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Abstract
The aim of this study was to investigate the role of gender in histological and functional outcome,
angiogenesis, neurogenesis and therapeutic effects of recombinant human erythropoietin (rhEPO) in
mice after traumatic brain injury (TBI). TBI caused both tissue loss in the cortex and cell loss in the
dentate gyrus (DG) in the injured hemisphere at day 35 post TBI without a significant gender
difference. After TBI, sensorimotor deficits were significantly larger in male mice compared to
females, while similar spatial learning deficits were present in both genders. TBI alone significantly
stimulated angiogenesis and neurogenesis in the cortex and in the DG of injured hemispheres in both
genders. rhEPO at a dose of 5,000 Units/kg body weight administered intraperitoneally at 6 h, and
3 and 7 days after injury significantly reduced lesion volume and DG cell loss examined at day 35
after TBI as well as dramatically improved sensorimotor and spatial learning performance without
an obvious gender proclivity. rhEPO significantly enhanced neurogenesis in the cortex and the DG
of the ipsilateral hemisphere in male TBI mice. rhEPO did not affect angiogenesis in the ipsilateral
cortex and DG in both genders after TBI. The present data demonstrate that posttraumatic
administration of rhEPO improves histological and functional outcome in both genders, which may
be mediated by reducing cortical tissue damage and DG cell loss in the ipsilateral hemisphere. In
addition, the major gender propensity observed in the present study with mice after TBI without
treatment is limited to sensorimotor deficits and cell proliferation.
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1. Introduction
A growing number of reports suggest that ovarian hormones may play a role as endogenous
neuroprotectants. Accumulating epidemiological data have suggested that young female
patients have improved clinical prognoses after TBI (Groswasser et al., 1998; Kirkness et al.,
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2004; Mostafa et al., 2002; Roof and Stein, 1999). The gender difference in outcome, favoring
females, has also been documented in rodents after ischemic stroke, brain hypoxia, and
subarachnoid hemorrhage (Roof and Hall, 2000). However, some clinical data failed to show
sexual dimorphism in posttraumatic mortality or in the incidence of acute complications after
any degree of TBI (Coimbra et al., 2003; Davis et al., 2006). Gender-associated outcomes may
be more apparent in experimental studies than in clinical settings. Indeed, several studies have
demonstrated that female animals generally exhibit less neurodegeneration after ischemia or
TBI due to the multifaceted neuroprotective effects of estrogen and/or progesterone (Garcia-
Segura et al., 2001; Roof and Hall, 2000; Suzuki et al., 2006).

Gender differences in response to treatment of experimental TBI have been reported.
Significant neuroprotection was noted only in injured male rodents treated with posttraumatic
hypothermia (Suzuki et al., 2003), environmental enrichment (Wagner et al., 2002) or
dopamine agonist (Wagner et al., 2007). Although a number of therapeutic trials for TBI have
been undertaken, no efficacious treatment has been identified clinically (Narayan et al.,
2002). A hematopoietic cytokine erythropoietin (EPO) has been shown to be neuroprotective
in animal injury models. Administration of rhEPO 24 hours prior to or up to 6 hours after focal
ischemic stroke significantly reduced the extent of infarction (Brines et al., 2000). rhEPO also
attenuated concussive brain (Brines et al., 2000) and spinal cord injury (Celik et al., 2002;
Grasso et al., 2006) in experimental rodent models. More recently, it has been reported that
rhEPO treatment promotes spatial memory restoration and enhances neurogenesis in the
dentate gyrus after TBI induced by controlled cortical impact (CCI) in the rat (Lu et al.,
2005). rhEPO also improves functional outcome after stroke in rats (Chang et al., 2005; Wang
et al., 2004).

The benefits of rhEPO have been demonstrated in CCI-induced TBI in the male rat (Cherian
et al., 2007; Lu et al., 2005) and in weight drop-induced TBI in the male mouse (Yatsiv et al.,
2005). However, the prospect of possible gender-difference in the response to rhEPO treatment
after TBI has not been previously explored. In the present study, we investigated whether
gender affected histological and functional outcome, angiogenesis, neurogenesis and the
therapeutic effects of rhEPO after TBI in mice.

2. Results
Body weight

As compared with preinjury levels, body weight was significantly decreased at days 1 and 4
post injury in saline-treated mice (F 7, 96 = 4.25, P<0.001) and at days 1, 4, and 7 in rhEPO-
treated mice (F 7, 88 = 4.87, P<0.001) (Table 1). Sham mice showed a transient but significant
decrease in body weight at day 1 after surgery (F 7, 48 = 2.93, P<0.05, data not shown). However,
there were no significant differences in body weight between the rhEPO- and saline-treated
groups for either males or females and between males and females for the saline-treated or
rhEPO treated groups (P > 0.05). At 14 days after injury, body weight almost returned to
preinjury levels and continued to increase slowly afterwards.

Hematocrit
The baseline hematocrit (HCT) was identical for all groups before injury. TBI alone slightly
reduced HCT in female mice at day 7 post injury (Table 2). As compared to saline treatment,
rhEPO treatment significantly increased HCT at day 7 post TBI for both genders (P<0.05).
rhEPO-induced HCT elevations remained in the male TBI mice at day 14 post injury, while
HCT levels gradually returned to normal by day 14 in female mice. HCT levels returned to
normal by day 21 post injury in the male mice. Although rhEPO treatment significantly
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increased HCT in both genders post injury, HCT remained higher in the male mice than in the
female mice at day 7 post injury (P<0.001). The reason is not known.

Lesion volume
Mice were sacrificed at day 35 after injury for lesion volume measurements. TBI caused
significant tissue loss in male mice (8.4 ± 2.1%) and female mice (7.7 ± 2.2%) as compared
with contralateral hemispheres (P<0.05). The rhEPO-treated mice demonstrated a significantly
reduced lesion volume, 4.3 ± 1.8% for males and 4.8 ± 0.7% for females, compared to the
saline-treated group (P<0.001). There were no differences in lesion volume between the
genders after TBI or rhEPO treatment (males vs. female, P>0.05).

Spatial learning test
In the present study the Morris water maze protocol was used to detect spatial learning deficits
during the last 5 days prior to sacrifice (i.e., days 31-35 post injury). The time spent in the
correct quadrant (Northeast) by sham animals of both sexes significantly increased from day
31 to day 35 post sham operation. TBI impaired spatial learning without a significant gender
difference (Fig. 1). rhEPO treatment significantly improved spatial learning in the males at
days 33, 34 and 35 and in the females at days 34 and 35 compared with the saline-treated group
(P<0.05).

Sensorimotor function test
The incidence of forelimb footfaults during baseline (preoperatively) was approximately 4-5
% for both genders. Sham surgery alone mildly increased the frequency of footfaults at
postoperative days 1 and 4. TBI significantly increased the occurrence of right forelimb
footfaults contralateral to the TBI at 1 to 21 days postinjury as compared with the pre-injury
baseline for both genders (Fig. 2). However, male TBI mice exhibited a significantly higher
frequency of footfaults than female TBI mice at days 1, 4 and 7 post injury (P<0.05). Treatment
with rhEPO significantly reduced the number of contralateral forelimb footfaults at 1 to 28
days in the males after TBI compared to treatment with saline (P<0.05). Similar effects were
seen in the female TBI mice treated with rhEPO at 7 to 21 days after TBI as compared with
the saline-treated group (P<0.05).

Similar results were found for the contralateral hindlimb (Fig. 3). Sham surgery alone
significantly increased the number of footfaults at postoperative day 1 relative to baseline. TBI
significantly increased the incidence of contralateral hindlimb footfaults at 1 to 21 days post-
injury for both genders. However, male mice displayed a significantly higher frequency of
footfaults than female mice at days 7 and 14 post injury (P<0.05). Treatment with rhEPO
significantly reduced the number of contralateral hindlimb footfaults 7 to 21 days post-injury
compared to treatment with saline but only in male mice.

Cell loss in the DG
At day 35 after TBI the cell number in the ipsilateral DG of injured mice was decreased to 58%
(males) and 64% (females) of that seen in the ipsilateral DG of sham mice. rhEPO treatment
significantly reduced cell loss in the ipsilateral DG in both genders compared to saline-treated
groups (P<0.05, Fig.4). The cell number after rhEPO treatment was maintained at 77% (males)
and 89% (females) of that in the ipsilateral DG of shams. The cell number in the ipsilateral DG
was slightly higher in the females than in the males from the saline- or rhEPO-treated groups
but did not reach a significant gender difference.
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Angiogenesis
vWF-staining has been used to identify vascular structure in the brain after TBI (Lu et al.,
2004). TBI alone significantly increased the density of vessels in the DG (Fig. 5) and the cortex
(Fig. 6) of the ipsilateral hemisphere of both genders. TBI did not significantly affect the density
of vessels in the CA3 and CA1 regions of the injured hemisphere compared with the ipsilateral
hemisphere of sham mice (Fig. 5E). rhEPO treatment did not show significant effects on
vascular density in the DG or in the cortex (Figs. 5 and 6). No gender differences in the vWF-
staining were observed in mice after saline or rhEPO treatment post injury

Cell proliferation
An analog of thymidine, 5-bromo-2’-deoxyuridine (BrdU), is commonly used to detect
proliferating cells in living tissues (Gratzner, 1982). The number of BrdU-positive cells found
in the ipsilateral DG of injured mice (Fig. 7, P<0.05) was significantly increased after TBI
alone, compared with the number found in the ipsilateral hemisphere of sham mice at 35 days
after TBI. However, rhEPO treatment did not further influence the number of BrdU-positive
cells in the DG after TBI (Fig. 7). Gender did not affect the cell proliferation in the DG after
TBI or rhEPO treatment.

BrdU-positive cells were rarely seen in the cortex of sham animals or in the contralateral cortex
of mice that had undergone TBI. TBI alone significantly increased the number of BrdU-positive
cells in the ipsilateral injured cortex of both genders (Fig. 8). The rhEPO-treated groups of
both genders showed significantly increased BrdU-positive cells in the ipsilateral injured cortex
after TBI when compared to the saline-treated group (Fig. 8, P <0.05). The number of BrdU-
positive cells in the ipsilateral injured cortex of the females was significantly greater than that
in the males treated with saline or rhEPO after TBI (P<0.05).

Neurogenesis
Newly generated neurons were identified by double labeling for BrdU (proliferating marker)
and NeuN (mature neuronal marker). There was no gender difference in the percentage of
NeuN/BrdU-colabeled cells in both ipsilateral DG (Fig. 9a-A vs. 9a-C) and cortex (Fig. 9b-A
vs. 9b-C) of injured mice after TBI. Approximately 10% of BrdU-positive cells were NeuN/
BrdU-colabeled cells in the ipsilateral DG and cortex of injured mice after TBI in both male
and female mice (Fig. 9d). The percentage of NeuN/BrdU-colabeled cells was significantly
higher in the rhEPO-treated group than in the saline-treated group in the DG (Fig. 9a-A vs.9a-
B) and cortex (Fig. 9b-A vs. 9b-B) in male mice. The percentage of NeuN/BrdU-colabeled
cells was about 47% in the ipsilateral DG and 36% in the ipsilateral cortex in the male mice
treated with rhEPO. Only 10 % of BrdU-positive cells in the ipsilateral DG (Fig. 9a-C vs.9a-
D) and cortex (9b-C vs. 9b-D) were NeuN/BrdU-colabeled cells in the rhEPO-treated female
mice (Fig. 9d). After treatment with rhEPO, male mice exhibited a significantly higher
percentage of NeuN/BrdU-colabeled cells in the DG (Fig. 9a-B, 9b-B, and 9d) and cortex (Fig.
9a-D, 9b-D, and 9d) than did the female mice.

3. Discussion
In the present study, we investigated effects of postinjury administration of rhEPO on
histological and functional outcome, angiogenesis, and neurogenesis in both female and male
mice after TBI. To our knowledge, our data are the first observations on gender effects of
rhEPO treatment and demonstrate that rhEPO is neuroprotective in both genders after TBI.
The main findings of the present study are: (1) TBI caused cortical tissue loss and dentate gyrus
cell loss in the ipsilateral hemisphere without an obvious gender difference; rhEPO treatment
significantly reduced cortical injury and dentate gyrus cell loss similarly in both genders. (2)
TBI caused more sensorimotor deficits in male mice than in females; rhEPO treatment
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significantly reduced sensorimotor deficits. (3) The spatial learning function was similarly
impaired in both genders after TBI and significantly improved by rhEPO treatment. (4) Cell
proliferation and neurogenesis did not show a gender difference in the DG after TBI, while
cell proliferation in the ipsilateral cortex was significantly higher in the female mice than that
in the males; treatment with rhEPO significantly enhanced neurogenesis in the DG and cortex
in male TBI mice as compared to females. (5) TBI significantly stimulated angiogenesis
without a gender propensity; rhEPO treatment did not affect angiogenesis. (6) The
improvements in spatial learning and sensorimotor function appear to result substantially from
early rhEPO treatment’s neuroprotective effect in reducing tissue damage and cell loss. (7) The
footfault test and this moving-platform version of the water maze test are sensitive to
sensorimotor and spatial performance deficits in both female and male mice even after a month
post TBI. Data in this present study indicate that the gender propensity observed after TBI
without treatment is mainly limited to the sensorimotor deficits and cell proliferation.

The dose of rhEPO was selected based on our previous studies (Lu et al., 2005; Mahmood et
al., 2007; Wang et al., 2004; Wang et al., 2007). Our previous study found that rhEPO was
detected in cerebrospinal fluid and brain parenchyma 30 minutes after an intravenous bolus
dose (from 1,000 to 10,000 units/kg) given 6 hr after stroke in male rats (Wang et al., 2007).
Interestingly, there was no statistically significant difference in rhEPO levels in the ipsilateral
ischemic hemisphere versus the contralateral non-ischemic hemisphere. A recent study showed
that rhEPO (a single intraperitoneal injection of 5,000 units/kg) crossed the blood-brain barrier,
peaked in brain at 10 h (3.3 ± 1.5 mU/mg protein), and was increased after stroke in neonatal
male rats (Statler et al., 2007). Whether there is a gender difference in the pharmacokinetics
of rhEPO in the brain is unknown. The pharmacokinetics of rhEPO after TBI may differ after
stroke. Further studies are therefore warranted to provide useful information on
pharmacokinetics of rhEPO after TBI in both genders. Dose response and therapeutic time
window studies of rhEPO treatment for TBI in both genders are also warranted.

Based on our previous studies (Lu et al., 2003; Mahmood et al., 2007), the neurorestorative
processes of neurogenesis, angiogenesis, and synaptogenesis are translated into improvement
of spatial learning measured using the Morris water maze test at approximately 31-35 days
post-injury. Time points for the footfault test were selected based on a report that sensorimotor
deficits (footfaults) peak at early stage after TBI and spontaneously recover over time (Baskin
et al., 2003). Accordingly, lesion volume, cell loss, neurogenesis and angiogenesis were
examined at the end of the study (Day 35). Although other studies have demonstrated beneficial
effects of post-injury administration of rhEPO in male mice at much earlier time points (Yatsiv
et al., 2005), a different mouse TBI model (weight-drop) and a different paradigm of rhEPO
treatment (1 h and 24 h post injury) were employed. Cognitive function was evaluated based
on the differential exploration of familiar and new objects. A difference in this cognitive
function was highly significant between vehicle-treated and rhEPO-treated mice at Day 3 but
diminished at Day 8 post injury (Yatsiv et al., 2005). This functional test may not be suitable
to evaluate long-term cognitive functional recovery. Their study also demonstrated that rhEPO
treatment improved recovery of motor function as early as 3 days and up to 14 days (the longest
time points examined) after TBI. The early beneficial effects on sensorimotor functions
(footfault) were also observed in our present study with rhEPO treatment in both genders after
TBI. The Morris water maze test has been widely used to detect spatial learning deficits in rats
and mice after TBI (Clausen et al., 2005; Dixon et al., 1999; Kline et al., 2002; Lu et al.,
2007; Mahmood et al., 2007; Smith et al., 1995). Our present data from the Morris water maze
test showed that males exhibited a marked improvement after rhEPO treatment by as early as
day 33 while females did not until day 34, suggesting that there is a gender-related one-day
delay in spatial learning in females. However, rhEPO significantly improved spatial learning
performance at days 34 and 35 without a gender difference. Our study further shows that the
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spatial learning deficits may be related to cell loss in the DG because rhEPO treatment
significantly reduced cell loss in the ipsilateral injured DG in both genders.

Gender difference after TBI may be outcome-specific. Female rats were partially protected
from bilateral frontal contusion-induced edema, while no gender difference in the lesion
volume was observed (Roof et al., 1993). A recent study reports that CCI-induced TBI in mice
does not demonstrate any gender differences in lesion volume and neurodegeneration (Hall et
al., 2005). Gender and estrogen manipulation (ovariectomy) do not affect CCI-induced cortical
and hippocampal injury, as well as injury-related inflammation in mice (Bruce-Keller et al.,
2007). In contrast to the “focal” CCI-induced TBI (Hall et al., 2005), mice subjected to a
“diffuse” weight-drop induced TBI show substantial gender-different time courses and
magnitudes of calpain-mediated cytoskeletal degradation and neurodegeneration (Kupina et
al., 2003). In our present study with mice, there was no significant gender difference in lesion
volume and spatial learning deficits observed after TBI. However, female mice displayed less
sensorimotor deficits than males after TBI. These findings are in agreement with a recent study,
in which female rats perform better than males on motor tasks after CCI-induced TBI (Wagner
et al., 2004).

No gender difference was observed in cell proliferation and neurogenesis in the DG and cortex
in sham mice in the present study. This is in agreement with a report that gender and endogenous
levels of estradiol do not influence adult hippocampal neurogenesis in mice (Lagace et al.,
2007). In our present study, more extensive cell proliferation was detected in the injured cortex
of saline- or rhEPO-treated female mice after TBI compared to male mice. However, 90% of
these proliferating cells were not NeuN/BrdU-colabeled, indicating that very limited
neurogenesis occurs in the injured cortex after TBI. Furthermore, our present study showed
that rhEPO treatment significantly enhanced the percentage of NeuN/BrdU-colabeled cells in
the DG and cortex of male mice post injury, suggesting that rhEPO treatment enhanced
neurogenesis that favored male mice. This is in agreement with our previous study that rhEPO
treatment increases neurogenesis in the DG in male rats after TBI (female rats not studied)
(Lu et al., 2005). Further investigations as to why rhEPO treatment dramatically enhanced
neurogenesis in males are warranted. Neurogenesis normally only occurs in the subventricular
zone (SVZ) and the subgranular zone (SGZ) of the hippocampus in the rodent adult brain
(Arlotta et al., 2003; Itoh et al., 2005; Magavi et al., 2000). The source of the newborn neurons
in the cortex after injury is unclear. However, degeneration (Magavi et al., 2000) or injury
(Itoh et al., 2005) induces cortical neurogenesis. Neural precursors were also isolated from
damaged rat cerebral cortex after TBI (Itoh et al., 2005). A second source is the SVZ. The
neural precursor cells migrate toward cortical lesions from the SVZ after TBI (Goings et al.,
2004; Ramaswamy et al., 2005; Sundholm-Peters et al., 2005). Our recent work also
demonstrates that newly generated neurons in the SVZ migrate toward the ischemic boundary
in rats after stroke (Zhang et al., 2007). Whether there is a gender difference in migration of
SVZ cells into injured cortex after TBI is not known.

In the present study, TBI significantly stimulated angiogenesis in the ipsilateral cortex and DG
without a significant sex difference. In our previous studies with male rats, we have shown that
angiogenesis is stimulated by injury induced by stroke (Wang et al., 2004) or TBI (Lu et al.,
2004). Treatment with rhEPO promotes angiogenesis (Wang et al., 2004), neurogenesis and
improves functional outcome in male rats after brain injury (Lu et al., 2005; Wang et al.,
2004). However, rhEPO did not affect angiogenesis in mice after TBI. The disparate effects
of rhEPO on angiogenesis shown in our previous and present studies may be attributed to the
following: 1) different species used (rats vs. mice), and 2) rhEPO administration time (initiated
at day 1 after stroke or TBI for rats vs. at 6 h after TBI for mice). Thus, further studies are
warranted to clarify the effects of rhEPO on angiogenesis in rodent models of brain injuries.
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A growing body of literature suggests that neuroprotective agents or treatments proven in males
may not work effectively in females after TBI (Suzuki et al., 2003; Wagner et al., 2002; Wagner
et al., 2007). rhEPO provides neuroprotection in males in a number of brain injury models such
as stroke, TBI, and subarachnoid hemorrhage (Brines et al., 2000; Chang et al., 2005; Lu et
al., 2005; Mahmood et al., 2007; Siren et al., 2001; Springborg et al., 2002; Verdonck et al.,
2007; Villa et al., 2003; Wang et al., 2004; Wang et al., 2007; Wen et al., 2002; Yatsiv et al.,
2005). In addition, rhEPO has been demonstrated to reduce equally excitotoxic damage in
newborn female and male mice (Keller et al., 2006). In light of the positive outcome in using
EPO to treat stroke in a recent small clinical trial (Ehrenreich et al., 2002) and to increase
hippocampal response during memory retrieval in humans (Miskowiak et al., 2007), and our
present findings that rhEPO significantly improves histological outcome, sensorimotor
function and spatial learning recovery in both genders, rhEPO is a promising neuroprotective
agent for TBI and warrants further investigation.

4. Experimental Procedure
4.1 Animal models

All experimental procedures have been approved by the IACUC of Henry Ford Health System.
Young adult male and female C57BL/6 mice (24-29 g, Charles River Laboratories, Inc.,
Wilmington, MA) were anesthetized intraperitoneally with 400 mg chloral hydrate/kg body
weight. Body temperature was maintained with a circulating water-heating pad (37 °C). CCI
was delivered as previously described (Lu et al., 2005; Smith et al., 1995; Xiong et al., 2005)
with minor modifications. Each animal was placed in a stereotactic frame. One 4-mm diameter
craniotomy was performed over the left parietal cortex adjacent to the central suture, midway
between lambda and bregma. The dura was kept intact over the cortex. Injury was induced by
impacting the left cortex (ipsilateral cortex) with a pneumatic piston containing a 2.5-mm
diameter tip at a rate of 4 m/s and 0.8 mm of compression. Velocity was measured with a linear
velocity displacement transducer. Sham groups of mice underwent the same craniotomy but
were not injured (n = 8 for male; n = 7 for female). The TBI animals were divided into four
groups: 1) M-Saline group (TBI+saline, male, n = 13), 2) M-EPO group (TBI+rhEPO, male,
n = 12), 3) F-Saline group (TBI+saline, female, n = 8), and 4) F-EPO group (TBI+rhEPO,
female, n = 8).

4.2 rhEPO and BrdU administration
The dose of rhEPO was selected based on previous studies (Lu et al., 2005; Wang et al.,
2004). rhEPO at a dose of 5,000 units/kg body weight (Epoetin alpha, AMGEN, Thousand
Oaks, CA) was administered i.p. at 6 h and at 3 and 7 days (total dosage = 15,000) after TBI
or sham. Mice in the saline-treated group received an equal volume of saline at 6 h, and at 3
and 7 days after TBI. To label proliferating cells, BrdU (100 mg/kg; Sigma, St. Louis, MO)
was injected i.p. into mice daily for 10 days, starting 1 day after TBI. All animals were sacrificed
at 35 days after TBI or surgery.

4.3 HCT and body weight
To determine the effects of rhEPO on HCT, a blood sample (50 μl) was collected via tail vein
before injury 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). Body weight was recorded before TBI and at 1, 4,
7, 14, 21, 28 and 35 days after TBI or surgery.
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4.4 Behavioral tests
Morris water maze test—To detect spatial learning impairments, a recent version of the
Morris water maze test was used (Choi et al., 2006). The procedure was modified from previous
versions (Day et al., 1999; Morris, 1984; Morris et al., 1982; Sutherland et al., 1982) 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.). To collect data, a
white pool (1.2 m in diameter) was subdivided into four equal quadrants formed by imaging
lines. At the start of a trial, the mouse 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 1 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 s, the trial
was terminated and a maximum score of 90 s was assigned. If the animal reached the platform
within 90 s, 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).

Footfault test—To evaluate sensorimotor function, the footfault test was carried out before
TBI and at 1, 4, 7, 14, 21, 28 and 35 days after TBI or surgery by an investigator blind to the
treatment groups. The mice were allowed to walk on a grid (12 cm × 57 cm with 1.3 cm × 1.3
cm diameter openings). With each weight-bearing step, a paw might fall or slip between the
wires (Barth et al., 1990; Baskin et al., 2003) and if this occurred it was recorded as a footfault.
A total of 50 steps were recorded for each right forelimb and hindlimb.

4.5 Tissue preparation and measurement of lesion volume
At day 35 after TBI, animals 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 at room temperature for 48 hours. The brain tissue was cut into 7 equally
spaced (1 mm) coronal blocks, and processed for paraffin sectioning. A series of adjacent 6-
μm thick sections were cut from each block in the coronal plane and stained with hematoxylin
and eosin (H&E). For lesion volume measurement, the 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 × magnification. To
evaluate the cell loss after TBI, we counted the cell number per millimeter in the DG.

4.6 Immunohistochemistry
Angiogenesis—Brain sections were deparaffinized, rehydrated, and then incubated with
0.4% Pepsin solution at 37 °C for 1 h. After washing with PBS, the sections were blocked with
1% BSA at room temperature for 1 h. To identify vascular structure, sections were incubated
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with rabbit anti-human von Willebrand factor (vWF, 1:200; DakoCytomation, Carpinteria,
CA) at 4 °C overnight (Lu et al., 2004). Sections were incubated with biotinylated anti-rabbit
antibody (1:200; Vector Laboratories, Inc., Burlingame, CA) at room temperature for 30 min.
Sections were incubated with an avidin-biotin-peroxidase system (ABC kit, Vector
Laboratories, Inc., Burlingame, CA). Each of the steps was followed by three 5-min rinses in
PBS. Diaminobenzidine (Sigma, St. Louis, MO) was then used as a sensitive chromogen for
light microscopy. Sections were counterstained with hematoxylin. The vWF-positive vessels
were examined at 20 × magnification and counted in the boundary zone of the lesion and the
DG, CA3 and CA1 regions of the hippocampus, using the MCID system (MCID, St.
Catherine’s, Ontario, Canada). The vascular density in these regions was determined by
dividing the immunoreactive vessels by the corresponding area and was used as a parameter
of angiogenesis.

Cell proliferation—To examine cell proliferation, coronal sections were histochemically
stained with mouse anti-BrdU antibody. 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 min. After washing with PBS, sections were incubated with 0.3
% H2O2 in PBS for 10 min, blocked with 1 % BSA containing 0.3 % Triton-X 100 at room
temperature for 1 h, and incubated with mouse anti-BrdU (1:200; Dako, Carpinteria, CA) at 4
°C overnight. Sections were incubated with biotinylated anti-mouse antibody (1:200; Vector
Laboratories, Inc., Burlingame, CA) at room temperature for 30 min. Sections were incubated
with an avidin-biotin-peroxidase system (ABC kit, Vector Laboratories, Inc., Burlingame,
CA). Each of the steps was followed by three 5-min rinses in PBS. Diaminobenzidine (Sigma,
St. Louis, MO) was then used as a sensitive chromogen for light microscopy. Sections were
counterstained with hematoxylin. BrdU-positive cells in the DG and the cortex of the
ipsilateral, injured hemispheres were examined at 20 × magnification and counted.

4.7 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
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 hours. 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 20.

4.8 Cell counting
Cell counts were performed by observers blinded to the individual treatment status of the
animals. Five sections with 100-μm intervals from the dorsal DG were analyzed with a
microscope at 400× magnification. For cell proliferation, the total number of BrdU-positive
cells was counted in the boundary zone of the lesion and the DG, CA3 and CA1 regions of the
hippocampus, using the MCID system (Imaging Research, Inc., St. Catharine’s, Canada). The
cells with BrdU (brown stained) that clearly localized to the nucleus (hematoxylin stained)
were counted as BrdU-positive cells. For immunofluorescent staining, the number of BrdU-
positive cells (red stained) and NeuN/BrdU-colabeled cells (yellow after merge) were counted
in the DG and the lesion boundary zone. The percentage of NeuN/BrdU-colabeled cells over
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the total number of BrdU-positive cells in the corresponding regions was estimated and used
as a parameter to evaluate neurogenesis.

4.9 Statistical analyses
All data are presented as mean ± standard deviation. For lesion volume, cell counting, and
vWF-stained vascular density, a one-way analysis of variance (ANOVA) followed by post hoc
Student-Newman-Keuls (SNK) tests were used to compare the difference between the rhEPO-
treated, saline-treated and sham groups. Data were analyzed by ANOVA for repeated
measurements of body weight, hematocrit and functional tests (spatial performance and
sensorimotor function). Differences between genders were analyzed by two-way ANOVA
followed by SNK analysis. Statistical significance was set at P<0.05.
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Fig. 1.
Effect of rhEPO on spatial learning function 31-35 days in both genders after TBI. Treatment
with rhEPO improves spatial learning performance measured by a recent version of the Morris
water maze test compared with the saline group. Data represent mean ± SD. *P < 0.05 between
M-Saline vs. M-EPO or F-Saline vs. F-EPO. N (mice/group) = 13 (M-Saline); 12 (M-EPO);
8 (F-Saline) and 8 (F-EPO). M = male; F = female.
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Fig. 2.
Effect of rhEPO on sensorimotor function (forelimb footfault) in both genders before and after
TBI. “Pre” represents pre-injury level. Treatment with rhEPO improves recovery of
sensorimotor performance in both genders as compared with the saline group. Data represent
mean ± SD. *P < 0.05 between M-Saline vs. M-EPO or F-Saline vs. F-EPO; # P < 0.05 between
M-Saline vs. F-Saline. N (mice/group) = 13 (M-Saline); 12 (M-EPO); 8 (F-Saline) and 8 (F-
EPO). M = male; F = female.
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Fig. 3.
Effect of rhEPO on sensorimotor function (hindlimb footfault) in both genders before and after
TBI. “Pre” represents pre-injury level. Treatment with rhEPO improves recovery of
sensorimotor performance as compared with the saline group. Data represent mean ± SD. *P
< 0.05 between M-Saline vs. M-EPO; # P < 0.05 between M-Saline vs. F-Saline. N (mice/
group) = 13 (M-Saline); 12 (M-EPO); 8 (F-Saline) and 8 (F-EPO). M = male; F = female.
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Fig. 4.
Effect of rhEPO on cell loss in the ipsilateral DG at 35 days in both genders after TBI. H & E
staining: A-F. Treatment with rhEPO (B, E) reduced cell loss as compared with the saline group
(A, D) in both genders. The cell number in the ipsilateral DG is shown in (G). Data represent
mean ± SD. * P < 0.05 vs. corresponding Sham. # P < 0.05 between Saline vs. EPO. N (mice/
group) = 13 (male-saline), 12 (male-EPO), 8 (male-sham), 8 (female-saline), 8 (female-EPO),
7 (female-sham). Scale bar = 50μm.
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Fig. 5.
Effect of rhEPO on vWF-staining vascular structure in the ipsilateral hippocampus at 35 days
after TBI. TBI (A, D) alone significantly increased the vascular density (stained brown, arrow
as an example) in the DG. rhEPO (B, E) did not affect angiogenesis after TBI. The density of
vWF-stained vasculature is shown in (G). Data represent mean ± SD. *P < 0.05 vs. Sham. N
(mice/group) = 13 (male-saline), 12 (male-EPO), 8 (male-sham), 8 (female-saline), 8 (female-
EPO), 7 (female-sham). Scale bar = 50μm.
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Fig. 6.
Effect of rhEPO on vWF-staining vascular structure in the ipsilateral cerebral cortex of sham
or injured mice in both genders at 35 days after TBI. TBI (A, D) alone significantly increased
vascular density (stained brown, arrow as an example) in the cortex. rhEPO (B, E) did not
affect angiogenesis after TBI. The density of vWF-stained vasculature is shown in (G). Data
represent mean ± SD. *P < 0.05 vs. Sham. N (mice/group) = 13 (male-saline), 12 (male-EPO),
8 (male-sham), 8 (female-saline), 8 (female-EPO), 7 (female-sham). Scale bar = 50μm.
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Fig. 7.
Effect of rhEPO on BrdU-positive cells in the ipsilateral DG at 35 days in both genders after
TBI. TBI (A, D) alone significantly increased the number of BrdU-positive cells (brown
stained, arrows) in the ipsilateral DG. However, treatment with rhEPO (B, E) did not affect
cell proliferation as compared with the saline group (A, D). The number of BrdU-positive cells
is shown in (G). Data represent mean ± SD. *P < 0.05 vs. Sham. N (mice/group) = 13 (male-
saline), 12 (male-EPO), 8 (male-sham), 8 (female-saline), 8 (female-EPO), 7 (female-sham).
Scale bar = 50μm.
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Fig. 8.
Effect of rhEPO on BrdU-positive cells in the ipsilateral cerebral cortex of sham or injured
mice at 35 days in both genders after TBI. TBI (A, D) alone significantly increased the number
of BrdU-positive cells (brown stained, arrows) in the ipsilateral cortex. Treatment with rhEPO
(B, E) significantly increased BrdU-positive cells in the cortex as compared with the saline
group (A, D). The number of BrdU-positive cells is shown in (G). Data represent mean ± SD.
*P < 0.05 vs. Sham; #P < 0.05 vs. corresponding saline treatment. N (mice/group) = 13 (male-
saline), 12 (male-EPO), 8 (male-sham), 8 (female-saline), 8 (female-EPO), 7 (female-sham).
Scale bar = 50μm.
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Fig. 9.
Photographs show the double fluorescent staining for BrdU (red) and NeuN (green) to identify
the newly generated cells (red) and neurogenesis (yellow) in the dentate gyrus (a) and the cortex
(b) of the ipsilateral, injured hemisphere of the saline-treated and the rhEPO-treated groups at
35 days in both genders after TBI. (c) NeuN/BrdU-double staining (merge in yellow): Newborn
BrdU-positive cells (red) can differentiate into neurons expressing NeuN (green). (d) The
percentage of NeuN/BrdU-colabeled cells. TBI alone significantly increased the percentage of
NeuN/BrdU-colabeled cells (merge in yellow, indicated by arrow) in the DG (a-A, a-C) and
the cortex (b-A, b-C). Treatment with rhEPO significantly increased the percentage of NeuN/
BrdU-colabeled cells in the DG (a-B vs. a-A) and the cortex (b-B vs. b-A) in male TBI mice
as compared with the saline group. Data represent mean ± SD. *P < 0.05 vs. male; # P < 0.05
vs. corresponding saline treatment. N (mice/group) = 13 (M-saline); 12 (M-EPO); 8 (F-saline)
and 8 (F-EPO). M = male; F = female. Scale bar = 50μm (a, b); 25 μm (c).
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Table 1
Changes in body weight in both genders before and after TBI

M-Saline M-EPO F-Saline F-EPO

Preinjury 26.8 ± 0.7 26.7 ± 0.6 24.9 ± 1.1 24.8 ± 1.2
Day 1 24.4 ± 0.4* 24.2 ± 0.3* 23.4 ± 0.6* 23.4 ± 0.7*
Day 4 24.7 ± 0.7* 24.5 ± 0.5* 23.6 ± 0.5* 23.2 ± 0.4*
Day 7 25.4 ± 0.5 24.7 ± 0.8* 24.0 ± 1.3 23.6 ± 1.2*
Day 14 26.5 ± 1.5 26.0 ± 1.7 24.4 ± 1.1 24.0 ± 1.4
Day 21 27.8 ± 1.4 27.2 ± 0.9 24.7 ± 1.0 24.3 ± 1.1
Day 28 27.9 ± 1.0 27.5 ± 1.8 24.6 ± 1.0 24.8 ± 1.2
Day 35 28.3 ± 1.2 27.6 ± 1.1 24.4 ± 1.5 24.7 ± 1.3

M: male; F: female. Data are mean ± SD (g).

*
P < 0.05 vs. corresponding Preinjury. N (mice/group) = 13 (M-Saline); 12 (M-EPO); 8 (F-Saline) and 8 (F-EPO).
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Table 2
Changes in hematocrit in both genders before and after TBI

M-Saline M-EPO F-Saline F-EPO

Preinjury 49 ± 2 48 ± 2 46 ± 2 48 ± 2
Day 7 47 ± 2 56 ± 2* # 42 ± 3 49 ± 3*
Day 14 46 ± 2 52 ± 3* 44 ± 2 47 ± 2
Day 21 46 ± 4 47 ± 2 45 ± 2 46 ± 1
Day 28 47 ± 3 47 ± 2 44 ± 3 45 ± 3
Day 35 46 ± 3 48 ± 3 44 ± 2 44 ± 3

M: male; F: female. Data are mean ± SD (%).

*
P<0.05 vs. corresponding saline-treated mice.

#
P < 0.01 vs. F-EPO. N (mice/group) = 13 (M-Saline); 12 (M-EPO); 8 (F-Saline) and 8 (F-EPO).
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