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Abstract

Erythropoietin (EPO) provides neuroprotection and neurorestoration after traumatic brain injury
(TBI). The EPO doses used for treatment of TBI significantly increase hematocrit, which may affect
the efficacy of EPO therapy for TBI. The aim of this study was to investigate whether normalization
of hematocrit would affect EPO efficacy for treatment of TBI. Young adult male Wistar rats were
randomly divided into 4 groups: 1) Sham group (n=6); 2) TBI + saline group (n=6); 3) TBI + EPO
group (n=6); and 4) TBI + EPO + hemodilution group (n=7). TBI was induced by controlled cortical
impact over the left parietal cortex. EPO (5,000 U/kg) or saline was administered intraperitoneally
at days 1, 2, and 3 post injury. Neurological function was assessed using a modified neurological
severity score (mMNSS), footfault and the Morris water maze (MWM) tests. Animals were sacrificed
35 days after injury and brain sections stained for immunohistochemistry. Compared to the saline
treatment, EPO treatment significantly reduced hippocampal cell loss, enhanced angiogenesis and
neurogenesis in the injured cortex and hippocampus, and significantly improved sensorimotor
functional outcome (lowered mNSS and foot faults) and spatial learning (MWM test). Normovolemic
hemodilution effectively normalized the hematocrit and did not significantly affect the histological
and functional outcome of EPO therapy for TBI. These data for the first time demonstrate that
increased hematocrit does not affect therapeutic effects of EPO on histological and long-term
functional outcomes in rats after TBI and also suggest that neuroprotection and neurorestoration of
EPO treatment are independent of hematocrit.
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1. Introduction

2. Results
2.1. HCT

Traumatic brain injury (TBI) is a common cause of mortality and morbidity worldwide,
particularly among the young (Thurman and Guerrero, 1999) and may result in permanent
functional deficits due to both primary and secondary injury mechanisms (Davis, 2000). The
most prevalent and debilitating features in survivors of traumatic brain injury (TBI) are
cognitive deficits and motor dysfunctions. To date, there is no effective treatment to promote
functional recovery except for routine medical intervention and care (Narayan et al., 2002).

Erythropoietin (EPO) and the EPO receptor (EPOR), essential for erythropoiesis, are also
expressed in the brain (Brines et al., 2000). While EPO and EPOR are only weakly expressed
in normal adult brain, expression of EPO and EPOR is greatly increased in response to different
types of brain injury (Grasso et al., 2004; Liao et al., 2008; Marti, 2004). Inhibition of EPO
activity by the administration of soluble EPORs worsens the severity of neuronal injury
(Sakanaka et al., 1998), suggesting that endogenous EPO is directly involved in an intrinsic
neuronal repair pathway. EPO shows neuroprotection in animal models including stroke (Wang
et al., 2004), spinal cord injury (Grasso et al., 2006), kainate-induced seizure activity (Brines
et al., 2000), and autoimmune encephalomyelitis (Cerami, 2001; Zhang et al., 2005).

Recent work has shown that EPO provides substantial benefits in rats and mice after TBI
(Brines et al., 2000; Cherian et al., 2007; Liao et al., 2008; Lu et al., 2005; Mahmood et al.,
2007; Xiong et al., 2008). However, the EPO doses used for treatment significantly increased
hematocrit (HCT) (Mahmood et al., 2007; Xiong et al., 2007). The concern is that increased
HCT may pose potential adverse effects seen in the critically ill patients treated with EPO
(Corwin et al., 2007). It is unclear whether normalization of HCT affects efficacy of EPO
treatment for TBI in rats. Accordingly, using a controlled cortical impact TBI rat model, we
investigated effects of normalization of HCT on EPO efficacy in terms of cortical and
hippocampal injury, cell proliferation, neurogenesis, angiogenesis, long-term sensorimotor
function and spatial learning recovery.

The baseline of HCT was similar for all animals before injury or sham-surgery (Fig. 1).
Compared to preinjury levels, EPO treatment significantly increased HCT up to 2 weeks
(P<0.05), which returned to normal thereafter. Normovolemic hemodilution at day 4
effectively reduced HCT from 59% to a normal level (45%).

2.2. Lesion volume

Rats were sacrificed at 35 days post TBI for histological measurements. EPO treatment and
hemodilution did not affect the lesion volume after TBI (P>0.05). The lesion volume was 15.1
+1.8%, 16.5+1.1%, and 15.8+1.5% for TBI rats treated with saline, EPO and EPO +
hemodilution, respectively.

2.3. Spatial learning test

The modified Morris water maze (MWM) protocol in the present study was used to detect
spatial learning deficits. To analyze day-by-day differences in the MWM, a repeated measures
ANOVA was performed followed by Student-Newman-Keuls (SNK) tests for multiple
comparisons. As shown in Fig. 2A, the time spent in the correct quadrant (Northeast, NE) by
non-injured rats gradually increased 25% at day 31 to 50% at day 35 after sham surgery. The
saline-treated rats with TBI were impaired relative to sham-operated rats at days 32-35
(P<0.05). However, compared to saline treatment, EPO-treated rats with TBI showed
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significant improvement at days 33-35 (P<0.05). Hemodilution did not affect the spatial
learning performance compared to the EPO treatment alone (P>0.05).

2.4. Footfault test

The incidence of forelimb footfaults during baseline (preoperatively) was about 5% (Fig. 2B).
TBI significantly increased the occurrence of right forelimb footfaults contralateral to the TBI
at 1 to 35 days postinjury compared with the pre-injury baseline. TBI significantly increased
the incidence of contralateral forelimb footfaults at 1 to 35 days post-injury. Treatment with
EPO significantly reduced the number of contralateral forelimb footfaults at 7 to 28 days after
TBI compared to treatment with saline (P<0.05). Hemodilution did not affect the forelimb
footfaults compared to the EPO treatment alone (P>0.05).

Similar results were found for the contralateral hindlimb (Fig. 2C). As compared to preinjury
baseline, TBI significantly increased the incidence of contralateral hindlimb footfaults at 1 to
35 days post-injury. Treatment with EPO significantly reduced the number of contralateral
hindlimb footfaults 7 to 35 days postinjury compared to treatment with saline (P<0.05).
Hemodilution did not significantly alter the hindlimb footfaults compared to the EPO therapy
alone (P>0.05).

2.5. Neurological severity score (mMNSS)

Fig. 2D shows that mNSS score was significantly reduced in both EPO and EPO + hemodilution
groups at days 7-35 post TBI compared to saline controls (P<0.05). However, hemodilution
did not significantly affect mNSS score compared to the EPO therapy alone (P>0.05).

2.6. Cell loss in the CA3 and DG

When examined at 35 days post TBI (Fig. 3), the neuron counts in the ipsilateral CA3 and DG
had significantly decreased (Fig. 3b and 3f, P<0.05) compared to sham controls (Fig. 3a and
3e). Compared to saline controls, EPO treatment with or without hemodilution significantly
increased the neuron counts in the CA3 and DG (P<0.05). Hemodilution slightly reduced the
cell number in the DG but this reduction did not reach a significance compared to the EPO
therapy alone (P>0.05).

2.7. Angiogenesis

von Willebrand factor (VWF)-staining has been used to identify vascular structure in the brain
after TBI (Xiong et al., 2007). TBI alone significantly increased the density of vVWF-positive
vessels in the injured cortex, ipsilateral CA3 and DG compared to sham controls (Fig. 4,
P<0.05). EPO treatment significantly increased the vascular density in these regions compared
to saline treatment (Fig. 4, P<0.05). There is no significant difference in the vascular density
between the EPO alone and EPO + hemodilution groups.

2.8. Cell proliferation

5-Bromo-2’-deoxyuridine (BrdU, an analog of thymidine), is widely used to detect
proliferating cells in living tissues (Lu et al., 2005). BrdU can be incorporated into the newly
synthesized DNA of replicating cells during the S phase of the cell cycle, substituting for
thymidine during DNA replication. The number of BrdU-positive cells found in the ipsilateral
cortex and DG was significantly increased at 35 days after TBI, compared with sham controls
(Fig. 5, P<0.05). However, EPO treatment with or without hemodilution further increased the
number of BrdU-positive cells in these regions after TBI compared to saline controls (P<0.05).
There is no significant difference in the cell proliferation between the EPO alone and EPO +
hemodilution groups.
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2.9. Neurogenesis

Newly generated neurons were identified by double labeling for BrdU (proliferating marker)
and NeuN (neuronal nuclei, mature neuronal marker). TBI significantly increased the number
of NeuN/BrdU-colabeled cells (newborn neurons) in the injured cortex and DG after compared
to sham controls (Fig. 6g, P<0.05). EPO treatment significantly increased the number of
newborn neurons in the injured cortex and DG (Fig. 6g, P<0.05) compared to saline controls.
Hemodilution slightly reduced the number of newborn neurons in the injured cortex and DG
without a significant difference (P>0.05). EPO treatment significantly increased the percentage
of NeuN/BrdU-colabeled cells in the injured cortex (Fig. 6h, P<0.05) compared to saline
controls. However, there is no significant difference in the percentage of newborn neurons in
the DG among sham, saline-, EPO—, and EPO + hemodilution-treated groups (Fig. 6h).

3. Discussion

Delayed EPO treatment provides substantial benefits in terms of reducing hippocampal cell
loss, increasing ipsilateral cortical and hippocampal angiogenesis and neurogenesis, and
improving spatial learning and sensorimotor functional recovery after TBI in rats. EPO therapy
significantly increases HCT; normovolemic hemodilution effectively reduces HCT to normal.
To the best of our knowledge, the present study for the first time demonstrates that
normalization of HCT does not affect therapeutic effects of EPO on treatment for TBI in rats
and also suggests that therapeutic effects of EPO is independent of increased hematocrit.

Our previous studies have shown that early (6 h) EPO therapy does not affect angiogenesis in
mice after TBI (Xiong et al., 2008) but delayed (24 h) EPO treatment significantly enhances
angiogenesis after stroke in rats (Wang et al., 2004). Our present study demonstrates that
delayed EPO treatment increases angiogenesis in the ipsilateral hippocampus and cortex in rats
after TBI. In adult mammal brains, neurogenesis in the subgranular zone of the DG and
subventricular zone (SVZ) takes place within an angiogenic microenvironment, where
neurogenesis and angiogenesis are highly coupled and they work together to promote brain
remodeling and subsequent improvement of neurological functional after brain injury (Zhang
and Chopp, 2009). Our present study supports the coupling of angiogenesis and neurogenesis,
which is shown by the increased number of NeuN/BrdU-positive cells in the injured cortex
and hippocampus where angiogenesis is also enhanced after TBI. Delayed EPO treatment
further increased angiogenesis and neurogenesis. EPO significantly increased the total number
and percentage of newborn neurons found in the injured cortex, suggesting that neuroblasts
may migrate from the SVZ into the injured cortex, where some of the SVZ-derived neuroblasts
differentiate into mature neurons (Goings et al., 2004; Sundholm-Peters et al., 2005; Zhang et
al., 2004; Zhang et al., 2008; Zhang et al., 2009). Although EPOQ therapy significantly increased
the total number of newborn neurons in the DG, it did not affect the percentage (approximately
80%) of newborn neurons, suggesting that most of the BrdU-positive cells in the DG
differentiate into granule neurons. This finding is in agreement with the report that the majority
of BrdU-positive cells in the DG become granule neurons after TBI and these newborn neurons
exhibit extensive anatomical integration into the CA3 region at the time cognitive recovery is
observed (Sun et al., 2007). Our present data suggest that EPO-induced cell survival and
neurogenesis may participate in functional recovery such as spatial learning (MWM test) and
sensorimotor function (lowered mNSS and footfault).

EPO has been successfully used in clinical practice for more than two decades mainly to treat
anemia in patients with chronic kidney disease (Wish, 2009) and chemotherapy (Milano and
Schneider, 2007). Although insufficient information exists to accurately predict the association
between EPO treatment and adverse side effects, results of clinical trials suggest that higher

doses of EPO are more likely to be associated with adverse side effects. Several clinical trials
with EPO in cancer patients were terminated following increased symptomatic or fatal
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thrombosis (Leyland-Jones, 2003; Rosenzweig et al., 2004). However, cancer patients who
receive chemotherapy administered via catheters have a markedly increased risk for thrombosis
(Henke et al., 2003).

More recently, long-term high-dose EPO treatment in patients with multiple sclerosis was
found to be safe and well tolerated without adverse effects even when the hemoglobin increased
by 20% (Ehrenreich et al., 2007). No safety concerns were identified among stroke patients
treated with EPO (33,000 U, administered once daily for 3 days after stroke), who showed an
improvement in neurological outcome (Ehrenreich et al., 2002). EPO administered
subcutaneously three times a week (150 U/kg) or once a week (40,000 U/subject) for 4 weeks
in healthy humans with HCT increased by 23% was well tolerated and no serious adverse
events occurred (Cheung et al., 2001). In the present study, EPO treatment increases HCT by
30% at Days 4-7, by 13% at day 14 and HCT returns to normal at day 21 post TBI. Our present
data show that the increased HCT does not change the efficacy of EPO for treatment of TBI
in rats. This is in agreement with our previous studies that long-term EPO therapy improves
functional outcomes without obvious side effects seen in rats after stroke (7-day treatment)
(Wang et al., 2004) and TBI (14-day treatment) (Lu et al., 2005). A recent study demonstrates
that a raised HCT after EPO treatment is not associated with an increased risk for thrombosis
because endothelial nitric oxide production serves as a compensatory mechanism (Lindenblatt
et al., 2007). A transgenic mouse line (tg6) that reaches an HCT concentration of 0.85 due to
constitutive overexpression of human EPO did not show thrombembolic complications in all
investigated organs at any age (Shibata et al., 2003). Although the evidence above indicates
EPO therapy is well tolerated in animals and humans, Corwin et al reported that treatment with
EPO is associated with an increase in the incidence of thrombotic events in the critically ill
patients (Corwin et al., 2007). However, EPO may reduce mortality in patients with trauma
and did not increase in the incidence of thrombotic events when prophylactic heparin was used
(Corwin et al., 2007). The limitation of the present study is that it only focused on whether
increased HCT induced by EPO would affect the therapeutic benefits for treatment of TBI in
rats and other potential side effects were not studied in this study.

Management of TBI patients, after the primary insult, focuses on avoiding secondary brain
injury from factors such as hypoxia, hypotension, and anemia (Jeremitsky et al., 2003). Anemia
is associated with adverse outcomes in patients with TBI; however, blood transfusion to correct
the anemia does not appear to improve outcomes (Carlson et al., 2006; Salim et al., 2008). The
reason remains unclear. Our present study that increased HCT does not affect functional
outcomes after EPO therapy in TBI rats, also suggests that blood transfusion alone may not
effectively improve outcomes. Nearly all phase 11/111 clinical trials in neuroprotection have
failed to show any consistent improvement in outcome for TBI patients (Narayan et al.,
2002). The disappointing clinical phase-111 trials may be due to heterogeneity of the population
of TBI patients and variability in treatment approaches. Another important aspect is that TBI
evokes many different pathophysiologic cascades leading to secondary injury. Brain
mitochondrial dysfunction is one of the pathophysiological events after TBI in animals (Gilmer
et al., 2009; Robertson et al., 2009; Xiong et al., 1997) and patients (Verweij et al., 2000).
Mitochondria play a critical role in important cellular functions including energy production,
apoptosis, and calcium regulation (Robertson et al., 2009; Sullivan et al., 2002). If normal
mitochondrial function is impaired, a simple increase of oxygen supply and glucose by blood
transfusion will not translate effectively into therapeutic efficacy. Our recent study shows that
EPO treatment is capable of improving mitochondrial function in TBI rats, which may promote
cellular energy generation and cell survival (Xiong et al., 2009). In addition to improving
mitochondrial function, EPO treatment provides therapeutic benefits through angiogenesis,
neurogenesis, synaptogenesis, anti-apoptosis, anti-oxidation, anti-inflammation and axonal
regeneration after brain injury (Brines et al., 2000; Cherian et al., 2007; Grasso et al., 2007,
Lietal., 2007; Liao et al., 2008; Lu et al., 2005; Mahmood et al., 2007; Wang et al., 2004;

Brain Res. Author manuscript; available in PMC 2010 October 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 6

Xiong et al., 2008; Zhang et al., 2005), all of which appear independent of increased HCT.
EPO treatment reduces lesion volume and improves functional recovery when administered
within 6 h after experimental TBI (Brines et al., 2000; Cherian et al., 2007) or stroke (Wang
et al., 2004). Changes in lesion volume after a cortical controlled impact injury are often used
to imply recovery of function. However, delayed EPO therapy without reduction of lesion is
capable of improving functional recovery through restorative effects including angiogenesis,
neurogenesis, and synaptogenesis (Lu et al., 2005; Wang et al., 2004; Zhang and Chopp
2009). Therefore, EPO provides both neuroprotection (early therapy) and neurorestoration
(delayed therapy).

In conclusion, in addition to the routine management of TBI patients, exploration of other
potential therapies with neuroprotection and neurorestoration are warranted. In light of the
positive outcome in using EPO to treat stroke in a recent small clinical trial (Ehrenreich et al.,
2002) and our findings that EPO improves long-term histological outcome, sensorimotor
function and spatial learning recovery, EPO is a promising neuroprotective and
neurorestorative agent for TBI which warrants further investigation.

4. Experimental procedures
4.1. TBI Model

All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Henry Ford Health System.

A controlled cortical impact (CCI) model of TBI in the rat was utilized for the present study
(Dixon et al., 1991; Mahmood et al., 2004). Young adult male Wistar rats (300-400 g) were
anesthetized intraperitoneally with 350 mg/kg/body weight chloral hydrate. Rectal temperature
was kept at 37 °C with a feedback-regulated water-heating pad. A controlled cortical impact
device was used to induce the injury. Rats were placed in a stereotactic frame. Two 10-mm
diameter craniotomies were performed adjacent to the central suture, midway between lambda
and bregma. The second craniotomy allowed for movement of cortical tissue laterally. The
dura was kept intact over the cortex. Injury was delivered by impacting the left cortex
(ipsilateral cortex) with a pneumatic piston containing a 6-mm diameter tip at a rate of 4 m/s
and 2.5 mm of compression. Velocity was measured with a linear velocity displacement
transducer.

4.2. Experimental Groups and Treatment

4.3. HCT

Young adult male Wistar rats were randomly divided into 4 groups: 1) Sham group (n=6); 2)
TBI + Saline group (n=6); 3) TBI + EPO group (n=6); and 4) TBI + EPO + hemodilution group
(n=7). TBI was induced by controlled cortical impact over the left parietal cortex. Sham rats
underwent surgery without injury. EPO at a dose of 5000 U/kg body weight (Epoetin alpha,
AMGEN, Thousand Oaks, CA) was administered intraperitoneally (i.p.) at days 1, 2 and 3 after
TBI. Animals in the saline-treated group received an equal volume of saline at days 1, 2 and
3 after surgery. For labeling proliferating cells, BrdU (100 mg/kg; Sigma, St. Louis, MO) was
injected i.p. into rats daily for 10 days, starting 1 day after TBI. All rats were sacrificed at 35
days after TBI or surgery.

To determine the effects of EPO on HCT, a blood sample (50 ul) was collected via tail vein
before injury, at day 4 and weekly after TBI or sham up to 5 weeks. HCT was measured in
micro-HCT capillary tubes (Fisher Scientific, Pittsburgh, PA) using standard procedures
(Readacrit Centrifuge, Clay Adams, Parsippany, NJ) (Xiong et al., 2007).
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4.4. Normovolemic hemodilution

Under anesthetization with chloral hydrate, TBI or sham rats (day 4 post injury or sham-
surgery) underwent cannulation of the left femoral artery with polyethylene catheter. To reach
normal HCT target, the volume (V) of blood to be removed was calculated as follows (Ge et
al., 2007): V = EBV x (Hi-Hf)/Hav, where EBV is the estimated blood volume (70 ml/kg), Hi
is the initial HCT (59% in the present study), Hf is the final HCT (45% in the present study)
after hemodilution. Hav is the mean HCT (mean of Hi and Hf). Withdrawal of a certain amount
(V) of arterial blood was followed by immediate replacement with the same volume of normal
saline (warmed to 37 °C). Normal saline is chosen, as it is commonly used clinically in the
resuscitation of patients with multiple trauma (Li et al., 2006). During the experiment, a heating
pad was used to maintain the temperature of rats at about 37 °C. Animals in the sham or saline
or EPO alone groups underwent left femoral cannulation without hemodilution.

4.5. MWM test
All functional tests were performed by investigators blinded to the treatment status.

To detect spatial learning impairments, a recent version of the MWM test was used (Choi et
al., 2006). The procedure was modified from previous versions (Morris, 1984) and has been
found to be useful for chronic spatial memory assessment in rats and mice with brain injury
(Choi et al., 2006; Lu et al., 2005). All animals were tested during the last five days (i.e., from
31-35 days after TBI or surgery) before sacrifice. Data collection was automated by the HVS
Image 2020 Plus Tracking System (US HVS Image, San Diego, CA.). For data collection, a
blue pool (1.8 m in diameter) was subdivided into four equal quadrants formed by imaging
lines. The pool was located in a large test room, where there were many clues external to the
maze (e.g., pictures, lamps); these were visible from the pool and presumably used by the rats
for spatial orientation. The position of the cues remained unchanged throughout the task. At
the start of a trial, the rat was placed randomly at one of four fixed starting points, facing toward
the wall (designated North, South, East and West) and allowed to swim for 90 seconds or until
they found the platform within 90 seconds. If the animal found the platform, it was allowed to
remain on it for 10 seconds. If the animal failed to find the platform within 90 seconds, it was
placed on the platform for 10 seconds. Throughout the test period the platform was located in
the NE quadrant 2 cm below water in a randomly changing position, including locations against
the wall, toward the middle of the pool or off-center but always within the target quadrant. If
the animal was unable to find the platform within 90 sec, the trial was terminated and a
maximum score of 90 seconds was assigned. If the animal reached the platform within 90
seconds, the percentage of time traveled within the NE (correct) quadrant was calculated
relative to the total amount of time spent swimming before reaching the platform and employed
for statistical analysis. The advantage of this version of the water maze is that each trial takes
on the key characteristics of a probe trial because the platform is not in a fixed location within
the target quadrant (Schallert, 2006).

4.6. Footfault test

To evaluate sensorimotor function, the footfault test was carried out before TBl and at 1, 4, 7,
14, 21, 28 and 35 days after TBI or surgery. The rats were allowed to walk on a grid (Xiong
et al., 2007). With each weight-bearing step, a paw might fall or slip between the wires and, if
this occurred, it was recorded as a footfault. A total of 50 steps were recorded for each right
forelimb and hindlimb.

4.7. Modified neurological test

Neurological functional measurement was performed using the mNSS score test (Chen et al.,
2001). The test was carried out on all rats preinjury and on days 1, 4, 7, 14, 21, 28, and 35 after
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TBI. The mNSS is a composite of the motor (muscle status, abnormal movement), sensory
(visual, tactile and proprioceptive) and reflex tests and has been employed in previous studies
(Luetal., 2007a). Inthis TBI model, injury in the left hemispheric cortex of rats causes sensory
and motor functional deficiency with elevated scores on motor, sensory, and Beam Balance
Tests in the early phase after injury (day 1 after injury). Absent reflexes and abnormal
movements can be measured on rats with severe injury. Slow recovery in asymmetry deficiency
as reflected by Beam Balance Test results has been reported in unilateral brain injuries (Lu et
al., 2007a). The mNSS score test is suitable for evaluating long-term neurological function
after unilateral brain injury.

4.8. Tissue preparation and measurement of lesion volume

Atday 35 after TBI, rats were anesthetized i.p. with chloral hydrate, and perfused transcardially
first with saline solution, followed by 4% paraformaldehyde in 0.1 M phosphate buffered saline
(PBS), pH 7.4. Their brains were removed and post-fixed in 4% paraformaldehyde for 2 days
at room temperature. The brain tissue was cut into 7 equally spaced (1 mm) coronal blocks,
and processed for paraffin sectioning. A series of adjacent 6-um thick sections were cut from
each block in the coronal plane and stained with hematoxylin and eosin (H&E). For lesion
volume measurement, the 7 brain sections were traced by a microcomputer imaging device
(MCID) (Imaging Research, St. Catharine’s, Ontario, Canada), as previously described (Chen
et al., 2005). The indirect lesion area was calculated (i.e., the intact area of the ipsilateral
hemisphere is subtracted from the area of the contralateral hemisphere) (Swanson et al.,
1990), and the lesion volume presented as a volume percentage of the lesion compared with
the contralateral hemisphere. H&E sections from Block E and F containing hippocampus were
used to acquire images of the DG at 20 X magnification. To evaluate the cell loss after TBI,
we counted the cell number per mm in the DG.

4.9. Immunohistochemistry

To examine the effect of EPO on cell proliferation and angiogenesis, coronal sections were
histochemically stained with mouse anti-BrdU and rabbit anti-human vWF (Lu et al., 2005),
respectively. For BrdU detection, paraffin-embedded coronal sections (6 pum) were
deparaffinized and rehydrated. Antigen retrieval was performed by boiling sections in 10 mM
citrate buffer (pH 6.0) for 10 min (Chen et al., 2001). After washing with PBS, sections were
incubated with 0.3 % H,0, in PBS for 10 min, blocked with 1 % BSA containing 0.3 % Triton-
X 100 for 1 h at room temperature, and incubated with mouse anti-BrdU (1:200; Dako,
Carpinteria, CA) at 4 °C overnight. After washing, sections were incubated with biotinylated
anti-mouse antibody (1:200; Vector Laboratories, Inc., Burlingame, CA) at room temperature
for 30 min. After washing, sections were incubated with an avidin-biotin-peroxidase system
(ABC kit, Vector Laboratories, Inc., Burlingame, CA). Diaminobenzidine (Sigma, St. Louis,
MO) was then used as a sensitive chromogen for light microscopy. Sections were
counterstained with hematoxylin.

To identify vascular structure, brain sections were deparaffinized and then incubated with 0.4%
Pepsin solution at 37 °C for 1 h. After washing, the sections were blocked with 1% BSA at
room temperature for 1 h, and then incubated with rabbit anti-human vWF (1:200;
DakoCytomation, Carpinteria, CA) at 4°C overnight. After washing, sections were incubated
with biotinylated anti-rabbit antibody (1:200; Vector Laboratories, Inc., Burlingame, CA) at
room temperature for 30 min. The subsequent procedures were the same as for BrdU staining.

BrdU-positive cells and vVWF-stained vascular structures in the hippocampus and the cortex of
both contralateral and ipsilateral hemispheres were examined at a magnification of 20 and
counted.
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4.10. Immunofluorescent staining

Newly generated neurons were identified by double labeling for BrdU and NeuN. After
dehydration, tissue sections were boiled in 10 mM citric acid buffer (pH 6) for 10 min. After
washing with PBS, sections were incubated in 2.4 N HCI at 37 °C for 20 min. Sections were
incubated with 1% BSA containing 0.3% Triton-X-100 in PBS. Sections were then incubated
with mouse anti-NeuN antibody (1:200; Chemicon, Temecula, CA) at 4 °C overnight. FITC-
conjugated anti-mouse antibody (1:400; Jackson ImmunoResearch, West Grove, PA) was
added to sections at room temperature for 2 h. Sections were then incubated with mouse anti-
BrdU antibody (1:200; Dako, Glostrup, Denmark) at 4°C overnight. Sections were then
incubated with Cy3-conjugated anti-mouse antibody (1:400; Jackson ImmunoResearch, West
Grove, PA) at room temperature for 2 h. Each of the steps was followed by three 5-min rinses
in PBS. Tissue sections were mounted with Vectashield mounting medium (Vector
laboratories, Burlingame, CA). Images were collected with fluorescent microscopy. NeuN/
BrdU-colabeled cells in the DG and the cortex were counted at a magnification of 40.

4.11. Cell counting and quantization

Cell counts were performed by observers blinded to the individual treatment status of the
animals. Five sections with 50-pum intervals from the dorsal DG were analyzed with a
microscope (Nikon i80) at 400x magnification via the MCID system (Lu et al., 2005). All
counting was performed on a computer monitor to improve visualization and in one focal plane
to avoid oversampling (Zhang et al., 2002). To evaluate whether intraperitoneally administered
EPO reduces neuronal damage after TBI, the number of cells was counted in the DG and CA3
region using the MCID system. Counts were averaged and normalized by measuring the linear
distance (in mm) of the DG and CAS3 region for each section. Although it is just an estimate
of the cell number, this method permits a meaningful comparison of differences between
groups. For cell proliferation, the total number of BrdU-positive cells was counted in the lesion
boundary zone (LBZ) and the DG region of the hippocampus, using the MCID system. The
cells with BrdU (brown stained) that clearly localized to the nucleus (hematoxylin stained)
were counted as BrdU-positive cells. The number of BrdU-positive cells was expressed in cells/
mm? in the LBZ and the DG. For analysis of neurogenesis, additional sections used in the
above studies were used to evaluate neurogenesis in the DG and the cortex by calculating the
density of BrdU-labeled cells and BrdU/NeuN-colabeled cells (Lu et al., 2007b). The number
of BrdU-positive cells (red stained) and NeuN/BrdU-colabeled cells (yellow after merge) were
counted in the DG and the LBZ. The percentage of NeuN/BrdU-colabeled cells over the total
number of BrdU-positive cells in the corresponding regions (DG or LBZ) was estimated and
used as a parameter to evaluate neurogenesis (Xiong et al., 2008).

4.12. Statistical analysis

All data are presented as means with standard deviations (SD). Data on mNSS were first
evaluated for normality. The rank data were used for the analysis since data were not normal.
Analysis of variance (ANCOVA), PROC MIXED with CONTRAST statement in SAS, was
employed to test the group difference on mNSS. The analysis began testing the overall group
effect, followed by pair-wise group comparisons if the overall group effect was detected at the
0.05 level; otherwise the pair-wise group comparisons would be considered as exploratory
analysis. Data on HCT and sensorimotor function were analyzed by ANOVA for repeated
measurements. For lesion volume, cell counting, and vWF-stained vascular density, a one-way
ANOVA followed by post hoc SNK tests were used to compare the difference between the
EPO-treated, EPO-hemodilution-treated, saline-treated and sham groups. Statistical
significance was set at P<0.05.
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Fig. 1.

Changes in hematocrit before and after EPO treatment. “Pre” represents preinjury level.
Normovolemic hemodilution (H) was performed immediately after hematocrit measurement
atday 4 post injury. H effectively reduced HCT to normal. Data represent mean + SD. *P<0.05
vs. Pre (or Sham or Saline); # P<0.05 vs. EPO+H. N = 6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO
+H).
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Fig. 2.

Graphs. A: Effect of EPO on spatial learning function 31-35 days after TBI. Delayed treatment
with EPO (both EPO and EPO+H groups) improves spatial learning performance measured
by a recent version of the water maze test at days 33-35 compared with the saline group
(P<0.05). Hemodilution did not affect the spatial learning performance compared to EPO alone
group. Data represent mean + SD. * P<0.05 vs. Saline group. N = 6 (Sham); 6 (Saline); 6
(EPO); 7 (EPO+H). B: Effect of EPO on sensorimotor function (forelimb footfault) before and
after TBI. “Pre” represents pre-injury level. Delayed EPO treatment significantly reduces
forelimb foot faults at days 7-28 compared with the saline group (P<0.05). Hemodilution did
not affect forelimb footfaults compared to EPO alone group. Data represent mean = SD. N =
6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO+H). C: Effect of EPO on sensorimotor function
(hindlimb footfault) before and after TBI. “Pre” represents pre-injury level. Delayed EPO
treatment significantly reduces hindlimb foot faults at days 7-21 compared with the saline
group (P<0.05). Hemodilution did not affect hindlimb footfaults compared to EPO alone group.
Data represent mean + SD. N = 6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO+H). D: The bar graph
shows the functional improvement detected on the modified neurological severity scores
(mNSS). EPO treatment significantly lowers mNSS scores at days 7-35 compared to saline
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group (P<0.05). Hemodilution did not affect mNSS scores ompared to EPO alone group. Data
represent mean + SD. N = 6 (Saline); 6 (EPO); 7 (EPO+H).
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Effect of EPO on cell loss in the ipsilateral DG and CA3 region at 35 days after TBl. H&E
staining: a—h. Delayed treatment with EPO (c, g) and EPO+H (d, h) significantly reduced cell
loss as compared with the saline group (b, f) (P<0.05). The cell number in the DG and CA3
region is shown in (i). Hemodilution did not affect cell loss compared to EPO alone group. *
P<0.05 vs. corresponding sham. # P<0.05 vs. the saline group. Data represent mean + SD. N
= 6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO+H). Scale bar = 50 um (a).
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Effect of EPO on vVWF-staining vascular structure in the ipsilateral cortex, DG and CA3 region
35 daysafter TBI. TBl alone (b, g, i) significantly increased the vascular density in these regions
compared to sham controls (P<0.05). EPO treatment (EPO and EPO+H) further enhanced
angiogenesis after TBI compared to saline groups (P<0.05). Hemodilution did not affect
vascular density compared to EPO alone group. The density of vWF-stained vasculature is
shown in (p). Data represent mean + SD. * P<0.05 vs. Sham. #P<0.05 vs. the saline group.
Data represent mean £ SD. N = 6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO+H). Scale bar = 50 pum
(2); 25 um (e).
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Effect of EPO on BrdU-positive cells in the ipsilateral cortex and DG 35 days after TBI. The
cells with BrdU (brown stained) that clearly localized to the nucleus (hematoxylin stained)
were counted as BrdU-positive cells (arrows in e and j). TB1 alone (b, g) significantly increased
the number of BrdU-positive cells in the ipsilateral cortex and DG compared to sham controls
(P<0.05). EPO treatment (EPO and EPO+H) significantly increased the number of BrdU-
positive cells in these regions (c, d, h, i) compared to saline groups (P<0.05). The number of
BrdU-positive cells is shown in (k). Data represent mean + SD. *P< 0.05 vs. Sham. #P< 0.05
vs. the saline group. N = 6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO+H). Scale bar = 50 um (a);
25 um (e).
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Fig. 6.

Double fluorescent staining for NeuN (green) and BrdU (red) to identify newborn neurons
(yellow after merge) in the injured brain at 35 days after TBI. Newborn BrdU-positive cells in
the DG (red, band e) differentiate into neurons expressing NeuN (yellow, c and f). The total
number and percentage of NeuN/BrdU-colabeled cells in the ipsilateral cortex and DG are
shown in (g) and (h), respectively. Data represent mean = SD. *P<0.05 vs. corresponding
sham. #P<0.05 vs. the saline group. N = 6 (Sham); 6 (Saline); 6 (EPO); 7 (EPO+H). Scale bars
=50 um (a); 25 pm (d).
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