
Effects of posttraumatic carbamylated erythropoietin therapy on
reducing lesion volume and hippocampal cell loss, enhancing
angiogenesis and neurogenesis, and improving functional
outcome in rats following traumatic brain injury

Ye Xiong, M.D., Ph.D.1, Asim Mahmood, M.D.1, Yanlu Zhang, M.D.1, Yuling Meng, Ph.D.1,
Zheng Gang Zhang, M.D., Ph.D.2, Changsheng Qu, M.D.1, Thomas N. Sager, Ph.D.3, and
Michael Chopp, Ph.D.2,4
1 Department of Neurosurgery, Henry Ford Health System, Detroit, MI, 48202, USA
2 Department of Neurology, Henry Ford Health System, Detroit, MI, 48202, USA
3 H. Lundbeck A/S, Division of Discovery Pharmacology Research, Neurodegeneration Section,
Ottiliavej 9 DK-2500 Valby, Copenhagen, Denmark
4 Department of Physics,Oakland University, Rochester, MI, 48309, USA

Abstract
Object—Carbamylated erythropoietin (CEPO) is a modified erythropoietin molecule that does
not affect hematocrit. In this study, we compared the efficacy of a single dose with triple dose of
CEPO treatment of traumatic brain injury (TBI) in rats.

Methods—TBI was induced by controlled cortical impact over the left parietal cortex. CEPO (50
μg/kg) was administered intraperitoneally in rats with TBI at 6 hours (CEPO x 1 group) or 6, 24
and 48 hours (CEPO x 3 group) post injury. Neurological function was assessed using a modified
neurological severity score, footfault and Morris water maze tests. Animals were sacrificed 35
days after injury and brain sections stained for immunohistochemistry to assess lesion volume, cell
loss, cell proliferation, angiogenesis and neurogenesis after CEPO treatment.

Results—Compared to the vehicle treatment, single treatment of CEPO (6 hours) significantly
reduced lesion volume and hippocampal cell loss, enhanced angiogenesis and neurogenesis in the
injured cortex and hippocampus, and significantly improved sensorimotor functional recovery and
spatial learning in rats after TBI. Importantly, triple dosing of CEPO (6, 24 and 48 hours) further
reduced lesion volume and improved functional recovery and neurogenesis compared to the CEPO
x 1 group.
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Conclusions—Our results indicate that CEPO has considerable therapeutic potential in TBI and
related pathologies and furthermore that repeated dosing in the sub-acute phase might have
important pharmacological relevance.

Keywords
angiogenesis; carbamylated erythropoietin; functional recovery; neurogenesis; traumatic brain
injury

Traumatic brain injury (TBI) is a leading cause of mortality and morbidity throughout the
world.32 In addition to primary mechanical damage, secondary injury resulting from
biochemical and physiological events evolves over a period of hours to days after the
primary insult and ultimately leads to neural cell death. This period of secondary injury
provides a window of opportunity for therapeutic intervention with the potential to improve
long-term patient outcome. The most prevalent and debilitating features in survivors of TBI
are cognitive deficits and motor dysfunctions. Despite advances in basic research as well as
improved neurological intensive care in recent years, there is still no effective treatment
identified to promote functional recovery in TBI patients.25

Erythropoietin (EPO) and the EPO receptor (EPOR), essential for erythropoiesis, are also
expressed in neuronal, astrocytic, and endothelial cells.4 EPO shows neuroprotection in
animal models including stroke5,27,34 and TBI.19,22 EPO treatment shows beneficial
outcome in a small number of stroke patients.11 However, the higher death rate in a recent
stroke clinical trial with EPO raised a major concern over the safety of EPO.12 Although the
reason for the higher death rate remains unknown and the large percentage of patients
receiving tissue plasminogen activator and patients being treated outside the safety window
may contribute to the adverse effect, EPO-increased hematocrit (HCT) may also play a role
in the higher mortality. Carbamylated erythropoietin (CEPO) is EPO that is chemically
modified by carbamylation. CEPO does not bind to the EPOR and is therefore without
hematopoietic side effects.16 Despite the lack of binding to EPOR, CEPO retains full
cytoprotective properties, demonstrating that CEPO mediates its beneficial effects via a
mechanism different from that of the classical EPOR.3,14,23,39 Similarly to EPO, CEPO
shows neuroprotection in rodents after stroke, spinal cord injury, and experimental
autoimmune encephalitis (EAE).15,16,28,33,36 Our recent data demonstrate that CEPO is
equally as effective as EPO in enhancing spatial learning in rats after TBI.22 However,
whether CEPO treatment improves sensorimotor function and reduces lesion volume and
cell loss after TBI remains unknown. In addition there have been no studies of the effects of
CEPO on angiogenesis and neurogenesis after TBI, or any comparing the efficacy of
multiple doses of CEPO with a single dose for treatment of TBI. Accordingly, using a
controlled cortical impact (CCI) TBI rat model, we investigated the effects of posttraumatic
administration of CEPO on cortical and hippocampal injury, cell proliferation, neurogenesis,
angiogenesis, long-term sensorimotor function and spatial learning recovery. We compared
the efficacy of a single dose of CEPO with three doses of CEPO for the treatment of TBI in
rats.

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

TBI Model
A CCI model of TBI in the rat was utilized for the present study.18,21,37 Young adult male
Wistar rats (310 ± 13 g) were anesthetized with an intraperitoneal injection of chloral
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hydrate (350 mg/kg body weight). Rectal temperature was kept at 37 °C with a feedback-
regulated water-heating pad. The 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 mater was kept intact over the cortex. A CCI device was used to induce
the injury. Injury was delivered by impacting the left (ipsilateral) cortex with a pneumatic
piston containing a 6-mm-diameter tip at a rate of 4 m/second and 2.5 mm of compression.
Velocity was measured with a linear velocity displacement transducer.

Experimental Groups and Treatment
Young adult male Wistar rats were divided into 4 groups: Group 1, Sham (n = 8); Group 2,
TBI + vehicle (n = 8); Group 3, TBI + CEPO x 1 (n = 8); and Group 4, TBI + CEPO x 3 (n
= 8). TBI was induced by CCI over the left parietal cortex. CEPO at a dose of 50 μg/kg body
weight (H. Lundbeck A/S, Copenhagen, Denmark) was administered intraperitoneally at 6
hours (for the CEPO) x 1 group) or at 6, 24 and 48 hours (for the CEPO) x 3 group) after
TBI. Animals in the TBI + vehicle group received vehicle intraperitoneally at 6, 24, and 48
hours. The doseof CEPO was selected based on previous studies.22,36 For labeling
proliferating cells, 5-bromo-2′-deoxyuridine (BrdU, 100 mg/kg; Sigma, St. Louis, MO) was
injected intraperitoneally into rats daily for 10 days, starting 1 day after injury. Allrats were
sacrificed at 35 days after TBI.

Hematocrit
To determine whether CEPO has any effects on HCT, a blood sample (50 μl) was collected
via tail vein before injury, on Day 4 and weekly after TBI 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).38

Morris Water Maze Test
All functional tests were performed by investigators blinded to the treatment status. To
detect spatial learning impairments, a recent version of the Morris water maze (MWM) test
was used.8 The procedure was modified from previous versions9,24 and has been found to be
useful for chronic spatial memory assessment in rodents with brain injury.8,19 All animals
were tested during the last five days (i.e., 31–35 days after TBI) before sacrifice. Data
collection was automated by the HVS Image 2020 Plus Tracking System (US HVS Image,
San Diego, CA.), as described previously.21 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.29

Footfault Test
To evaluate sensorimotor function, the footfault test was carried out before TBI and 1, 4, 7,
14, 21, 28 and 35 days after TBI. The rats were allowed to walk on a grid. With each
weight-bearing step, a paw might fall or slip between the wires and, if this occurred, it was
recorded as a footfault.2 A total of 50 steps were recorded for each right forelimb and
hindlimb.

Modified Neurological Severity Score Test
Neurological functional measurement was performed using the modified neurological
severity score (mNSS) test.6 The test was carried out on all rats preinjury and on Days 1, 4,
7, 14, 21, 28, and 35 after 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.20 In this TBI model, injury in the left hemispheric cortex
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of rats causes sensory and motor functional deficiency with elevated scores on motor,
sensory, and Beam Balance Tests in the early phase after injury. Beam Balance Test results
showing slow recovery in asymmetry deficiency have been reported in unilateral brain
injuries including TBI 20 and ischemia.6 This test is suitable for evaluating long-term
neurological function after unilateral brain injury.

Tissue Preparation and Measurement of Lesion Volume
On Day 35 after TBI, rats were anesthetized with chloral hydrate administered
intraperitoneally, and perfused transcardially with saline solution, followed by 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4. Brains were removed
and post-fixed in 4 % paraformaldehyde for 2 days at room temperature. The braintissue was
cut into 7 equally spaced (2 mm) coronal blocks, and processed for paraffin sectioning. A
series of adjacent 6-μm-thick sections were cut fromeach block in the coronal plane and
stained with hematoxylin andeosin (H&E). For lesion volume measurement the 7 brain
sections were traced by a microcomputerimaging device (MCID) (ImagingResearch, St.
Catharine’s, Ontario, Canada), as previously described.7 The indirect lesion area was
calculated (i.e., the intact area of the ipsilateral hemisphere subtractedfrom the area of the
contralateral hemisphere),31 and the lesion volume presented as a volume percentage of
thelesion compared with the contralateral hemisphere.

Immunohistochemistry
To examine the effect of CEPO on cell proliferation and angiogenesis, coronal sections were
histochemically stained with mouse anti-BrdU19 and rabbit anti-human von
Willebrandfactor (vWF),38 respectively. For BrdU detection, 6-μm paraffin-embedded
coronal sections were deparaffinized and rehydrated. Antigen retrieval was performed by
boiling sections in 10-mM citrate buffer (pH 6.0) for 10 minutes.6 After washing with PBS,
sections were incubated with 0.3 % H2O2 in PBS for 10 minutes, blocked with 1 % BSA
containing 0.3 % Triton-X 100 for 1 hour 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 minutes. After washing, sections were
incubated with an avidin-biotin-peroxidase system (ABC kit, Vector Laboratories, Inc.,
Burlingame, CA), visualized with diaminobenzidine (Sigma, St. Louis, MO) and
counterstained with hematoxylin.

To identify vascular structure, brain sections were deparaffinized and then incubated with
0.4% Pepsin solution at 37 °C for 1 hour. After washing, the sections were blocked with 1%
BSA at room temperature for 1 hour, 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 minutes. The subsequent procedures were the
same as for BrdU staining.

BrdU+ cells and vWF-stained vascular structures in the DG, CA3, and the cortex of
ipsilateral hemispheres were examined at x 20 magnification and counted.

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 HCl at 37°C for 20 min. Sections were
then incubated with 1% BSA containing 0.3% Triton-X-100 in PBS, followed by incubation
with mouse anti-NeuN antibody (1:200; Chemicon, Temecula, CA) at 4°C overnight. FITC-
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conjugated anti-mouse antibody (1:400; Jackson ImmunoResearch, West Grove, PA) was
added to sections at room temperature for 2h. Sections were then incubated with rat anti-
BrdU antibody (1:200; Dako, Glostrup, Denmark) at 4°C overnight, followed by incubation
with Cy3-conjugated anti-rat antibody (1:400; Jackson ImmunoResearch) 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). Images
were collected with fluorescent microscopy and merged. NeuN/BrdU-colabeled cells in the
DG and the cortex were counted at x 40 magnification.

Cell Counting and Quantitation
For quantitative measurements of BrdU+, NeuN+, and NeuN+/BrdU+, we used four slides
from each brain, with each slide containing five fields of view in the lesion boundary zone
from the epicenter of the injury cavity (bregma −3.3 mm), three fields of view in the
ipsilateral CA3 and nine fields of view in the ipsilateral DG in the same section. The fields
were digitized under the light microscope (Nikon, Eclipse 80i, Melville, NY) at a
magnification of either 200 or 400 using CoolSNAP color camera (Photometrics, Tucson,
AZ) interfaced with MetaMorph image analysis system (Molecular Devices, Downingtown,
PA). The immunopositive cells were calculated and divided by the measured areas, and
presented as numbers per mm2. Cell counts were performed by observers blinded to the
individual treatment status of the animals. All counting was performed on a computer
monitor to improve visualization and in one focal plane to avoid oversampling.41 To
evaluate whether CEPO administered intraperitoneally reduces neuronal damage after TBI,
we counted the number of neuronal cells in the DG and CA3 in H&E sections. Counts were
averaged and normalized by measuring the linear distance (in mm) of the DG and CA3 for
each section. Neurogenesis was evaluated in the DG by calculating the density of BrdU-
labeled cells and BrdU/NeuN-colabeled cells. We mainly focused on the ipsilateral DG and
its subregions, including the subgranular zone, granular cell layer, and the molecular layer.38

Statistical analyses
All data are presented as means ± SDs. 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 differences 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 analyses.
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 differences
between the CEPO x 1-treated, CEPO x 3- treated, vehicle-treated and sham groups.
Statistical significance was set at p < 0.05.

Results
CEPO Does Not Affect HCT

The baseline of HCT was similar for all animals before injury (Fig. 1A, p > 0.05). As
compared to the vehicle treatment, the CEPO treatment did not affect HCT in both CEPO x
1 and CEPO x 3 groups during the 35-day study period (p > 0.05).

CEPO Significantly Reduces Lesion Volume
Lesion volume was measured 35 days post TBI. CEPO treatment initiated at 6 hours post
injury in both CEPO x 1 (p <0.001) and CEPO x 3 (p <0.001) groups significantly reduced

Xiong et al. Page 5

J Neurosurg. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lesion volume after TBI compared to vehicle controls (Figure 1B). However, animals had a
significantly smaller lesion volume in the CEPO x 3 group than in the CEPO x 1 group (p =
0.002).

CEPO Significantly Enhances Spatial Learning
The water maze protocol in the present study was used to detect spatial learning deficits. As
shown in Figure 2a, the time spent in the correct quadrant (Northeast) by sham rats
gradually increased from Days 31 to 35 after surgery. The vehicle-treated rats with TBI were
impaired relative to sham-operated rats on Days 32–35 after injury (p < 0.05). The time
spent in the correct quadrant by the vehicle-treated rats with TBI was much less than CEPO
x 1-treated rats at Day 34 (p = 0.008) and Day 35 (p < 0.001) and CEPO x 3-treated rats at
Day 32 (p = 0.033), Day 33 (p = 0.017), Day 34 (p = 0.002) and Day 35(p < 0.001) after
injury. However, as compared to the CEPO x 1 group, the CEPO x 3 group showed a
significant improvement in spatial learning after injury (i.e., larger percentage of time spent
in the correct quadrant) at Day 32 (p = 0.007), Day 33 (p = 0.039), Day 34 (p = 0.036) and
Day 35 (p = 0.014 ).

CEPO Significantly Reduces Modified Neurological Severity Score
The higher the modified neurological severity score (mNSS), the worse the neurological
function. The rats had no functional deficits in the mNSS test (Score 0) before TBI. Sham
operation had minor effects on the mNSS on Day 1 which returned to zero on postoperative
Day 4 (Figure 2b). The mNSS score was close to 11 among the vehicle, CEPO x 1 and
CEPO x 3 groups on Day 1 post TBI and there was no significant difference, indicating
neurological function was severely impaired in all TBI rats. Spontaneous functional
recovery was seen in the vehicle-treated animals. However, significantly reduced scores
were measured after TBI in the CEPO groups (all p values p < 0.05 on Days 7–35 for CEPO
x 1 and on Days 4–35 for CEPO x 3) compared to vehicle treatment. A triple dose of CEPO
therapy significantly reduced the mNSS score at Day 14 (p = 0.004), Day 21 (p = 0.004),
Day 28 (p = 0.001), and Day 35 (p = 0.001) compared to the single therapy.

CEPO Significantly Reduces the Incidence of Footfaults
The incidence of forelimb footfaults during baseline (preoperatively) was about 4–5 % (Fig.
2c). TBI significantly increased the incidence of right forelimb footfaults contralateral to the
TBI from 1–35 days postinjury (all p < 0.05) as compared with the pre-injury baseline.
Treatment with CEPO significantly reduced the number of contralateral forelimb footfaults
after TBI compared to treatment with vehicle ( all p < 0.05, on days 7–35 for CEPO x 1 and
on days 4–35 for CEPO x 3). However, as compared to the CEPO x 1 group, CEPO x 3
group showed a significant reduction in forelimb footfaults at Day 4 (p = 0.008), Day 7 (p
<0.001), and Day 14 (p <0.001).

Similar results were found for the contralateral hindlimb (Fig. 2d). As compared to preinjury
baseline, TBI significantly increased the incidence of contralateral hindlimb footfaults from
Days 1–35 post-injury (all p < 0.05). Treatment with CEPO significantly reduced the
number of contralateral hindlimb footfaults from Days 7–35 after TBI compared to
treatment with vehicle (all p < 0.05). However, as compared to the CEPO x 1 group, the
CEPO x 3 group showed a significant reduction in hindlimb footfaults at Day 7 (p <0.001),
Day 14 (p <0.001), Day 21 (p = 0.012), Day 28 (p = 0.049), and Day 35 (p < 0.001).

CEPO Significantly Reduces Cell Loss in the CA3 and DG
When examined 35 days post TBI (Figure 3), the neuron counts in the ipsilateral CA3 (p <
0.01) and DG (p < 0.01) had significantly decreased after TBI (Fig. 3b and 3f) compared to
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the sham groups (Fig. 3a and 3e). As compared to vehicle controls, CEPO treatment
significantly increased the neuron counts in the CA3 (Fig. 3c and 3d, p = 0.003 for CEPO x
1 and 0.047 for CEPO x 3) and DG (Fig. 3g and 3h, p = 0.004 for CEPO x 1 and 0.001 for
CEPO x 3). However, there was no difference between three doses of CEPO and a single
dose of CEPO (p > 0.05).

CEPO Significantly Promotes Cell Proliferation
BrdU, an analog of thymidine, is widely used to detect proliferating cells in living tissues.19

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, CA3 and DG areas was significantly
increased 35 days after TBI, compared with sham controls (Fig. 4, all p < 0.05). However,
CEPO treatment further increased the number of BrdU-positive cells in these regions after
TBI compared to vehicle controls (Fig. 4, all p < 0.05). There was no significant difference
in the number of BrdU-positive cells in these regions between the CEPO x 1 and CEPO x 3
groups (p > 0.05).

CEPO Significantly Enhances Angiogenesis
vWF-staining has been used to identify vascular structure in the brain after TBI.37 TBI alone
significantly increased the density of vessels in the cortex, CA3 and DG of the ipsilateral
hemisphere compared to contralateral controls (Fig. 5, all p < 0.05). CEPO treatment
significantly increased the vascular density in these regions compared to vehicle treatment
(Fig. 5, all p < 0.05). There was no significant difference in the vascular density between the
CEPO x 1 and CEPO x 3 groups (p > 0.05).

CEPO Significantly Increases Neurogenesis
Newly generated neurons in the DG were identified by double labeling for BrdU
(proliferating marker) and NeuN (mature neuronal marker). The number of NeuN/BrdU-
colabeled cells (newborn neurons) was significantly higher in the ipsilateral DG after TBI
compared to sham controls (Fig. 6c vs 6f, p < 0.001). CEPO treatment significantly
increased the number of newborn neurons in the DG (Fig. 6i and 6l, p < 0.001) compared to
vehicle controls. The number of newborn neurons was significantly higher in the CEPO x 3
group than in the CEPO x 1 group (Fig. 6i vs 6l, p = 0.018).

Correlation of Lesion Volume, Angiogenesis and Neurogenesis with Functional Recovery
Figure 7a shows that the lesion volume was significantly correlated to the mNSS score and
the incidence of forelimb and hindlimb footfaults on Day 35 after TBI (p < 0.001). The
larger the lesion volume, the higher the mNSS score and the incidence of footfaults,
suggesting that the cortical tissue loss plays an important role in the functional deficits after
TBI. In addition, the cortical angiogenesis was highly correlated to the mNSS score (p =
0.047) and the incidence of forelimb (p = 0.048) and hindlimb (p = 0.006) footfaults
examined on Day 35 after TBI (Fig. 7b). Spatial learning assessed by the MWM test was
significantly correlated to neurogenesis (p = 0.036), cell number (p = 0.007) and vessels (p =
0.003) in the DG examined on Day 35 after TBI (Fig. 7c).

Discussion
In this study, we have demonstrated that: 1) CEPO treatment (6 hours post injury) promotes
both spatial learning and sensorimotor functional recovery after TBI; 2) improvements in
spatial learning and sensorimotor function may derive from the effect of CEPO on reducing
hippocampal cell loss, lesion volume, and promoting angiogenesis and neurogenesis as
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reflected by the correlation analyses; and 3) although a single dose of CEPO shows
substantial benefits after TBI, the three-dose paradigm provides a better outcome in terms of
reducing lesion volume and enhancing neurogenesis, and improving spatial learning and
sensorimotor functional recovery.

The well-documented neuroprotective effects of EPO are commonly associated with
unwanted erythrocyte-stimulating effects, with subsequent risk of thromboembolic
complications.1 The present data show that CEPO treatment did not elevate HCT. This is
consistent with earlier reports16 because CEPO does not bind to the classical EPOR and
therefore does not simulate erythropoiesis. Although CEPO does not affect HCT, it is as
effective as EPO in neuroprotection.16,22,36 There are two major differences between those
earlier studies and the current work. First, in our previous study, CEPO treatment (6 hours)
improved spatial learning function in rats after TBI.22 The sensorimotor functional recovery
was not evaluated in that study. To the best of our knowledge, the present data demonstrate
for the first time that posttraumatic treatment (6 hours) with CEPO significantly reduces the
lesion volume and hippocampal cell loss, promotes angiogenesis and neurogenesis and
improves sensorimotor functional recovery after TBI. These findings indicate that CEPO
treatment provides both neuroprotection and neurorestoration, which may contribute to
functional recovery after TBI. Our present study extends our recent study that CEPO
treatment (6 hours) effectively reduces infarction and significantly improves functional
recovery in rats subjected to embolic middle cerebral artery occlusion.36 Second, and
perhaps most importantly, in the present study, we used a multiple-dose paradigm in which
three equal doses of drug were administered, with the initial dose given at 6 hours and
additional doses given at 24 and 48 hours. This dosing paradigm was used to match as
closely as possible the dosing paradigm used in a small but positive clinical study using EPO
in stroke.11 We compared the efficacy of a single-dose (6 hours) and multiple-dose
paradigm (6, 24 and 48 hours) in terms of lesion volume, cell loss, cell proliferation,
angiogenesis, neurogenesis, and spatial learning and sensorimotor functional recovery. The
functional recovery in the multiple-dose group was significantly improved compared to the
single-dose group. Our data support the use of repeated doses of CEPO for treatment of TBI.

Our recent study indicates that CEPO administered intravenously crosses the blood-brain
barrier in rats after stroke.36 The present study shows that the neuroprotective effect of
CEPO treatment is localized mainly to the cerebral cortex and hippocampus. In this rat
model of CCI injury, TBI caused lesion cavity in the injured cortex and cell loss in the DG
and CA3 region of the hippocampus. As compared to the vehicle treatment, CEPO treatment
significantly reduces lesion cavity by 31% (single dose) and 45% (triple dose) examined at
Day 35 after TBI. Notably, the present study shows that CEPO administered at both dose
paradigms has similar efficacy in reducing cell loss in the hippocampus, promoting cell
proliferation and angiogenesis. In addition, CEPO treatment also promotes neurogenesis in
the DG after TBI. Multiple doses show better effects than a single dose. Under normal
conditions, neurogenesis in the subgranular zone of the DG occurs within an angiogenic
microenvironment.42 In vivo, neurogenesis and angiogenesis are highly coupled to promote
brain remodeling and subsequent improvement of neurological function after brain injury.42

Our present data support the coupling of angiogenesis and neurogenesis, which is reflected
by the increased formation of new neurons (NeuN/BrdU-positive cells) in the injured
hippocampus where angiogenesis (increased vWF staining) is also enhanced after TBI. The
present study demonstrates that CEPO treatment further increases angiogenesis and
neurogenesis. Recent studies indicate that the majority of BrdU-positive cells in the DG
become granule neurons after TBI, and these neurons exhibit extensive anatomical
integration into the CA3 region when cognitive recovery is observed.30 Our present data are
in agreement with previous studies that neurogenesis may participate in brain repair and
functional recovery.26,30,37 Our recent work demonstrates that CEPO significantly increases
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neural progenitor cell proliferation and promotes neural progenitor cell differentiation into
neurons. These processes are associated with up-regulation of Sonic hedgehog (Shh)
because blockage of the Shh signaling pathway with a pharmacological inhibitor,
cyclopamine, abolishes the CEPO-induced neurogenesis.35

In addition to its effect on angiogenesis and neurogenesis, CEPO neuroprotection may be
mediated through its antiapoptotic effects.3,10,14,17,23,36,39,40 The apoptotic response to
trauma may be involved in both acute and delayed patterns of cell death and be regionally
distinct after TBI. Our previous study has demonstrated that apoptotic cells in the ipsilateral
cortex and hippocampus were observed as early as 2 hours after the impact, peaked at 2
days, and gradually tapered off, although scattered apoptotic cells were still detected at 2
weeks after the impact.13 In our present study, TBI caused a significant cortical lesion and
cell loss in the ipsilateral hippocampus. Although a single dose of CEPO initiated at 6 hours
post injury significantly reduces lesion volume, additional doses at 24 and 48 hours further
reduce lesion volume, which confirmed and extended our recent study that delayed
treatment (24 hours) with CEPO provides beneficial effects after TBI.22 Although functional
recovery was significantly improved in the multiple-dose group compared to the single-dose
group, there was no significant difference in the cell proliferation, angiogenesis and
hippocampal cell counting between these two CEPO treatment groups. These findings
suggest that an early treatment (6 hours) is important and sufficient to provide significant
beneficial effects on histological outcome but later repeated doses are necessary to further
improve functional recovery by reducing lesion volume and increasing neurogenesis (or by
affecting processes we did not examine in this study, e.g. axonal sprouting). Taken together,
these findings indicate that the therapeutic window may not be limited to the first few hours
after TBI and can be extended to several hours or even days following TBI.

The cellular mechanisms responsible for the neuroprotective effects of CEPO have not been
fully elucidated. CEPO (EPO with all lysines transformed to homocitrulline by
carbamylation) does not bind to the homodimeric EPO receptor, suggesting that the tissue
protective effects of EPO and CEPO may be mediated by a receptor that includes other
components.16 CEPO-induced tissue protection appears to require the common β chain of
IL-3/IL-5/GM-CSF receptor (also known as CD131), which can functionally associate with
EPOR.16, 23 Recent data indicate that protective effects of EPO and CEPO are mediated by
a heteromeric complex that includes the common β-receptor (βcR) subunit as well as an
EPO receptor component.3,14,23,39 Our recent data show that the beneficial effect of CEPO
may be related to an increase in the expression of brain-derived neurotrophic factor in rat
brains after TBI.22 As CEPO signals only through binding to the βcR subunit in the EPOR-
βcR heteromeric complex, the mechanism of CEPO-induced protection could differ from
that of EPO. For example, unlike EPO, CEPO does not effectively activate the transcription
factors STAT-5 or Jak2, a downstream kinase activated directly with ligand binding to
EPOR.16 CEPO-induced cardioprotection may be mediated through a PI3K/Akt-depdent
mechanism in acute myocardial ischemia/reperfusion injury in the mouse.39 However,
further mechanistic studies on CEPO-induced neuroprotective and neurorestorative effects
after TBI are warranted.

In conclusion, in the present study, posttraumatic administration (6 hours) of CEPO
significantly improves both histological and functional outcomes in rats with TBI, indicating
that CEPO has considerable therapeutic potential in TBI patients and that repeated dosing
may be needed.
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Fig. 1.
Effect of CEPO on hematocrit and lesion volume. a: CEPO treatment does not affect
hematocrit in all groups. b: CEPO treatment significantly reduces lesion volume after TBI.
Lesion volume was examined after H&E staining of brain sections on Day 35 after TBI.
Data represent mean ± SD. #p < 0.05 vs. the vehicle group. $p < 0.05 vs CEPO x 1 group. N
(rats/group) = 8.
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Fig. 2.
Effect of CEPO on functional recovery after TBI. a: Effect of CEPO on spatial learning
function 31–35 days after TBI. TBI significantly impairs spatial learning on Days 32–35
compared to sham controls (p < 0.05). Delayed treatment with CEPO improves spatial
learning performance measured by a recent version of the water maze test on Days 32–35
(CEPO x 3) or Days 33–35 (CEPO x 1) compared with the vehicle group (p < 0.05). CEPO
x 3 treatment shows better spatial learning compared to CEPO x 1 treatment on Days 32–35
after TBI (p < 0.05). b: The line graph shows the functional improvement detected on the
modified neurological severity scores (mNSS). CEPO treatment significantly lowers mNSS
scores on Days 4–35 (CEPO x 3) or Days 7–35 (CEPO x 1) compared to the vehicle group
(p < 0.05). CEPO x 3 treatment shows significantly lowered mNSS scores compared to
CEPO x 1 treatment on Days 14–35 after TBI (p < 0.05). c: Effect of CEPO on sensorimotor
function (forelimb footfault) after TBI. “Pre” represents pre-injury level. TBI significantly
impairs sensorimotor function on Days 1–35 compared to sham controls (p < 0.05). Delayed
CEPO treatment significantly reduces forelimb foot faults on Days 4–35 (CEPO x 3) or
Days 7–35 (CEPO x 1) compared with the vehicle treated group (p < 0.05). However, CEPO
x 3 treatment has a much lower incidence of forelimb footfaults than CEPO x 1 treatment on
Days 4–14 after TBI (p < 0.05). d: Effect of CEPO on sensorimotor function (hindlimb
footfault) after TBI. “Pre” represents pre-injury level. TBI significantly impairs
sensorimotor function on Days 1–35 compared to sham controls (p < 0.05). Delayed CEPO
treatment significantly reduces hindlimb foot faults on Days 7–35 (CEPO x 3 and CEPO x
1) compared with the vehicle-treated group (p < 0.05). However, CEPO x 3 treatment has
much lower incidence of hindlimb footfaults than CEPO x 1 treatment on Days 7–35 after
TBI (p < 0.05). Data represent mean ± SD. *p < 0.05 vs Sham group. #p < 0.05 vs Vehicle
group. $p < 0.05 vs CEPO x 1 group. N (rats/group) = 8.
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Fig. 3.
Effect of CEPO on cell number in the ipsilateral DG and CA3 region 35 days after TBI.
H&E staining: a–h. Delayed treatment with CEPO (c, d, g, and h) significantly reduces cell
loss as compared with the vehicle-treated group (b and f) (p < 0.05). The cell number in the
DG and CA3 region is shown in (i). Scale bar = 50 μm (a, applicable to a–h). Data represent
mean ± SD. *p < 0.05 vs Sham group. #p < 0.05 vs Vehicle group. N (rats/group) = 8.
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Fig. 4.
Effect of CEPO on cell proliferation in the injured cortex and ipsilateral DG 35 days after
TBI. TBI alone (b and f) significantly increases the number of BrdU+ cells (brown-stained)
in the ipsilateral cortex and DG compared to sham controls (a and e) (p < 0.05). CEPO
treatment significantly increases the number of BrdU+ cells in these regions compared to the
vehicle-treated groups (p < 0.05). The number of BrdU+ cells is shown in (i). Scale bar =
50μm (a, applicable to a–h). Data represent mean ± SD. *p < 0.05 vs Sham group. #p < 0.05
vs Vehicle group. N (rats/group) = 8.
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Fig. 5.
Effect of CEPO on vWF-staining vascular structure in the injured cortex and ipsilateral DG
35 days after TBI. TBI alone (b and f) significantly increases the vascular density (brown-
stained) in these regions compared to sham controls (p < 0.05). CEPO treatment (c, d, g, and
h) further enhances angiogenesis after TBI compared to the vehicle-treated groups (p <
0.05). The density of vWF-stained vasculature is shown in (i). Scale bar = 50 μm (a,
applicable to a–h). Data represent mean ± SD. *p < 0.05 vs Sham group. #p < 0.05 vs
Vehicle group. N (rats/group) = 8.
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Fig. 6.
Double fluorescent staining for BrdU (red) and NeuN (green) to identify newborn neurons
(yellow after merge) in the ipsilateral DG 35 days after TBI (f) and CEPO treatment (i and
l). The total number of NeuN/BrdU-colabeled cells is shown in (m). Scale bars = 50μm.
Data represent mean ± SD. #p < 0.05 vs. the vehicle group. $p < 0.05 vs CEPO x 1 group. N
(rats/group) = 8.
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Fig. 7.
Line graphs showing the correlation of lesion volume, angiogenesis and neurogenesis with
functional recovery. The lesion volume was significantly and positively correlated to
functional deficits assessed by the mNSS score and the incidence of forelimb and hindlimb
footfaults examined on day 35 after TBI (a). The cortical angiogenesis was highly and
inversely correlated to functional deficits evaluated by the mNSS score and the incidence of
forelimb and hindlimb footfaults examined on day 35 after TBI (b). Spatial learning was
significantly and positively correlated to neurogenesis, cell number and vessels in the DG
examined 35 days after TBI (c).
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