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Abstract
Using magnetic resonance imaging (MRI) protocols of T2-, T2*-, diffusion- and susceptibility-
weighted imaging (T2WI, T2*WI, DWI and SWI) with a 7T system, we tested the hypothesis that
treatment of embolic stroke with Erythropoietin (EPO) initiated at 24 hours and administered daily
for 7 days after stroke onset has benefit on repairing ischemic cerebral tissue. Adult Wistar rats
were subjected to embolic stroke by means of middle cerebral artery occlusion (MCAO) and were
randomly assigned to a treatment (n=11) or a control group (n=11). The treated group was given
EPO intraperitoneally at a dose of 5,000 IU/kg daily for 7 days starting 24h after MCAO. Controls
were given an equal volume of saline. MRI was performed at 24h and then weekly for 6 weeks.
MRI and histological measurements were compared between groups. Serial T2WI images
demonstrated that expansion of the ipsilateral ventricle was significantly reduced in the EPO
treated rats. The volume ratio of ipsilateral parenchymal tissue relative to the contralateral
hemisphere was significantly increased after EPO treatment compared with control animals,
indicating that EPO significantly reduces atrophy of the ipsilateral hemisphere, although no
significant differences in ischemic lesion volume were observed between the two groups.
Angiogenesis and white matter remodeling were significantly increased and occurred earlier in
EPO treated animals than in the controls, as evident from T2*WI and diffusion anisotropy maps,
respectively. These data indicate that EPO treatment initiated 24h post stroke promotes
angiogenesis and axonal remodeling in the ischemic boundary, which may potentially reduce
atrophy of the ipsilateral hemisphere.
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Introduction
The majority of ischemic stroke patients do not receive thrombolytic treatment with
intravenous injection of tissue-type plasminogen activator (tPA), due to the short therapeutic
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window after onset of ischemia (Grotta et al, 2001; Morgenstern et al, 2002). Clinical trials
of neuroprotective treatments for acute stroke patients have failed (Adams et al, 2003, 2005;
Ovbiagele et al, 2003). Thus, cerebral tissue reparative therapy warrants development for the
treatment of ischemic stroke.

Endogenous reparative processes of cerebral tissue, including angiogenesis and
neurogenesis, are initiated after stroke onset (Krupinski et al, 1994; Plate et al, 1999; Cramer
& Chopp, 2000; Zhang et al, 2000; Parent et al, 2002; Yu et al, 2007). Focal ischemic injury
increases neurogenesis in the subventricular zone, directs neuroblast migration to sites of
damage, and neuroblasts are capable of replacing some neurons lost after ischemic injury
(Parent et al, 2002; Zhang et al, 2001, 2004). However, few newborn cells survive long-term
to become functional striatal neurons (Arvidsson et al, 2002; Parent et al, 2002).
Angiogenesis couples to neurogenesis (Ohab et al, 2006; Teng et al, 2008) and creates a
microenvironment that supports the migrating neuroblasts to survive and integrate into the
parenchymal tissue (Plane et al, 2008). Thus, a strategy to enhance endogenous cerebral
tissue repair likely will include treatments which augment neurogenesis and angiogenesis
and promote the mutual interaction between neurogenesis and angiogenesis (Parent and
Silverstein, 2007, Zhang and Chopp, 2009).

Erythropoietin (EPO) is a hematopoietic cytokine (Jelkmann and Hellwig-Burgel, 2001).
EPO reduces neuronal apoptosis (Ghezzi and Brines, 2004; Siren et al, 2006), and the
therapeutic profile of EPO is complex with anti-apoptotic, anti-oxidant, anti-inflammatory
and neurotrophic properties (Siren et al, 2006). Delayed EPO treatment of embolic stroke in
rats at a dose of 5,000 IU/kg administered intraperitoneally starting at 24 hours and
continuing daily for 7 days after middle cerebral artery (MCA) occlusion (MCAO)
augmented angiogenesis, neurogenesis, white matter plasticity, and increased cerebral
vascular endothelial growth factor (VEGF) and brain-derived neurotrophic factor (BDNF)
expression, with no effect on infarct volume (Wang et al, 2004; Li et al, 2009). These effects
of delayed EPO treatment may repair cerebral tissue and resist brain atrophy after stroke in
rat.

In the present study, we employed magnetic resonance imaging (MRI) methods to monitor
cerebral responses (Ding et al, 2008a; 2008b; Li et al, 2007) to the delayed EPO treatment of
stroke. We investigated the therapeutic benefit of the delayed EPO treatment in rats with
embolic stroke, particularly its capacity to protect cerebral tissue against brain atrophy.

Materials and Methods
Animals and Experimental Protocol

All studies were performed in accordance with institutional guidelines for animal research
and approved by the IACUC of Henry Ford Hospital.

Adult male Wistar rats (Jackson Laboratory, Bar Harbor, ME) 8–12 weeks of age and
weighing 300 to 350 g were subjected to embolic stroke. This model of embolic stroke
provides a reproducible infarct volume localized to the territory supplied by the MCA
(Zhang et al., 1997). Briefly, an aged white clot (blood of a rat was withdrawn into 20cm
PE-50 tubing), which was prepared 24 hours (retained at 25°C for 2h and at 4°C for 22h)
before ischemia, was slowly injected into the internal carotid artery to the origin of the
MCA. The stroke rats were randomly assigned to either the treatment (n = 11) or control
group (n = 11).

In the treatment group, recombinant human EPO (epoetin α AMGEN) was administered
intraperitoneally at a dose of 5,000 IU/kg daily for 7 days starting 24 hours after MCAO.
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This dose (5,000 IU/kg) and treatment protocol has been shown to enhance neurorestorative
and neuronal improvements after stroke in the embolic MCAO model (Wang et al, 2004).
The control group received an equal volume of saline.

MRI and functional tests were performed before stroke and at 24h and weekly to 6 weeks
after stroke for all rats. All animals were euthanized 6 weeks after stroke. Functional tests,
MRI and histological data analyses were performed in a double blind fashion.

MRI Measurements
MRI was performed using a 7 Tesla Bruker system (Bruker-Biospin, Billerica, MA). MRI
scan before stroke was performed to exclude abnormal rats. MRI images after stroke were
obtained at 24 hours, then once a week for 6 weeks. A radio-frequency (RF) saddle coil was
used as the transmitter and an actively RF decoupled surface coil as the receiver. Stereotaxic
ear bars were attached to minimize movement, and anesthesia was maintained using a
mixture of nitrous oxide (70%), oxygen (30%), and halothane (0.75–1.00%). Rectal
temperature was kept at 37 ± 1.0 °C using a feedback controlled water bath. A tri-pilot
imaging sequence was used to ensure reproducible positioning of the animal in the magnet
at each MRI session.

T2-weighted imaging (T2WI) were performed taking multiple slices (13 slices, 1 mm slice
thickness) and using a multiple spin with a 32×32 mm2 field-of-view (FOV) and a 128×64
image matrix. All six echoes were acquired with an equal interval echo time (TE). The TE
was 15 ms. Repetition time (TR) was 8 seconds. The sequence took about 9 minutes.

T2*-weighted imaging (T2*WI) were performed with multiple slices (13 slices, 1 mm slice
thickness) and using a multiple gradient echo sequence, with a 32×32 mm2 FOV and a
128×64 image matrix. All six echoes were acquired with an equal interval TE of 3.6 ms and
the same read-out gradient polarity. The TR was 8 seconds. The sequence took about 9
minutes.

Susceptibility weighted imaging (SWI) (Haacke et al, 2004) employed a 3D gradient echo
imaging sequence with calculated gradient trims to comprise the first-order flow
compensation achieved via gradient-moment nulling in all three directions of read, phase
and slice. The acquisition matrix was set as 256×256×96 for fitting the field-of-view (FOV)
32×32×24mm3. TR and TE were 50ms and 10ms, respectively. The 500µs Gaussian RF
pulse generated a flip angle of approximately 15 degrees.

Arterial spin labeling (ASL) was used to quantify cerebral blood flow (CBF) in cerebral
tissue. The adiabatic inversion pulse was a continuous RF power wave of approximately 0.3
kHz at a frequency offset of 6 kHz and accompanied an axial gradient of 0.3 kHz/mm. A
spin echo imaging sequence with TR/TE = 1000 ms/20 ms was followed. The imaging slice
was 1 mm thick and 2 cm distal from the labeled slice. An image average was applied by
reversing the gradient polarities. FOV was 32×32 mm2, matrix 64×64 and scan time 18
minutes.

Diffusion-weighted imaging (DWI) was performed with three b-values of 20, 600 and 1200
s/mm2 at three orthogonal directions along the X, Y and Z axes. Two 10 ms (δ) gradient
pulses separated by 18 ms (Δ) on either side of the refocusing RF pulse were in spin echo
sequence with a 32×32mm2 FOV, 128×64 matrix, 13 slices and 1 mm slice thickness. TR
was 1500 ms and TE was 40 ms.
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Histology
To examine the cerebral microvessels, 1 ml fluorescein isothiocyanate (FITC) dextran
(2×106 Daltons, Sigma, St. Louis, MO; 50mg/ml) was administered intravenously 5 minutes
before sacrifice. Animals were anesthetized with ketamine (44mg/kg i.p.) and xylazine
(13mg/kg i.p.) and transcardially perfused with heparinized saline followed by 10% neutral
buffered formalin. The brain was immersed in 4% paraformaldehyde in phosphate buffered
saline at 4 °C overnight, and the next morning seven 2mm-thick blocks of brain tissue were
cut, processed and embedded in paraffin.

The MicroComputer Imaging Device (MCID) system (Imaging Research, Ontario, Canada)
and the MRC 1024 laser scanning confocal microscopy (LSCM) (Bio-Rad, Cambridge, MA)
were used for histological measurements. Coronal sections were cut from each block.
Sections of 6 µm thick were stained with hematoxylin and eosin (H&E) to evaluate cerebral
infarction or with double Bielschowsky’s silver (modified) and Luxol fast blue (B&LFB) to
evaluate myelinated axons (Wakefield et al, 1994), by using the MCID system with a 40×
objective (Olympus BX40) and a 3-CCD color video camera (Sony DXC-970MD). Sections
of 100 µm thick were perfused with FITC-dextran to examine the cerebral microvasculature
by LSCM. Four FOVs in each coronal section were used for quantification. The
immunoreactive areas at each site (as a percentage of the field-of-view) were measured
under an optical microscope using the 40× objective at the boundary of the ischemic lesion
and the homologous contralateral region and the data digitized to assess axonal density using
an average of two FOVs for each location.

Data analysis and statistics
The MRI images were analyzed with a homemade Eigentool software package in Sun
workstations (Peck et al, 1992). All two-dimensional (T2WI, T2*WI, CBF and DWI)
images were reconstructed using a 128×128 matrix. T2 or T2* maps were produced using
linear least-squares fit to the plot of the natural logarithm of T2WI or T2*WI image
intensities versus TE values. Apparent diffusion coefficient of water (ADCw) map was
produced using linear least-squares fit to the plot of the natural logarithm of DWI image
intensities versus b-values. Diffusion anisotropy (DA) map was derived from three ADCw
maps along X, Y and Z directions using the following formula (van Gelderen et al, 1994):

(1)

where Dav = (Dx + Dy + Dz)/3.

The tissue parametric maps and histological images were co-registered (Jacobs et al, 1999)
and analyzed using the Eigentool package. T2WI images are referred to as reference images
in co-registration and warping. Ventricular and ischemic lesion size were determined by T2
maps acquired after stroke, using values above the mean plus two standard deviations (SD)
of the contralateral measurements (Hoehn-Berlage et al, 1995; Ding et al, 2004). The total
volume of the lateral ventricle was the sum of the volumes in the five central slices that
included major volume of lateral ventricle and ischemic lesion (Fig. 1). Hemispheric
volumes were measured using the same five slices. In a few cases, ischemic lesion areas
were not distinguished from ventricle on T2 maps, as shown in Fig. 2 a. Various MRI
images, e.g. an SWI image acquired post gadolinium-diethylenetriamine penta-acetic acid
(Gd-DTPA) injection into the rat tail vein (Fig. 2 b), were used in such situations to find the
boundary of the ventricle, as indicated by red arrows in Fig. 2 b, to separate the ventricle and
lesion. In these cases, 2D axial images extracted from SWI were downsized to 128×128 and
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registered to T2 maps. The border of ventricle was identified as a ROI on these SWI images,
and the ROI was copied onto T2 map for measurement.

The CBF map (f-value) was calculated according to equation:

(2)

where λ is blood/brain partition coefficient for water, T1app is apparent T1 relaxation time of
brain water in the absence of flow or exchange between blood and brain. Mcont and Minv are
the control and inversion image intensities, respectively. A value of 0.9 g/mL for λ and 1.7
seconds for T1app were used for CBF calculation (Williams et al, 1992).

MRI observations and histological measurements are summarized as mean ± SD.
Differences in the MRI or histological data between groups were analyzed by a mixed
model of analysis of variance (ANOVA) and covariance (ANCOVA), or two-tailed t-test,
respectively. The significance level (α) was set at 5%. For the longitudinal MRI
measurements, the analysis started testing the group and time (without baseline time point)
interaction, followed by testing the group difference at each time point if the interaction or
overall group effect was detected at the 0.05 level.

Results
The ischemic lesion volumes 6 weeks after stroke measured on T2 maps were 38.6 ± 12.8
percent of the ipsilateral hemispheric volume for EPO treated rats and 31.8 ± 12.0 percent
for the controls. No significant differences were observed between the two groups (p > 0.2).

T2 maps obtained 6 weeks after stroke from an EPO-treated rat (Fig. 2 c) and a control rat
(Fig. 2 d), with approximately the same size of stroke lesion identified by T2 thresholds as
indicated by red borders in Fig. 2 c & d, visually demonstrated that the ipsilateral ventricle
expansion was diminished in the EPO treated rat compared to the control one. The serial T2-
relaxation maps of a representative EPO treated rat exhibited gradual expansion of the
ipsilateral ventricle starting 1 to 6 weeks after stroke compared to the contralateral ventricle
(Fig. 3, the upper row). In contrast, the ipsilateral ventricular volume in a representative
control rat (Fig. 3, the lower row) exhibited both faster and greater expansion than the EPO
treated animals. H&E sections (Fig. 3, the last column) histologically confirmed the MRI
findings. The ipsilateral ventricle was smaller than the contralateral ventricle at 24 hours
after stroke (Fig. 3, the first column), with mean values of 14.4±3.3mm3 vs 16.1±4.3mm3

measured in T2 maps overall the rats, likely, because it was compressed by the edema in the
swollen cerebral tissue.

Quantitative data demonstrated that, in all animals, ventricular volume in the ipsilateral
hemisphere increased from 1 week to 6 weeks after stroke. However, this expansion was
reduced in EPO treated animals compared to control animals. Increases of ventricular
volume in the ipsilateral hemisphere were examined in terms of the volume ratios (ipsilateral
vs contralateral) for both treated and control groups (Fig. 4). Using the T2WI measurements,
ventricular volume ratios of both treated and control groups increased monotonically from 1
to 6 weeks after stroke; however, the mean ratio was significantly lower in the EPO treated
group starting 4 weeks after stroke than in the control group (Fig. 4 a). The mean ratio 6
weeks after stroke was 1.99 ± 0.22 for the treated rats (n = 11) and 2.34 ± 0.33 for the
controls (n = 11), a significant difference (p < 0.01).
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Measurements of cerebral hemisphere volume using T2WI images demonstrated atrophy of
rat brain after stroke (Fig. 4 b). In all animals by 24 hours after stroke, the ipsilateral
hemisphere was swollen due to edema and was larger than the contralateral hemisphere. The
average hemispheric volume ratio (ipsilateral vs contralateral) approached 1.0 by 1 week
after stroke, but it decreased once the edema dissipated. For the treated rats, the mean
volume ratios reached the lowest values (0.940 ± 0.038) 4 weeks after stroke, while for the
controls, the lowest volume ratio was 0.913 ± 0.036 at 5 weeks after stroke. These volume
ratios were significantly different between groups at 5 and 6 weeks after stroke (p < 0.05 and
0.02, respectively).

Considering both expansion of the ventricle and atrophy of the ipsilateral hemisphere,
decreases in parenchymal volume (excluding the ventricle from the hemisphere) were
examined as ratios of parenchymal volume (ipsilateral vs contralateral). Changes in
parenchymal ratio were similar to hemispheric ratio since the lateral ventricle accounts for a
minor part of the hemispheric volume (Fig. 4 c). Cerebral tissue loss (i.e. the decrease of
parenchymal volume) in the EPO treated rats was significantly reduced at 5 and 6 weeks
after stroke compared with the controls (p < 0.05 and 0.02, respectively).

The ANCOVA exhibited that the probability factor of overall effect of group by time were p
< 0.03 for ventricle, p < 0.002 for hemisphere and p < 0.003 for parenchymal between
treated and control animals, which indicated that treatment effects were depended on the
time.

As a baseline, we measured the volumes of the contralateral ventricle and hemisphere for all
animals with T2-relaxation maps. The data are listed in Table 1. At 24h after stroke, the
contralateral cerebral tissue was compressed by the ipsilateral swollen cerebral tissue
because of edema after ischemia. Thus, the contralateral hemispheric volume was smaller
than its volume measured at other time points. No significant differences were observed at 6
weeks after stroke in the volume of the contralateral hemisphere between EPO-treated and
control rats (p > 0.9). Moreover, the differences of hemispheric volumes between 1 week
and 6 weeks after stroke, by applying paired t-test, were not significant for both groups
(EPO: p > 0.7 & saline: p > 0.7). T2WI measurements of the ventricle volume exhibited the
same results as the hemispheric volume. No significant differences were observed at 6
weeks after stroke between the two groups (p > 0.1), or between 24h and 6 weeks after
stroke for EPO-treated (p > 0.4) and saline-treated (p > 0.1) animals, respectively.

In EPO-treated rats, angiogenesis is typically detectable starting 2 weeks after stroke by T2*
map (Fig. 5 a) or SWI (Fig. 5 b). Histological images of FITC-dextran stained sections
showed increased intensity with hyperdense microvessels in this region (Fig. 5 c),
confirming the enhanced angiogenesis. Likewise, elevated CBF resulting from the enhanced
angiogenesis was evident by 4 weeks on the CBF map (Fig. 5 d, red arrow). However, in the
controls, angiogenesis is not detectable until 4 weeks after onset of stroke by T2* map (Fig.
5 g) or SWI (Fig. 5 h). FITC-dextran stained sections along the ischemic boundary revealed
more extensive microvessels in the EPO-treated rats (Fig. 5 c) than in the controls (Fig. 5 i).
Microvascular density measured by LSCM was significantly (p < 0.05) increased in the
EPO-treated group (597.4 ± 81.9 vessels/mm2) compared with the control group (496.2 ±
83.3).

Diffusion anisotropy, an indicator of enhanced white matter plasticity, gave similar results.
By 4 weeks after stroke, increased DA values (Fig. 5 e, red arrow), representing increased
white matter reorganization (i.e., density and orientation), was detected in the same area as
the increased angiogenesis (Fig. 5 a) and elevated CBF (Fig. 5 d) in the representative EPO
treated rat. The Bielschowsky’s silver and Luxol fast blue stained sections demonstrated
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increased numbers of axons and highly ordered neuronal fibers in this region (Fig. 5 f).
Ratios of fiber density, compared to the homogeneous tissue in the contralateral hemisphere,
were 1.40 ± 0.23 for the EPO treated group and 1.16 ± 0.12 for the controls in the FOV
along the ischemic boundary. The differences were significant (p < 0.03).

Neurological function tests demonstrated that the modified neurological severity score
(mNSS) was significantly improved in EPO-treated animals (n = 11) compared to controls
(n = 11) at 5 weeks (4.5 vs 5.9, p < 0.03) and 6 weeks (5.0 vs 6.3, p < 0.04) after stroke.

Discussion
The present study shows that treatment of embolic stroke in rats with 5,000 IU/kg EPO
administered intraperitoneally starting 24 hours after MCAO and continuing daily for 7 days
not only augments angiogenesis and white matter reorganization, but also protects brain
tissue from further loss, leading reductions in expansion of the ipsilateral ventricle and
shrinkage of the ipsilateral hemisphere, though the delayed treatment of EPO does not
decrease infarct volume.

Angiogenesis and neurogenesis are evoked soon after stroke (Krupinski et al, 1994; Plate et
al, 1999; Cramer & Chopp, 2000; Zhang et al, 2000; Parent et al, 2002; Yu et al, 2007), and
angiogenesis also mutually interacts with neurogenesis (Ohab et al, 2006; Teng et al, 2008).
Angiogenic vessels release neurotrophic factors, such as BDNF, into their
microenvironment. Neurogenesis increases in the adult forebrain subventricular zone after
stroke. Newborn neurons migrate to the peri-infarct striatum after stroke (Zhang et al, 2005;
Plane et al, 2008). The delayed EPO treatment enhances angiogenesis and neurogenesis after
stroke by increasing VEGF and BDNF (Wang et al, 2004). Thus, the delayed EPO treatment
may facilitate ischemic tissue repair by improving the ischemic boundary microenvironment
to reduce death of resident brain cells and increase survival of neuroblasts migrating from
the subventricular zone. In concert, all of these events may lead to reduction in the brain
atrophy after stroke.

Our MRI and histological measurements in the present study demonstrate the temporal
profile of the cerebral repair process. Increased angiogenesis in the delayed EPO treated rats
was evident 2 ~ 3 weeks after stroke by T2* map or SWI (Fig. 5 a, b). Newly-formed vessels
in the ischemic boundary regions appear to be functional, based on elevation of local
cerebral blood flow in the same region, observed 2 weeks after the MRI identified
angiogenesis (Fig. 5 d), and as confirmed by histological analysis of FITC-dextran stained
sections (Fig. 5 c). Thus, along the ischemic boundary, simultaneously enhanced
angiogenesis and neurogenesis induced by EPO (Wang et al, 2004) mutually interacted and
coupled via VEGF (Teng et al, 2008) to improve survival and integration of newborn
neurons into neuronal system, which may lead white matter outgrowth and reorientation (i.e.
reorganization). Reorganized neuronal fibers were detected at 4 weeks after stroke in this
study by MRI DA map (Fig. 5 e), which was confirmed histologically by Bielschowsky’s
silver and Luxol fast blue staining (Fig. 5 f). The neurological function score was
significantly improved starting 5 weeks after stroke, which indicates that the reorganized
white matter may be functional. These functional microvessels and neuronal fibers rebuild
the microstructure and increase the cerebral tissue density along the ischemic boundary.
Thus, the reparative cerebral tissue may resist the ventricular expansion and cerebral
shrinkage. In control animals, non-enhanced angiogenesis was present 4 ~ 5 weeks after
stroke as shown by T2* map or SWI (Fig. 5 g, h). No apparent elevation of CBF and
reorganization of neuronal fibers were detected at 6 weeks after stroke by CBF and DA
maps in the present MRI study, compared with EPO treated animals. Therefore, the
ischemic cerebral tissue in the control rats may not be able to resist the ipsilateral ventricular
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expansion and tissue shrinkage. As a result, the reparative dense cerebral tissue in EPO
treated rats significantly reduced the expansion rate of the ipsilateral ventricle starting from
4 weeks after stroke, compared with control rats (Fig. 4 a). Moreover, the reparative cerebral
tissue of treated rats also stopped further atrophy of the ipsilateral hemisphere starting 4
weeks post stroke, 1 week earlier than in the control group (Fig. 4 b). At 6 weeks after
stroke, cerebral tissue volume (excluding ventricle from hemisphere) ratio (ipsilateral vs
contralateral) was significantly different (p < 0.02) with 89.8% in the treated group, contrast
to 83.9% in the control group (Fig. 4 c). Thus, our results indicate that delayed EPO
treatment of stroke repaired cerebral tissue and reduced ipsilateral brain atrophy.

Cerebral atrophy is a common feature of many diseases that affect the brain. With a discrete
unilateral brain traumatic injury model in the mouse, global reduction in brain matter and
bilateral enlargement of ventricles were observed at both 3 and 9 months after traumatic
parietal lesion, and early EPO treatment beginning immediately after lesioning for 14 days
prevented brain atrophy measured at 9 months (Siren et al, 2006). In an experimental stroke
model in the mouse, where the unilateral MCA was cauterized, a mild protective effect with
respect to brain atrophy was observed in ipsilateral hemisphere at 35 days post stroke with
EPO administration subcutaneously at 24, 48 and 72 hours after the onset of stroke at a dose
of 1,000 µg/kg (Taguchi et al, 2007). In the clinic, most stroke patients show cerebral
atrophy in the chronic stage of stroke (Walters et al, 2003; Kraemer et al, 2004). To our
knowledge, few systematic experimental studies addressing brain repair against atrophy
after stroke have been performed. Improved knowledge of cerebral repair after stroke may
provide a new target for intervention. In the present study, an embolic stroke model of rat
was employed and brain atrophy in the ipsilateral hemisphere was observed at 6 weeks after
ischemia. The ipsilateral ventricle enlarges and the hemisphere shrinks because of brain
tissue cavitation (Dereski et al, 1993; Wei et al, 2006). However, the volume of cerebral
tissue in the ipsilateral hemisphere is significantly greater in the EPO treated group than in
the control group. EPO treatment significantly reduced the ipsilateral atrophy by decreasing
ventricular expansion and hemispheric shrinkage starting from 5 weeks after stroke.

EPO treatment of embolic stroke may be either neuroprotective or neurorestorative
depending upon when it is administered. Administration of EPO within a few hours after
stroke is neuroprotective and significantly reduces infarct volume (Brines et al, 2000; Sirén
et al, 2001; Leist et al, 2004; Wang et al, 2007). As a neuroprotective agent, EPO represses
apoptosis by upregulating Bcl-xL, an anti-apoptotic gene of the Bcl-2 family (Silva et al,
1996; Wagner et al, 2000). In addition to this anti-apoptotic effect, EPO has anti-
inflammatory effects which derive from its inhibition of tumor necrosis factor, a specific
pro-inflammatory cytokine, by reducing activation of astrocytes as well as influx of
inflammatory microglia into the ischemic region (Viviani et al, 1995; Villa et al, 2003). Both
anti-apoptotic and anti-inflammatory effects have been proposed as likely mechanisms
contributing to the neuroprotective action of EPO (Sirén et al, 2001).

A recent report on the Phase III clinical trial for the treatment of acute ischemic stroke with
EPO demonstrated increased mortality and hemorrhage in EPO treated patients compared
with control (Ehrenreich et al, 2009). The apparent adverse effects of the EPO treatment
stand in contrast to the robust preclinical data indicating a therapeutic benefit of EPO
treatment. However, careful review of the trial shows that 63% of patients enrolled in this
trial also received tPA, and that many of these patients were treated at or beyond the
therapeutic window for tPA. Data from the clinical trial also indicate that it was these
patients that drove the adverse response to EPO. Thus, this clinical study might not bias the
development of EPO as a restorative monotherapy.
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In summary, treatment of embolic stroke with EPO in rats initiated from 24 hours and daily
for 7 days augmented angiogenesis, neurogenesis and white matter reorganization, which
resulted in cerebral tissue repair after stroke and subsequently led to a significantly reduced
expansion of the ipsilateral ventricle and shrinkage of the ipsilateral hemisphere, protecting
brain from further atrophy. The results of this study suggest that delayed EPO treatment
restructures cerebral tissue damaged after stroke to resist the ventricular expansion and
cerebral shrinkage.
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Figure 1.
T2 maps of central five slices in order (a–e) were used to measure total volumes of the
ipsilateral and contralateral ventricles and hemispheres.
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Figure 2.
A typical case, where the ischemic lesion areas can not distinguished from ventricle in T2
maps (a). An SWI image (b) was used to demarcate the edge of the ventricle, as indicated by
red arrows. T2 maps at 6 weeks after stroke from a representative EPO-treated rat (c) and a
control rat (d) demonstrated that the ipsilateral ventricle expansion was reduced in the
treated rat relative to the control one, lesion areas indicated by red borders were identified
by T2 values.
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Figure 3.
Serial T2WI images of an EPO treated rat (upper row) exhibited gradual expansion of the
ipsilateral ventricle starting 1 to 6 weeks after stroke compared to the contralateral ventricle.
The ipsilateral ventricle in the controls (lower row) exhibited both faster and greater
expansion compared to the treated rats. The H&E sections (last column) histologically
confirmed the MRI findings. The ipsilateral ventricle was smaller than the contralateral
ventricle at 24 hours due to ischemic edema (first column).
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Figure 4.
Ventricular volume ratios (ipsilateral vs contralateral) of both treated and control groups
increased monotonically from 1 day to 6 weeks after stroke (a). The mean ratios were
significantly lower for the treated rats than controls starting 4 weeks after stroke. The
hemispheric volume ratio (ipsilateral vs contralateral) was significantly different between
groups starting 5 weeks after stroke (b). Excluding the ventricle, changes of parenchymal
volume ratio (c) were similar to the hemispheric ratio. Cerebral tissue loss in the EPO
treated rats was significantly reduced from 5 weeks after stroke compared to the controls.
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Figure 5.
Images of T2* map (a) or SWI (b) at 2 weeks after stroke demonstrated angiogenesis (red
arrows) in a representative EPO treated rat. FITC-dextran stained sections (c) showed
increased microvessels in this region (red arrow). Elevated CBF was found in the same area
(red arrow) at 4 weeks after stroke (d). Increased DA values (e, red arrow) were located in
the same area as in the T2* map (a), SWI (b) and CBF (d). B&LFB stained sections
demonstrated increased numbers of axons and highly ordered neuronal fibers in this region
(f, bar = 100µm). In a representative control rat, T2* map (g) or SWI (h) at 6 weeks after
stroke demonstrated smaller area where angiogenesis might happen (red arrows), which was
confirmed by FITC-dextran stained sections (i, red arrow).
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Table 1

Volumes (mm3) of contralateral ventricle and hemisphere measured by T2 maps using five central slices

Ventricle hemisphere

EPO (n=11) saline (n=11) EPO (n=11) saline (n=11)

1d 15.2±4.6 16.5±3.7 259.9±26.0 265.0±21.2

1w 14.3±3.8 16.5±3.9 290.9±10.2 286.4±16.3

2w 14.7±4.6 18.6±2.8 288.4±14.1 291.5±11.5

3w 16.4±3.9 19.3±3.5 289.4±12.2 291.6±14.7

4w 17.1±3.9 19.6±2.4 290.6±11.4 291.4±13.5

5w 15.8±4.2 18.4±3.7 290.2±11.9 288.6±15.4

6w 16.3±3.5 19.4±4.9 289.6±21.3 288.4±12.2

Note: no statistical differences were observed between EPO and saline groups in volumes of contralateral ventricle and hemisphere (significance
was set as p < 0.05).
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