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Abstract

Pediatric traumatic brain injury (pTBI) is the leading cause of traumatic death and disability in children in the
United States. Impaired learning and memory in these young survivors imposes a heavy toll on society. In adult
TBI (aTBI) models, cognitive outcome improved after administration of erythropoietin (EPO) or insulin-like
growth factor-1 (IGF-1). Little is known about the production of these agents in the hippocampus, a brain region
critical for learning and memory, after pTBL Our objective was to describe hippocampal expression of EPO and
IGF-1, together with their receptors (EPOR and IGF-1R, respectively), over time after pTBI in 17-day-old rats. We
used the controlled cortical impact (CCI) model and measured hippocampal mRNA levels of EPO, IGF-1, EPOR,
IGF-1R, and markers of caspase-dependent apoptosis (bcl2, bax, and p53) at post-injury days (PID) 1, 2, 3, 7, and
14. CClI rats performed poorly on Morris water maze testing of spatial working memory, a hippocampally-based
cognitive function. Apoptotic markers were present early and persisted for the duration of the study. EPO in our
pTBI model increased much later (PID7) than in aTBI models (12 h), while EPOR and IGF-1 increased at PID1
and PID2, respectively, similar to data from aTBI models. Our data indicate that EPO expression showed a
delayed upregulation post-pTBI, while EPOR increased early. We speculate that administration of EPO in the
first 1-2 days after pTBI would increase hippocampal neuronal survival and function.

Key words: apoptosis; controlled cortical impact; erythropoietin receptor; insulin-like growth factor-1 receptor;
neurocognitive impairment

Introduction

N THE UNITED STATES, pediatric traumatic brain injury

(pTBI) is the leading cause of traumatic death and disability
in children 1-14 years of age (Langlois et al., 2006), affecting
nearly half a million children each year (Langlois et al., 2005).
Survivors often have neurocognitive sequelae (Yeates et al.,
2002, 2005), such as impairments in learning and memory.
Despite the magnitude of the problem, no clinical therapies in
use today directly improve the learning and memory im-
pairments resulting from pTBIL

Normal learning and memory requires intact function of
the hippocampus, a part of the brain that is particularly vul-
nerable to TBI (Gao et al., 2008). After TBI, hippocampal
neuronal death is frequently associated with impaired neu-

rological function in adults (Rao et al., 2001) and immature
rats (Huh et al., 2008; Tsuru-Aoyagi et al., 2009). Even though
a direct relationship between neuronal survival and cognition
is lacking (Royo et al., 2007), therapies that improve neuronal
survival often also improve cognitive function after trauma in
adults (Hoane et al., 2009; Rao et al., 2001) and immature rats
(Sonmez et al., 2007; Tsuru-Aoyagi et al., 2009).

An important mechanism of neuronal death after TBI is
apoptosis (Rink et al., 1995; Zhang et al., 2005). Experimental
studies suggest that apoptosis is the major contributor to a
poor neuropathological outcome after trauma in the imma-
ture brain (Bittigau et al., 2004). In pTBI models, apoptotic cell
death peaked in the first 24-48 hours (Bayly et al., 2006; Bit-
tigau et al., 1999), and subsided after the first 5 days (Bittigau
et al., 1999), suggesting that the impact of any anti-apoptotic
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intervention would be greatest if present during this window
of opportunity.

Erythropoietin (EPO) and insulin-like growth factor-1 (IGF-
1) are anti-apoptotic agents with known neuroprotective
properties (Dame et al., 2001; Russo et al., 2005). EPO and IGF-
1, as well as their respective receptors (EPOR and IGF-1R), are
produced in the hippocampus of both adult and immature
animals (Russo et al., 2005).

EPO, EPOR (Liao et al., 2008), and IGF-1 (Li et al., 1998;
Walter et al., 1997) are upregulated by TBI in adult rodents,
while effects on IGF-1R are variable (Madathil et al., 2010;
Sandberg Nordqvist et al., 1996; Walter et al., 1997). To our
knowledge, no published studies have addressed the endog-
enous expression of EPO, EPOR, or IGF-1R mRNA after TBI in
immature animals. A better understanding of this response
would facilitate future interventional studies using EPO and/
or IGF-1 after experimental pTBI. Indeed, in adult animals,
administration of either EPO (Lu et al., 2005) or IGF-1 (Saat-
man et al., 1997) is associated with improved functional and
histological outcome after TBI.

Our objective was to describe endogenous hippocampal
expression of EPO, EPOR, IGF-1, and IGF-1R over time after
injury in a pTBI model. Based on adult data, we hypothesized
that in the hippocampus, both EPO and EPOR expression
would increase, peaking at 24 h after injury, and that IGF-1
would peak at post-injury day 3 (PID 3), while IGF-1R would
not change.

To test our hypotheses, we used an established model of
TBI that involves the delivery of a controlled cortical impact
(CCI). The rat CCI model, as first described by Dixon and
associates (Dixon et al., 1991), is a well-characterized and ac-
cepted experimental paradigm that produces hippocampal
neuronal death and impaired learning and memory. We
adopted injury parameters similar to those used by Adelson
and colleagues, who modified the CCI paradigm for use in 17-
day-old rats (Adelson et al., 1998). Similarly to findings in
adult rats, hippocampal neuronal death has been found after
CCI in 17-day-old rats (Robertson et al., 2007). Given that
relatively few studies (Hickey et al., 2007; Ochalski et al., 2010)
report functional outcomes after CCI induced using compa-
rable parameters, we used Morris water maze (MWM) testing
to determine if impaired cognitive outcome occurred after
CCI in our study.

Using dissected hippocampi, we measured mRNA levels of
EPO, EPOR, IGF-1, and IGF-IR on PID 1, 2, 3, 7, and 14. EPO
and IGF-1 protein levels were obtained at selected time points.
Finally, given that age and type of injury may modulate the
effect of TBI on markers of apoptosis, we measured bax, bcl2,
and p53 mRNA in CCI hippocampi at the same time points at
which we measured EPO and IGF-1 mRNA.

Methods
Animals

All experimental protocols were approved by the Animal
Care and Use Committee at the University of Utah, in accor-
dance with U.S. National Institutes of Health 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 River Laboratories (Raleigh, NC) on post-natal day
(PND) 7-10. We chose to study only males to eliminate any
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potential confounding effects of gender. The rats were housed
in litters of 10 with the lactating dam until weaning on PND
21-23. After weaning, the rats were housed 3-5 per cage and
allowed free access to food and water. All cages were keptina
temperature- and light-controlled (12h on/12h off) environ-
ment.

The three experimental groups were CCI, sham, and naive.
We included naive animals to control for expected changes in
EPO/EPOR (Dame et al., 2001; Sola et al., 2005), and IGF-1/
IGF-1R (Breese et al., 1994) expression over time in the de-
veloping animal. In order to control for maternal rearing
characteristics, randomization was distributed evenly within
litters. The rats were randomized to experimental group on
the day of surgery, at age PND 17, at which time the rats
underwent CCI, sham craniotomy, or were left with the dam
(naive). We chose PND 17 because the maturation state of the
rodent brain at this age is comparable to the human infant and
young toddler (Dobbing and Sands, 1979; Rice and Barone,
2000), the population most commonly at risk for cognitive
deficits after TBI (Anderson et al., 2005; Bittigau et al., 2004).

Hippocampi were collected at PID 1, 2, 3, 7, and 14 for
molecular studies. MWM testing was performed on PID 14-18.

Controlled cortical impact procedure

At least two litters of 10 rats each were used to generate the
numbers needed per group (6 rats per group for molecular
studies and 8 rats per group for functional testing) for each
time point in our study. On PND 17, rats undergoing CCI
(n=3-4/litter) were anesthetized with 3% isoflurane for in-
duction, 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. Oxygena-
tion, 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,
Tujunga, CA). After shaving, prepping with povidone iodine,
and incising the scalp, a craniotomy (6 x6-mm) was performed
over the left parietal cortex (centered around a point 4mm
posterior and 4 mm lateral to the bregma) using a high-speed
dental drill. Care was taken not to perforate the dura. Once the
craniotomy was complete, anesthesia was reduced to 1% iso-
flurane for a 5-min equilibration period. CCI was then deliv-
ered (Pittsburgh Precision Instruments, Pittsburgh, PA) to the
left parietal cortex using a 5-mm rounded tip to deliver a 2-mm
deformation at 4m/sec velocity and 100 msec duration. Im-
mediately 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 0.25%
were applied topically. Isoflurane was stopped, and the rats
were allowed to recover in a temperature-controlled chamber.
Once fully awake, the rats were returned to their dams and
littermates. Sham rats (n=3-4/litter) underwent identical
surgical craniotomy, equilibration, and closure procedures
without CCI. Naive rats (3/litter) underwent randomization
with no further intervention. Blood gas determination was
made using the I-Stat® system (Abbott Laboratories, Abbott
Park, IL) via left ventricular puncture from a separate cohort of
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anesthetized CCI (n=4) and sham (n=4) rats after experi-
mental interventions were completed.

Tissues

The rats were anesthetized with intraperitoneal (IP) xyla-
zine (8 mg/kg) and ketamine (40 mg/kg), and killed by swift
decapitation (n =6 per group). After brain removal, the hip-
pocampus was quickly dissected out on ice. The left (or ipsi-
lateral to injury) hippocampus from CCI and sham animals
was labeled either CClipsi or Shamipsi, respectively. The right
(or contralateral to injury) hippocampus from CCI and sham
animals was labeled CCIcon or Shamcon, respectively. Given
that CCI produces diffuse injury to the immature brain
(Gobbel et al., 2007), we chose to study the two hippocampi
separately, as their response to trauma could be different. The
two hippocampi from each naive animal were not analyzed
separately, as genomic microarray studies have not disclosed
differences between left and right hippocampi (Stansberg
et al., 2007). Tissues were snap frozen in liquid nitrogen and
stored at —80°C. Ground frozen tissue was used to make
cDNA or protein, as detailed below.

RNA isolation and real-time RT-PCR

Hippocampal mRNA levels of EPO, EPOR, IGF-1, IGF-1R,
P53, bax, and bcl2 were measured by real-time RT-PCR. In
brief, total RNA was extracted with Nucleospin I (Macherey-
Nagel Inc., Bethlehem, PA), treated with DNase I (Ambion,
Austin, TX), and quantified by spectrophotometry (Nano-
Drop ND-1000; NanoDrop Technologies, Wilmington, DE).
Sample integrity was confirmed by gel electrophoresis. cDNA
was synthesized from 1ug of DNase-treated total RNA.
c¢DNA- and gene-specific probes and primers were added to
TagMan universal PCR master mix (Applied Biosystems,
Carlsbad, CA), and samples were run on the 7900HT Se-
quence Detection System (Applied Biosystems).

Real-time RT-PCR quantification was then performed with
TagMan GAPDH as an internal control. The primers and
probes used were from Applied Biosystems, as follows: for
EPO, Rn01481376_m1, and for EPOR, Rn00566533_m1; for
IGF-1, Rn00710306_m1, and for IGF-1R, Rn01477918_m1.

Primer pairs were designed for the remaining genes, as fol-
lows: 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 primer, 5-TGG TTG CCC TCT TCT ACT
TTG C-3'; reverse primer, 5-TGA TCA GCT CGG GCA CTT
TA-3; probe, 5'-AAC TGG TGC TCA AGG CCC TGT GCA-3/;
p53 forward primer, 5'-CCA CCC GGA TAA GAT GTT GG-3';
reverse primer, 5'-AGG AGC GAC GAC CAG GCC GTC ACC
ATC A-3'; probe, 5'-AGT CAG TGG TGC CGG AGA TG-3'.

For each set of reactions, samples were run in quadrupli-
cate. Relative quantification of PCR products was based on
value differences between the target and GAPDH control by
the comparative threshold cycle method (TagMan Gold RT-
PCR manual; Applied Biosystems).

Protein isolation and determination of EPO
and IGF-1 proteins

For EPO protein determination, total protein samples were
used. Total protein samples were extracted by homogenizing
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hippocampi in ice-cold lysis buffer (150 mM NaCl, 50 mM Tris
[pH 7.4], 1mM EDTA, 0.5% Na-deoxycholate, and 1% Igepal
CA-630) with protease inhibitors (Roche Applied Science,
Indianapolis, IN). After centrifugation at 13,000 rpm at 4°C for
10 min, the supernatants were stored at —80°C until use.
Protein concentration was determined by a colorimetric assay,
the bicinchoninic acid (BCA) method (Pierce Protein Research
Products, Rockford, IL), and used to calculate volume for
equal protein loading. Proteins were separated by SDS PAGE
using Criterion XT Precast 4-12% Bis-Tris Gels (Bio-Rad,
Hercules, CA), followed by transfer to PVDF membranes in
CAPS buffer (10mM 3-cyclohexylamino-1-propane sulfonic
acid, 20 v/v% methanol, pH 11), at room temperature. After
the membranes were blocked with 5% milk in Tris-buffered
saline and 0.1% Tween 20 (TBST) at room temperature for 1h,
bound proteins were exposed to specific antibodies against
EPO (rabbit polyclonal 1:200, sc-7956; Santa Cruz Bio-
technology, Santa Cruz, CA) for 1h at room temperature.
After extensive washing in TBST, a 1:5000 dilution of goat
anti-rabbit HRP secondary antibody (Cell Signaling Tech-
nology, Beverly, MA) was applied, and incubated for 1h at
room temperature. After extensive washing, signals were
detected with Western Lightning ECL (PerkinElmer Life Sci-
ences, Waltham, MA), and quantified relative to GAPDH
(rabbit monoclonal 1:5000, 14C10; Cell Signaling Technology)
by densitometry on a Kodak Image Station 2000R (Eastman
Kodak/SIS, Rochester, NY).

For IGF-1 protein determination by ELISA, IGF-1 was freed
from its binding proteins by homogenizing frozen hippo-
campal tissue in cold 1N acetic acid, and the samples were
subjected to boiling, freezing, and lyophilization. After re-
constituting with PBST, the samples were placed in an ultra-
sound bath and vortexed thoroughly. After settling, the
supernatant was aliquoted and stored at —80°C until use.
Protein concentration was again determined by the BCA
method (Pierce Protein Research Products) and used to nor-
malize ELISA IGF-1 results.

The Quantikine® Rat/Mouse IGF-1 Immunoassay kit
(R&D Systems Inc., Minneapolis, MN) was used to assay IGF-
1 levels in the samples. ELISAs were performed according to
the manufacturer’s instructions. Briefly, microplates were pre-
coated with the first primary monocolonal antibody. Assay
diluents were added to each well of the microplate (50 uL/
well). Standard control samples were diluted serially (1:2)
from 6-0ng/mL, or with the respective calibrator diluents,
and plated to two columns of wells (50 uL/well) designated
for standard curve in every plate. The frozen samples for
ELISA were thawed on ice, and every sample was plated in
duplicate for measurement of each of the factors. Following a
2-h incubation at room temperature, the wells were rinsed in
wash buffer and treated with an enzyme-linked second pri-
mary antibody solution for 2 h. The second primary antibody
was a polyclonal IGF-1 antibody conjugated to HRP in the
IGE-1 detection kit. The wells were rinsed in wash buffer and
a substrate solution was added to the wells and incubated in
the dark for 30 min. The color reaction was stopped with 1M
hydrochloric acid. The optical density of each well was mea-
sured using the GENiosPro microplate reader (Tecan, Re-
search Triangle Park, NC). The intensity of color was
measured at a wavelength of 450 nm. In order to correct for
optical imperfections in the plate, readings at 540 nm were
subtracted from readings at 450 nm. The standard curve was
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used to assess the validity of the protocol and to determine the
relative concentrations of IGF-1. Values in all samples were
normalized per milligram of protein assayed.

Morris water maze testing

The pool containing the submerged platform was located in
a dimly lit room and surrounded by visual cues. The sub-
merged platform was positioned in one of the four equal pool
quadrants. The starting quadrant was varied over the four
daily trials per day, using the same pattern on a given day for
all study groups (n = 6-8/group). Serial testing (four trials per
day, maximum swim time 120sec per trial, 4-min rest be-
tween trials) was performed for 5 days with a submerged
platform, from PID 14 to PID 18. Each trial was recorded using
automated video tracking and data analysis equipment from
the HVS Tracking System. Latency to find the platform, swim
speed, swim path, and thigmotaxis (time spent swimming
close to the sides of the pool) were recorded for each trial. The
water temperature was maintained at 26 £2°C.

Statistical analysis

All data are expressed as mean + SE and/or as percentage
of control. Data were analyzed using analysis of variance
(ANOVA), with p <0.05 defined as the cutoff for statistical
significance, using Statview software. MWM data were ana-
lyzed using repeated measures ANOVA to account for mul-
tiple measurements over time. To adjust for multiple
comparisons between the three groups, Tukey’s Honestly
Significant Difference (HSD) method was used.

Results

Overall survival for the study was 93.3% for CCI rats, 94%
for sham rats, and 100% for naive rats. All deaths occurred
during anesthesia. Rectal temperatures (37.4 +0.5°C for TBI
rats and 37.6 £0.6°C for sham rats) did not differ between
groups. Both CCI and sham animals maintained similar heart
rates (300-360 and 310-350 bpm), respiratory rates (33-52 and
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34-48bpm), and oxygen saturation levels (95-99% and 96—
98%), respectively, during the surgical procedures. Similarly,
blood gas values obtained at the end of surgery or sham
surgery were no different between CCI and sham animals (pH
7.34+0.01 and 7.33+0.02). All groups demonstrated equal
and adequate daily weight gain during the experimental pe-
riod at all time points, with the exception of PID 3, and there
was no significant difference between weights. At PID 3 the
weight of CCI rats was less than that of naive rats (p =0.03),
but no different from that of sham rats.

mRNA results

Statistical significance was calculated using all five groups,
as outlined above. We found no differences in gene expression
between naive, Shamipsi, or Shamcon hippocampi. Results
for CCIcon and CClipsi are thus presented as percentages of
the levels in sham animals. CClcon results were usually no
different from sham animals. Thus any significant differences
between CClcon and sham animals are reported exclusively
in the text. Graphical results portray only CClipsi (relative to
sham and/or CClcon) values. GAPDH mRNA expression did
not vary between groups at any time point.

IGF-1 mRNA (Fig. 1) increased in CClipsi relative to sham
as early as PID 1 (132 4 8% of sham; p < 0.0001). IGF-1 peaked
at PID 3 (350 £68% of sham; p < 0.0001). Hippocampal ex-
pression of IGF-1 mRNA remained increased in CClipsi at
least up to PID 14 (165 & 20% of sham; p < 0.05). IGF-1 mRNA
increased relative to CClcon at PID 1 (132 4 8 versus 102 + 6%
of sham), PID 2 (229 +13 versus 79 +4% of sham), PID 3
(350 £ 68 versus 145 + 6% of sham), and PID 7 (206 & 15 ver-
sus 98 £ 8% of sham; p <0.001 for all four time points).

CClI decreased IGF-1R in CClipsi at PID 1 and PID 2 (65 + 4
and 65+ 7% of sham; p <0.01 for both), followed by an in-
crease at PID 3 (146 +£10% of sham; p < 0.0001), after which
expression was unchanged relative to sham animals (Fig. 2).
As shown, CCI affected IGF-1R mRNA levels similarly in both
hippocampi except at PID 1 and 7. CClipsi mRNA decreased
relative to CClcon (65 £ 4 versus 73 £ 2% of sham; p < 0.01) at
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FIG.1. Graph depicting IGF-1 mRNA in the CCI hippocampus ipsilateral to injury (CCII) obtained at post-injury days (PID)
1,2, 3,7, and 14, presented as a percentage of corresponding sham mRNA levels. The dashed line represents 100% of sham
IGF-1 mRNA. CCII IGF-1 mRNA increased relative to both sham and CClcon at PID 1, 2, 3, and 7, and relative to sham at PID
14. Results are presented as percentages of sham mRNA =+ standard error of the mean; n=6; *p <0.05 relative to sham
animals; &p < 0.05 relative to CCI con animals; IGF-1, insulin-like growth factor-1; CCI, controlled cortical impact).
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FIG. 2. Graph depicting IGF-1 receptor (IGF-1R) mRNA in CCI hippocampus ipsilateral to injury (CCII) obtained at post-
injury days (PID) 1, 2, 3, 7, and 14, presented as a percentage of corresponding sham mRNA level. The dashed line represents
100% of sham IGF-1R mRNA. IGF-1R decreased in CCII relative to sham animals at PID 1 and 2, and then increased at PID 3,
after which expression was unchanged. CCII IGF-IR decreased and increased, relative to CClcon, at PID 1 and 7, respec-
tively. Results are presented as percentages of sham mRNA = standard error of the mean; n=6; *p <0.05 relative to sham
animals; &p < 0.05 relative to CClcon; IGF-1, insulin-like growth factor-1; CCI, controlled cortical impact).

PID 1, while CClipsi mRNA increased relative to CClcon
(109 £5 versus 91 5% of sham; p <0.01) at PID 7. We did
find differences between CClcon and sham for this gene.
Namely, CCIcon IGF-1R mRNA decreased at PID 1 and PID 2
(to 73+ 2 and 56 +£4% of sham; p <0.001), and increased at
PID 3 (141 + 7 of sham; p < 0.0001).

EPO mRNA in CClipsi showed a strong trend towards an
increase at PID 3 (147 + 12% of sham; p = 0.05), was increased
at PID 7 (179 £ 32% of sham; p < 0.05), and was no different
from sham at PID 14. CCIipsi EPO mRNA increased relative
to CClIcon at PID 3 (147 £ 12 versus 99 & 9% sham; p < 0.05),
and PID 7 (179 + 32 versus 109 £ 13%; p < 0.05), as shown in
Figure 3.

Interestingly, EPOR mRNA in CClipsi increased as early as
PID 1 (241 +14% of sham animals; p <0.0001), and PID 2
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(309 £ 41% of sham; p < 0.0001), peaked at PID 3 (626 +99%
of sham; p<0.0001), and remained elevated at PID 7
(479 £105% of sham; p < 0.0001), and PID 14 (280 +55% of
sham; p < 0.01), as shown in Figure 4. CClipsi EPOR mRNA
was also increased relative to CClcon at all five time points.
CClIcon EPOR mRNA levels were only different from sham
animals at one time point, at PID 1 (138 +6% of sham;
p <0.01).

pS53mRNA levels in CClipsi were increased at PID 3
(144 £ 8%; p < 0.0001), PID 7 (135 £ 9%; p < 0.001), and PID 14
(137 £9%; p < 0.01) relative to sham animals. At PID 3 and 7,
CClipsi p53mRNA was also increased relative to CClcon
(p<0.01 and p =0.0001, respectively), as shown in Figure 5.
bax mRNA expression was increased at PID 2 (133 5% of
sham; p <0.05), and at PID 14 (121 £9% of sham; p < 0.05;
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FIG. 3. Graph depicting EPO mRNA in CCI hippocampus ipsilateral to injury (CCII) obtained at post-injury days (PID) 1, 2,
3,7, and 14, presented as a percentage of corresponding sham mRNA levels. The dashed line represents 100% of sham EPO
mRNA. CCII EPO trended towards an increase at PID 3 (p = 0.05), and was increased at PID 7, relative to sham animals. CCII
EPO increased relative to CCIcon at PID 3 and 7. Results are presented as percentages of sham mRNA =+ standard error of the
mean; n=06; *p <0.05 relative to sham animals; &p < 0.05 relative to CClIcon; EPO, erythropoietin; CCI, controlled cortical

impact).
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FIG. 4. Graph depicting EPOR mRNA in CCI hippocampus ipsilateral to injury (CCII) obtained at post-injury days (PID) 1,
2, 3,7, and 14, presented as a percentage of corresponding sham mRNA levels. The dashed line represents 100% of sham
EPOR mRNA. EPOR was increased relative to sham and to CClcon as early as PID 1, peaked at PID 3, and remained elevated
at least until PID 14. Results are presented as percentage of sham mRNA =+ standard error of the mean; n=6; **p <0.05
relative to Sham; &p < 0.05 relative to CClcon; EPOR, erythropoietin receptor; CCI, controlled cortical impact).

Fig. 6). CClcon bax mRNA briefly increased relative to sham
at PID 3 (119 £ 6% of sham; p < 0.01), and then decreased at
PID 7 (79 +3% of sham; p < 0.01). For bcl2, CClipsi mRNA
expression decreased at PID 1 relative to sham (92 +3% of
sham; p =0.01), and relative to CCI con (92 £ 3 versus 99 & 2%
of sham; p < 0.05), as shown in Figure 7. In a given tissue, the
ratio of pro-apoptotic bax to anti-apoptotic bcl2 is important
in determining the direction of apoptotic forces (Agarwal
et al., 2004). In our study, the increased bax:bcl2 ratio seen
during the first 2 days after injury supports increased apo-
ptosis during this period.

Protein results

Consistent with mRNA results, CClipsi EPO protein was
no different from sham at PID 2, but was greater than sham at
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PID 7 (0.39 £0.01 versus 0.18 £ 0.03; p =0.0003), as shown in
Figure 8. GAPDH protein levels did not differ between
groups.

We measured average values of IGF-1 protein (picograms
IGF-1/mg total protein per sample) per group (n = 6) at three
time points. We found no differences between CClipsi and
sham animals at PID 2 (1118 £470 versus 427 + 66 pg/mg),
PID 7 (821+£125 versus 693+203pg/mg), or PID 14
(1271 £ 122 versus 1000 £ 286 pg/mg).

Morris water maze results

MWM testing demonstrated increased average latency in
CCI animals on testing days 3 (relative to sham) and 4 (rela-
tive to naive), as shown in Figure 9. Swim speed was no dif-
ferent between groups (0.171+0.015, 0.16540.003, and
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FIG. 5. Graph depicting p53 mRNA in CCI hippocampus ipsilateral to injury (CCII) obtained at post-injury days (PID) 1, 2,
3,7, and 14, presented as a percentage of the corresponding sham mRNA level. The dashed line represents 100% of sham
p53 mRNA. CCII p53 mRNA increased at PID 3 and PID 7 relative to both sham and CClcon, and at PID 14 relative to
sham animals. Results are presented as percentage of sham mRNA =+ standard error of the mean; n=6; *p < 0.05 relative to
sham; &p < 0.05 relative to CClcon; CCI, controlled cortical impact).
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FIG. 6. Graph depicting bax mRNA in CCI hippocampus ipsilateral to injury (CCII) obtained at post-injury days (PID) 1, 2,
3,7, and 14, presented as a percentage of corresponding sham mRNA levels. The dashed line represents 100% of sham bax
mRNA. CCII bax mRNA was increased at PID 2 and at PID 14. Results are presented as percentage of sham
mRNA = standard error of the mean; n=6; *p < 0.05 relative to sham animals; CCI, controlled cortical impact).

0.172 £0.006 m/sec for CCI, naive, and sham animals, re-
spectively). Similarly we found no differences in swim path or
thigmotaxis.

Discussion

We found that IGF-1 mRNA, as predicted, peaked at PID 3.
In accordance with our hypothesis, EPOR increased at PID 1,
but it peaked later than expected (PID 3). Contrary to our
predictions, we found that EPO expression did not increase in
the first 24 h, but rather did so at PID 7. In accordance with
EPO mRNA results, EPO protein was unchanged at PID 2,
and was increased at PID 7.

Interestingly, gene expression in the hippocampus contra-
lateral to injury was generally no different from sham ani-
mals. In particular, our findings suggest that little to no
compensatory increased EPO and IGF-1 production occurs in
the contralateral hippocampus during the first 2 weeks after

160 1
1401
1201
100 -7

801

% Sham mRNA

601

CCI. This was not entirely unexpected, because although CCI
in immature rats produces diffuse damage to the entire brain,
it is more severe on the side of impact (Gobbel et al., 2007),
with more marked neuronal loss in the hippocampal subfields
ipsilateral to the impact (Robertson et al., 2007).

Expression of all our genes of interest was no different
between shams and naives. This suggests that CCI alone, and
not the associated experimental paradigm, altered the ex-
pression of our genes of interest. This finding is particularly
important for IGF-1 and EPO, which are subject to develop-
mental changes. Hippocampal EPO expression in the rat, and
IGF-1 expression in the mouse, were both highest at birth and
then decreased (Sanchez et al., 2009; Zhang et al., 2007).

Our results compare favorably with the sparse data avail-
able on IGF-1 expression after experimental TBI in immature
animals; similarly to our findings, IGF-1 mRNA increased at
PID 3 and PID 7 in a model of penetrating brain injury using
D14 mice (Li et al., 1998).

=== bcl|2 CClII

7

14
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FIG.7. Graph depicting bcl2 mRNA in CCI hippocampus ipsilateral to injury (CCII) obtained at post-injury days (PID) 1, 2,
3, 7, and 14, presented as a percentage of corresponding sham mRNA levels. The dashed line represents 100% of sham
bcl2 mRNA. CCII bcl2 mRNA was decreased relative to sham and to CCIcon at PID 1. Results are presented as percentages of
sham mRNA =+ standard error of the mean; n=6; *p <0.05 relative to sham; &p < 0.05 relative to CClcon; CCI, controlled

cortical impact).
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FIG. 8. Graph depicting EPO protein levels in CCI hippocampus ipsilateral to injury (CCII), expressed as densitometry units
relative to GAPDH, at PID 2 and 7. CCI EPO protein levels increased relative to sham levels at PID 7. Representative
immunoblot images are shown for CCI and sham animals. Results are presented as EPO:GAPDH ratio + standard error of the
mean; n =6; *p < 0.05 relative to sham; CCI, controlled cortical impact; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

PID, post-injury day).

IGF-1 protein levels were unchanged at PID 2, 7, and 14,
despite increased mRNA expression of IGF-1 at these time
points. This apparent discrepancy is not entirely unexpected,
as other investigators have reported similar discordance,
likely due to the fact that IGF-1 is subject to both transcrip-
tional and post-translational regulation (Olchovsky et al.,
1991; Papaconstantinou et al., 2005; Picha et al., 2006).

Similarly to the data on EPO and EPOR expression after
TBI in adult animals, we found that EPO and EPOR ex-
pression increased in a pTBI model. The differences in
timing of this increased expression suggest developmental
differences in the endogenous EPO response to TBI. EPO
was increased at 12h after aTBI in rats (Liao et al., 2008),
and at 72h after injury in mice (Anderson et al., 2009),

while EPO first increased at PID 7 in our study. Indeed, on
the opposite end of the spectrum, aging rodents failed to
upregulate cerebral EPO 72h after CCI (Anderson et al.,
2009). In this study, although baseline cerebral EPO levels
were higher in aged mice than in adult mice, post-CCI EPO
levels were lower, and neurological outcomes worse, in the
aged mice than in the adult mice. We thus speculate that
perhaps the developing brain with its baseline high levels
of EPO is not readily able to upregulate EPO expression in
response to TBI.

In our study, the time course of EPOR mRNA expression
after CCI was similar to that noted in aTBI studies. In aTBI,
EPOR increased early (12 h after injury), and lasted for at least
7 days (Liao et al., 2008).
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FIG.9. Graph depicting the average latency to find the hidden platform as a function of day of testing (PID days 14-18) for
each group of animals. CCI animals were significantly slower on PID 16 (relative to sham), and on PID 17 (relative to naive).
Latency is expressed in seconds + standard error of the mean (n = 6-8; *p < 0.05 relative to sham; %p < 0.05 relative to naive;

CCI, controlled cortical impact; PID, post-injury day).
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Our study has a number of limitations. First, our findings
are limited to immature rodents. No animal model can fully
replicate the human condition, yet the results of our study
provide useful information for further work in experimental
pTBL Second, we did not test hippocampal subfields sepa-
rately. Nevertheless, because we used ground whole hippo-
campi, our data are not skewed to any one region, but rather
reflect global hippocampal gene expression. Finally, we did
not measure daily mRNA and protein levels, but rather se-
lected time points based on the existing literature. While not
exhaustive, our study covers a relatively large number of time
points early post-injury relative to similar studies of gene
expression in pTBI (Cook et al., 1998), and TBI (Matzilevich
et al., 2002; Shah et al., 2006).

In summary, we found that EPO, EPOR, and IGF-1 in-
creased in the hippocampus ipsilateral to CCI in 17-day-old
rats, and that these increases occurred at different time points
after injury. In support of increased apoptosis in the first 2
days after injury, the bax:bcl2 ratio was increased at PID 1 and
2. Hippocampal IGF-1 increased in these first 2 days after
injury while EPO did not increase until PID 7. In contrast,
EPOR increased dramatically (to six times sham values) as
early as PID 1.

Our findings suggest that administering EPO in the first 2
days after injury, when endogenous EPO is low and EPOR is
high, may be a viable therapeutic strategy to protect against
early apoptotic cell loss in pTBI. Given the temporal pattern of
expression of the genes we studied, we speculate that giving
IGF-1 soon after pTBI would have less impact than would
giving EPO at that juncture. The known synergy between
IGF-1 and EPO in terms of neuronal survival (Digicaylioglu
et al., 2004) suggests that giving EPO early would have an
even greater benefit than either agent alone. In addition, the
robust EPOR response in the first day after injury further
supports the potential efficacy of early EPO administration
after experimental pTBI. The question of whether or not ex-
ogenous EPO will improve hippocampal neuronal survival
and function in a model of pTBI clearly warrants future study.
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