9.2 mU/

mL and 27 – 3.8 mU/mL in EPOCCI ipsilateral and contralateral to

injury, respectively.

Immunoblot results suggest that Rh EPO levels in rat brain were

very low relative to endogenous rat EPO. Concentration of total

EPO (endogenous and exogenous) in ipsilateral rat hippocampus

was assayed using the anti-EPO antibody, sc-7956. This antibody

detected endogenous rat EPO (36kDa) in the hippocampus (Fig.

2A) as well as Rh EPO (40kDa) in diluted Procrit � samples (Fig.

2B). As shown in Figure 2A, the 40 kDa band representing Rh EPO

was absent in all rat hippocampi (EPOCCI and VEHCCI). Data

shown in Figure 2B suggest that this absent band does not mean Rh

EPO is truly missing but, rather, present in low concentrations

relative to rat EPO in the brain. As shown in Figure 2B, Procrit �
dilutions of 20–50 mU/mL (corresponding to the EPOCCI ELISA

results) are detectable by immunoblot, but the 20 mU/ml band is

faint. Correction for protein loading suggests that Rh EPO levels in

the hippocampal samples used for immunoblot were actually in the

4–10 mU/ml range (arrow in Fig. 2B) which would likely be un-

detectable by immunoblot using standard protein loading. As

shown in Figure 2A, levels of endogenous EPO (36 kDa) in the

injured hippocampus were not significantly different between

EPOCCI and VEHCCI rats (0.046 – 0.007 vs. 0.039 – 0.005,

p = 0.44).

FIG. 1. Hematocrit levels in EPOCCI, VEHCCI, and SHAMVEH rat pups over time after CCI or sham surgery. The graph depicts
hematocrit levels in EPOCCI (gray), VEHCCI (black), and SHAMVEH (dotted white) rat pups immediately after CCI or SHAM surgery
(post injury day (PID) 0) and at PID 3, 7, and 14. EPO administration increased hematocrit only at PID7 without producing polycy-
themia. N = 4–6/group, *p < 0.05 relative to VEHCCI.
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mRNA results

As noted in the methods, statistical analyses were limited to

three groups (EPOCCI, VEHCCI, SHAMVEH) using either left-

sided (ipsilateral) or right-sided (contralateral) hippocampi. For

ease of presentation, results are presented as a percent of the cor-

responding SHAM hippocampus. GAPDH mRNA expression did

not vary between groups at any time.

EPO mRNA was lower at PID1 in EPOCCIipsi relative to

VEHCCIipsi (116 – 14 vs. 307 – 111% SHAMipsi, p = 0.08) and

in EPOCCIcontra relative to VEHCCIcontra (64.5 – 18 vs.

131 – 36% SHAMipsi, p = 0.07) though the decrease did not reach

statistical significance (Fig. 3). At PID3, EPO mRNA increased in

EPOCCIipsi relative to VEHCCIipsi (163 – 16 vs. 40 – 9%

SHAMipsi, p < 0.0001) at PID3. Neonatal and adult rat pharma-

cokinetic studies have shown that brain Rh EPO levels are higher

in the side ipsilateral to injury, relative to contralateral. These

same studies have also shown that brain Rh EPO levels remain

elevated in the brain less than 24 h after systemic administra-

tion.37,38 Thus, it is possible that a rebound increase in endoge-

nous EPO production occurred 30 h after the last dose of Procrit�,

at PID3, limited to the ipsilateral hippocampus. At PID7, EPO

mRNA decreased in EPOCCI hippocampi bilaterally (63 – 9 vs.

173 – 36% SHAMipsi, p = 0.01 and 46 – 4 vs. 278 – 79% SHAM-

con, p = 0.0009), suggesting that EPO mRNA was downregulated

by Procrit� administration.

Bad, Bax and Bcl2 mRNA results are shown in Figures 4–6. At

PID1, pro-apoptotic Bad mRNA decreased in EPOCCI hippocampi

bilaterally (88 – 2 vs. 113 – 5% SHAMcontra, p = 0.03 and

96 – 5 vs. 111 – 4% SHAMipsi, p = 0.01) suggesting Procrit� had

an anti-apoptotic effect in bilateral hippocampi at PID1 (Fig. 4).

The most dramatic changes in apoptotic factor mRNA levels

occurred at PID2, in Bax and Bcl2 mRNA. EPOCCI Bax mRNA

decreased to about half of VEHCCI in contralateral hippocampi

(100 – 12.5 vs. 200 – 12% SHAMcontra, p = 0.003), as shown in

Figure 5. EPOCCI Bcl2 mRNA increased by about half of VEHCCI

in contralateral hippocampi (193 – 13 vs. 127 – 27% SHAMcontra,

p = 0.02), as shown in Figure 6. PID2 Bad mRNA did not differ

between groups. Presented as ratios, the Bax/Bcl2 and Bad/Bcl2

ratios decreased at PID2 in contralateral hippocampi (0.3 – 0.02 vs.

0.9 – 0.1, p < 0.0001) and (3.5 – 0.5 vs. 6.9 – 0.2, p = 0.0003) sug-

gesting Rh EPO had anti-apoptotic effects in contralateral hippo-

campi at PID2.

However, at PID 3, apoptotic factor mRNA levels suggested a

pro-apoptotic effect in EPOCCI hippocampi. In contralateral hip-

pocampi, Bad mRNA increased at PID3 (108 – 2 vs. 88 – 6%

SHAMcontra, p = 0.005) and Bax mRNA increased at PID3

(128 – 3 vs. 99 – 9% SHAMcontra, p < 0.0001) relative to VEHCCI

(Figs. 4 and 5). In both hippocampi, Bcl2 mRNA decreased

(95 – 4 vs. 124 – 7% SHAMipsi, p = 0.001 and 87 – 2 vs. 106 – 1%

SHAMcontra, p < 0.001) relative to VEHCCI (Fig. 6). Presented as

ratios, in both hippocampi the Bax/Bcl2 ratio (4.3 – 0.2 vs.

2.6 – 0.2, p < 0.0001 contralateral, and 4.5 – 0.5 vs. 3.4 – 0.2,

p = 0.02 ipsilateral) and Bad/Bcl2 ratio (17.7 – 0.8 vs. 11.4 – 1.2,

p = 0.0004 contralateral, and 20 – 2 vs. 15 – 0.9, p = 0.03 ipsilateral)

increased relative to VEHCCI, suggesting a pro-apoptotic milieu in

EPOCCI rat hippocampi at PID3.

At PID7, pro-apoptotic Bad mRNA decreased by about half at

PID7 in both EPOCCI hippocampi (46 – 2 vs. 86 – 5% SHAMcontra

and 36 – 2 vs. 98 – 4% SHAMipsi, p < 0.0001 for both) (Fig. 4).

Accordingly, the Bad/Bcl2 ratio decreased in EPOCCI relative to

VEHCCI in both hippocampi (6.1 – 0.5 vs. 11.7 – 0.8 in contralateral

and 4.6 – 0.4 vs. 13.5 – 0.8 in ipsilateral, p < 0.0001 for both) at PID7.

Pro-apoptotic Bax mRNA changed slightly at PID7, in different

directions: increased in contralateral (79 – 4 vs. 68 – 2%, p = 0.03)

and decreased in ipsilateral hippocampi (71 – 4 vs. 84 – 3%, p = 0.03)

(Fig. 5). Apoptotic factor mRNA levels were not significantly dif-

ferent between CCI groups at PID14. Bcl-xL mRNA levels were not

significantly different between CCI groups at any time point.

Caspase activity

Results are only comparable between groups for each time point,

as described in the methods, because each plate contained only

samples from the same time point. Statistical analyses were done

between hippocampi from the same side relative to injury, as de-

scribed in the methods. For simplicity, graphical results are pre-

sented as % SHAM values (Fig. 7).

Caspase activity was measured in PID1-3 hippocampi because the

most marked mRNA changes occurred at PID2. Additional time points

beyond PID3 were not measured because, as shown below, caspase

activity in both CCI groups decreased to SHAM levels by PID3.

Rh EPO administration decreased caspase activity in ipsi-

lateral hippocampi at PID1 after CCI relative to VEHCCI

FIG. 2. Rat hippocampus immunoblot only detected endoge-
nous rat EPO. Immunoblot of serial Procrit� dilutions suggests
that Rh EPO in rat hippocampus is very low relative to endoge-
nous rat EPO. (A) Immunoblot of ipsilateral hippocampus from
EPOCCI (E1-6) and VEHCCI (C1-6) shows two bands. EPO
levels in EPOCCI did not differ from VEHCCI in either the
36 kDA or the 26 kDA band. (B) Immunoblot of serial Procrit �
dilutions revealed a band for Rh EPO at 40 kDA. As shown, bands
are detectable even at dilutions as low as 20 mU/mL. Based on
ELISA and BCA results, the expected concentration of Rh EPO in
the hippocampal samples used for immunoblots should be in the
4–10 mU/mL range and therefore likely not detectable by this
method. Therefore, it is not surprising that we did not find a
40 kDa band in addition to the 36 kDa one shown in A. Color
image is available online at www.liebertpub.com/neu
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(22,980 – 3000 vs. 35,350 – 3800 luminescence units in EPOCCI

and VEHCCI, respectively, p = 0.009) and abrogated the effects of

CCI relative to SHAM (22,980 – 3000 and 19,570 – 1100 lumi-

nescence units in EPOCCI and SHAMVEH, respectively, p = 0.44).

At PID2, Rh EPO no longer blunted caspase activity as it increased

in both EPOCCI and VEHCCI ipsilateral hippocampi relative to

SHAMVEH (96,980 – 17,000 and 90,000 – 6000 vs. 51,300 – 5000

luminescence units, respectively, p = 0.01 and p = 0.03, respec-

tively, relative to the corresponding SHAMVEH hippocampus). At

PID3, caspase activity in both groups had normalized relative to

SHAM. Caspase activity did not differ between groups at any time

in contralateral hippocampi.

FIG. 3. Hippocampal EPO mRNA Levels in EPOCCI and VEHCCI rats obtained at post injury days (PID) 1, 2, 3, 7, and 14, presented
as a percentage of corresponding Sham mRNA. Contralateral and Ipsilateral hemispheres are abbreviated as contra and ipsi, respec-
tively. EPOCCIcontra and ipsi are shown as light gray and white bars, respectively. VEHCCI contra and ipsi are shown as dark gray
and black bars, respectively. Results are presented as percent Sham mRNA – SEM, n = 6–8/group. *p < 0.05 relative to VEHCCI;
&p < 0.05 relative to SHAM. EPO mRNA decreased at PID1 in ipsilateral and contralateral EPOCCI relative to VEHCCI, but did not
reach statistical significance ( p = 0.08 and 0.07, respectively). EPO mRNA decreased relative to VEHCCI at PID 7, suggesting that EPO
mRNA was downregulated by Procrit� administration. At PID3, EPO mRNA increased in EPOCCIipsi relative to VEHCCIipsi,
suggesting a rebound increase in endogenous EPO production at a time during which Procrit� should no longer be present in the brain.

FIG. 4. Hippocampal Bad mRNA Levels in EPOCCI and VEHCCI rats obtained at post injury days (PID) 1, 2, 3, 7, and 14, presented
as a percentage of corresponding Sham mRNA. Contralateral and Ipsilateral hemispheres are abbreviated as contra and ipsi, respec-
tively. EPOCCIcontra and ipsi are shown as light gray and white bars, respectively. VEHCCI contra and ipsi are shown as dark gray
and black bars, respectively. Results are presented as percent Sham mRNA – SEM, n = 6–8/group. *p < 0.05 relative to VEHCCI;
&p < 0.05 relative to SHAM. Bad mRNA decreased relative to VEHCCI at PID1 and 7 in bilateral hippocampi, suggesting anti-apoptotic
effects after Procrit� administration. At PID3, Bad mRNA increased in EPOCCIcontra relative to VECHCCIcontra, suggesting a
rebound increase in Bad mRNA at a time during which Procrit� should no longer be present in the brain.
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NOR results

Higher novel exploration time represents better memory, while

scores of 50% are no better than those achieved by chance alone. Rh

EPO improved recognition memory in rat pups after CCI. EPOCCI

rats scored higher than VEHCCI rats (66.4 – 5 vs. 44.2 – 5%,

p = 0.01). In contrast, VEHCCI rats explored the novel object less

than 50% of the time and less than SHAMVEH (44 – 5 vs. 62 – 5%,

p = 0.03) at PID14.

Histology

Histological analysis was performed at PID2 to determine if Rh

EPO treatment was associated with increased hippocampal neuron

fraction following decreased hippocampal caspase activity in

EPOCCI rats at PID1. Further, this time point was chosen to detect

any hippocampal subregion differences in caspase activation be-

tween CCI groups, as these would not necessarily be detected by

measuring total hippocampal caspase activity. There were no

FIG. 5. Hippocampal Bax mRNA Levels in EPOCCI and VEHCCI rats obtained at post injury days (PID) 1, 2, 3, 7, and 14, presented
as a percentage of corresponding Sham mRNA. Contralateral and Ipsilateral hemispheres are abbreviated as contra and ipsi, respec-
tively. EPOCCIcontra and ipsi are shown as light gray and white bars, respectively. VEHCCI contra and ipsi are shown as dark gray
and black bars, respectively. Results are presented as percent Sham mRNA – SEM, n = 6–8/group. *p < 0.05 relative to VEHCCI;
&p < 0.05 relative to SHAM. Bax mRNA decreased relative to VEHCCI at PID 2 (in contralateral hippocampi) and 7 (ipsilateral
hippocampi), but increased relative to VEHCCI in contralateral hippocampi at PID3 and 7.

FIG. 6. Hippocampal Bcl2 mRNA Levels in EPOCCI and VEHCCI rats obtained at post injury days (PID) 1, 2, 3, 7, and 14, presented
as a percentage of corresponding Sham mRNA. Contralateral and Ipsilateral hemispheres are abbreviated as contra and ipsi, respec-
tively. EPOCCIcontra and ipsi are shown as light gray and white bars, respectively. VEHCCI contra and ipsi are shown as dark gray
and black bars, respectively. Results are presented as percent Sham mRNA – SEM, n = 6–8/group. *p < 0.05 relative to VEHCCI;
&p < 0.05 relative to SHAM. Bcl2 mRNA increased relative to VEHCCI at PID2 (in contralateral hippocampi) but decreased relative to
VEHCCI in both hippocampi at PID3.
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differences in total cell counts (as determined by nuclear staining)

or volumes between groups in any hippocampal subregion.

At PID2, neuron fraction increased in EPOCCI relative to

VEHCCI rats (0.94 – 0.02 vs. 0.82 – 0.04, p = 0.02) resulting in

levels which did not differ from SHAM (0.94 – 0.02 vs. 0.95 – 0.01)

in the ipsilateral CA3 hippocampal subregion. Ipsilateral CA3

volumes for EPOCCI, VEHCCI, and SHAMVEH did not differ

(315,000 – 22,000, 351,000 – 57,000, and 342,000 – 8,542 l3).

Representative images of ipsilateral CA3 are shown in Figure 8C.

While it did not reach statistical significance, neuron fraction also

appeared to increase in the ipsilateral CA1 subregion relative to

VEHCCI (0.97 – 0.04 vs. 0.9 – 0.02), p = 0.1. Neuron fraction did

not differ for any contralateral region or for DG.

Rh EPO did not blunt the increase in caspase 3-positive cells in

CCI groups relative to SHAM at PID2. CCI increased the fraction

of caspase 3-positive cells relative to SHAM in ipsilateral CA1

(0.36 – 0.09 and 0.34 – 0.05 vs. 0.071 – 0.04, p = 0.02 for each CCI

group relative to SHAM) and in ipsilateral DG (0.19 – 0.04 and

0.18 – 0.03 vs, 0.05 – 0.02, p < 0.05 for each CCI group relative to

SHAM). CCI increased caspase 3-positive cell fraction relative to

FIG. 7. Caspase activity in hippocampi ipsilateral to injury at PID1, 2, and 3 after CCI. EPOCCI is shown in gray bars and VEHCCI
in black bars. Data are presented as relative luminescence units normalized to SHAMVEH – SEM, n = 6–7/group. *p < 0.05 relative to
EPOCCI; &p < 0.05 relative to SHAMVEH. EPO blunted the increase in caspase activity on PID1, but not at PID2. By PID3, caspase
activity in both CCI groups was not different from SHAMVEH.

FIG. 8. Neuron Fraction in CA3 at PID2. (A) Schematic representation of the regions of interest (ROIs: CA1, CA3, DG) drawn for export
to Imaris. (B) Representative image of colored spheres resulting from spots analysis of a CA3 ROI. Caspase + cells are shown in this
schematic as blue spheres, NeuN + as red spheres; cells positive for both markers are shown as purple spheres, for computerized counting of
all spheres present in the ROI. (C) Representative image of Ipsilateral CA3 at higher magnification (60X). NeuN positive cells are shown in
blue, while SYTOX positive are shown in red. CA3 neuron fraction increased in EPOCCI rats, relative to VEHCC. CA3 neuron fraction in
EPOCCI rats did not differ from SHAMVEH. Scale bar: 60 lm. Color image is available online at www.liebertpub.com/neu
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SHAM in contralateral CA3 (0.22 – 0.03 and 0.22 – 0.05 vs.

0.06 – 0.03, p < 0.05 for each CCI group relative to SHAM), but

CCI had no effect on caspase 3-positive cell fraction in the ipsi-

lateral CA3. Representative images of contralateral CA3 are shown

in Figure 9.

Caspase3-positive cell fraction did not differ between EPOCCI

and VEHCCI in any subregion. In contralateral DG, caspase 3-

positive cell fraction increased in EPOCCI relative to SHAMVEH

(0.19 – 0.05 vs. 0.06 – 0.04, p = 0.04) but was not different from

VEHCCI (0.19 – 0.05 vs. 0.14 – 0.02, p = 0.4). In contralateral

CA1, a reverse trend was seen in which caspase 3-positive cell

fraction increased (without reaching statistical significance) in

VEHCCI relative to SHAM (0.28 – 0.04 vs. 0.14 – 0.08, p = 0.07).

Again, EPOCCI was not different from VEHCCI (0.2 – 0.03 vs.

0.28 – 0.04, p = 0.3)

While CCI did not increase the fraction of caspase-3 + /NeuN +
cells in any hippocampal subregion in a statistically significant

fashion, both CCI groups showed trends towards increased caspase-

3 + /NeuN + fraction (i.e., in ipsilateral CA1, CA3, and DG,

p values were 0.07/0.08, 0.1/0.2, and 0.1/0.2, respectively, vs.

SHAMVEH).

Discussion

We found that Rh EPO improved cognitive outcome, decreased

caspase activity, and increased hippocampal neuronal fraction in

rat pups after TBI. To our knowledge, this is the first reported study

of Rh EPO administration in a developmental model of TBI.

Rh EPO was well tolerated in the 17-day-old rat pup after CCI. It

did not adversely affect weight gain or survival nor did it produce

polycythemia. The latter is particularly important since large doses

(5000 u/kg) of Rh EPO were needed to attain measurable levels in

the brain. Albeit relatively low levels of exogenous relative to

endogenous EPO in the brain, the timing of Rh EPO admin-

istration coincided with a decrease in hippocampal EPO mRNA

levels, suggesting that exogenous EPO affected hippocampal

gene expression.

Recognition memory is an important function of the hippo-

campus and perirhinal cortex.40,46,47 TBI impairs recognition

memory in adult48 and pediatric patients,49 as well as in immature

rodents.50 Rh EPO normalized recognition memory, measured by

performance on the NOR task, after CCI. The effects of Rh EPO on

NOR performance persisted to day 60 after CCI in our model

(unpublished data). Our results are consistent with studies in adult

rats showing that Rh EPO improved cognitive function.12,14

Rh EPO decreased Bad mRNA in bilateral hippocampi at PID1,

the hippocampal Bax/Bcl2 and Bad/Bcl2 ratios at PID2 (con-

tralaterally) and the hippocampal Bad/Bcl2 ratio at PID7 (bilater-

ally) after CCI. These results are in keeping with adult rat studies

showing that Rh EPO decreased the brain Bax/Bcl2 ratio for the

first 5 days after TBI.24,51 In a given tissue, the ratio of pro-apo-

ptotic Bax or Bad, and anti-apoptotic Bcl2, is important in deter-

mining the direction of apoptotic forces.52–54 The intrinsic

pathway, thought to be the predominant form of apoptotic death in

neuronal cells, is regulated by the Bcl2 family and culminates in

activation of the executioner caspase 3.35 Most of the mRNA data

supported anti-apoptotic effects on the days of Rh EPO adminis-

tration, followed by a rebound pro-apoptotic effect on PID3. A

discrepancy in this pattern is found in the opposing results at PID7

for Bax mRNA. While Bax mRNA increased in contralateral hip-

pocampi, Bax mRNA decreased in ipsilateral hippocampi at PID7.

These results are of uncertain significance since, in contrast to the

rest of the mRNA data, the changes are small and not mirrored by

the Bad or Bcl2 results.

Hippocampal caspase activity increased for the first 2 days after

CCI, normalizing to SHAM levels on PID3. Similarly, Rh EPO

decreased caspase 3 activation in the adult rat brain after TBI.12 Rh

EPO decreased hippocampal caspase activity at PID1, but not at

PID2. In light of pharmacokinetic studies in neonatal and adult rats,

it is most likely that Rh EPO failed to blunt caspase activity at PID2

because brain Rh EPO levels were lower than on PID1. Based on

mRNA data, however, we had expected to find decreased caspase

activity at PID2 as well as at PID1. There are several potential

reasons for this apparent discordance. For one, it is possible that

FIG. 9. Caspase + cell fraction in CA3 at PID2. Re-
presentative image of contralateral CA3 at higher mag-
nification (60X). Caspase positive cells are shown in
green, while SYTOX positive are shown in red. At PID2,
CA3 caspase + cell fraction increased in EPOCCI and
VEHCCI rats relative to SHAM in contralateral CA3, not
blunted by Rh EPO. Scale bar: 60 lm. Color image is
available online at www.liebertpub.com/neu
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decreased caspase activity at PID1 resulted from decreased Bad at

PID1 alone or in combination with changes in other, unmeasured,

pro-apoptotic factors at that time. We did not measure all Bcl-2

family members (i.e., Bid, Bak, CED-9) but instead selected those

altered by EPO and/or TBI in previous studies. The unchanged

caspase activity at PID2 may have resulted from caspase 3-

activating mechanisms overwhelming Rh EPO effects on the Bcl2

factors measured. For example, activation of caspase-8 via the

extrinsic (Fas) pathway can directly activate caspase 3.55 To our

knowledge, effects of EPO on caspase 8 have not been studied.

While Rh EPO did not affect hippocampal caspase activity at

PID2, Rh EPO was associated with increased hippocampal subre-

gion neuronal fraction at this time. We speculate that decreased

caspase-dependent apoptosis on PID1 increased hippocampal

neuronal fraction at PID2. Alternatively, Rh EPO could have in-

creased neuronal fraction at PID2 via activation of non-apoptotic

pathways. EPO is a pleiotropic cytokine that decreases neuronal

injury from inflammation56 and excitotoxicity.57 In addition, EPO

promotes neural stem cell proliferation and differentiation.20,28

Our data suggest that the amount of exogenous EPO in the rat

pup hippocampus after CCI is low relative to endogenous EPO. To

our knowledge, ours is the first attempt to directly compare en-

dogenous versus exogenous EPO in the brain. Our results are not

unexpected, given other reports that only a small amount of ad-

ministered EPO actually enters the brain.20,38 However, since ad-

ministered EPO appears to target neurons preferentially,36 it

appears that Rh EPO can exert neuronal protection even when

present in small amounts.

Rh EPO has the potential to be a useful therapy in pediatric TBI.

For one, it is commonly used in clinical settings. Rh EPO is used to

increase hematopoiesis in neonates and in children, albeit at lower

doses than what would be used for neuroprotection. However, high

dose-Rh EPO in neonates produced serum concentrations shown to

be neuroprotective in experimental animals and was well tolerat-

ed.58,59 Second, Rh EPO has pre-clinical efficacy in TBI. In our

model of pediatric TBI, Rh EPO improved outcome without overt

adverse effects. In adult experimental traumatic brain injury, Rh

EPO improved functional and/or histologic outcomes.12–14,60,61

Finally, Rh EPO improved neurologic outcome in multiple animal

studies of neonatal hypoxic-ischemic brain injury.58,62,63

Our study has a number of limitations. Our findings are limited

to 17-day-old male rat pups. While no animal model can replicate

the human condition, the results of our study provide useful in-

formation for further work in EPO and experimental pediatric TBI.

We chose to focus on 17-day-old rat pups to model the infant/

toddler age group, a group at high risk for poor cognitive outcomes

after TBI.64,65 We did not address various other pathways for EPO

neuroprotection. We focused on apoptosis, as this is one of the

important ways in which the response of the developing brain to

trauma differs from that of the adult. In addition, our results are

limited to a moderate injury. We chose to use a 1.5 mm depression,

rather than 2 mm, to enable histologic analysis by avoiding the

near-total loss of hippocampal tissue we had observed with more

severe injury. Finally, our histologic analysis at PID2 did not in-

clude glial cell population fraction. We acknowledge that Rh EPO

could be associated with both decreased gliosis and increased

neuronal fraction in the ipsilateral CA3 hippocampi at PID2, since

we found no differences in the denominator used (hippocampal

subregion total cell counts) or in hippocampal subregion volumes.

We plan to assess glial fraction at later time points after CCI be-

cause EPO has variable effects on microglial and astrocytic pop-

ulations at early time points after injury. EPO clearly decreases

gliosis weeks after experimental injuries, including TBI.66–69

Within hours to days after injury, however EPO decreased reactive

astrocytes70 and microglia71 in some models but increased astro-

cyte and microglial survival in others.72–74,75

In summary, Rh EPO administration improved cognitive out-

come and hippocampal neuronal fraction after CCI in rat pups,

associated with decreased caspase activation in the hippocampus.

We speculate that Rh EPO improved cognitive outcome in rat pups

after CCI as a result of improved neuronal survival via inhibition of

caspase-dependent apoptosis early after injury. Our data suggest

that Rh EPO, even at seemingly low levels in the brain, exerts

significant neuroprotection in the rat pup after CCI. We are cur-

rently conducting additional studies to determine more long-term

effects of Rh EPO after CCI. EPO can be modified (asialoEPO,

neuroEPO, and carbamylated EPO) to achieve greater brain pen-

etration.76 Thus, modified EPO may show larger treatment effects

after developmental TBI. Our findings suggest that further study

to assess the effects of modified EPO on cognitive function after

developmental TBI is warranted.
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