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Abstract Due to limited penetration of the blood–brain
barrier (BBB), many therapeutic agents in clinical use require
higher doses in order to reach effective concentrations in brain.
In some instances, these high doses elicit severe side effects. In
the case of erythropoietin (EPO), an established neuroprotec-
tant against ischemic brain injury, its low BBB permeability
requires such a high therapeutic dose that it can induce
dangerous complications such as polycythemia and secondary
stroke. The purpose of this study is to generate a modified
EPO that has increased facility crossing the BBB without
losing its neuroprotective element. We have engineered a
fusion protein (EPO-TAT) by tagging a protein transduction
domain derived from HIV trans-acting activator of transcrip-

tion (TAT) to the EPO protein. This sequence enhanced the
capacity of EPO to cross the BBB in animals at least twofold
when intraperitoneally administered and up to fivefold when
intravenously administered. In vitro experiments showed that
this EPO fusion protein retained all its protective properties
against neuronal death elicited by oxygen–glucose depriva-
tion andN-methyl-D-aspartate insults. The needed therapeutic
dose of the EPO-TAT was decreased by ∼tenfold compared
to that of regular EPO to achieve equivalent neuroprotection
in terms of reducing volume of infarction induced by middle
cerebral artery occlusion in mice. Our results support the
approach of using a protein transduction domain coupled to
therapeutic agents. In this way, not only can the therapeutic
doses be lowered but also agents without BBB permeability
may now be available for clinical applications.
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Introduction

Erythropoietin (EPO) has recently emerged as a promising
candidate for neuroprotection both in animal models of
ischemia [1, 2] and in stroke patients [3]. This promising
approach, especially for patients who are not suitable for
tissue plasminogen activator treatment, represents a new
frontier in the treatment of stroke. However, a significant
challenge for the future clinical use of EPO in central nervous
system (CNS) injury is how to deliver it more efficiently to
the brain across the blood–brain barrier (BBB). As only a
very small portion (0.5–1%) of systemically administered
EPO crosses the BBB [4], large amounts and multiple doses

Feng Zhang and Juan Xing contributed equally to this project.

F. Zhang : J. Xing : S. Wang :R. A. Stetler : J. Chen :G. Cao
Geriatric Research, Education and Clinical Center,
Veterans Affairs Pittsburgh Healthcare System,
Pittsburgh, PA 15260, USA

Y. Luo :X. Ji
Cerebrovascular Disease Research Institute,
Xuanwu Hospital of Capital University of Medical Sciences,
Beijing 100053, China

F. Zhang : J. Xing :A. K.-F. Liou : S. Wang :Y. Gan :
R. A. Stetler : J. Chen :G. Cao
Department of Neurology and Center of Cerebrovascular Disease
Research, University of Pittsburgh School of Medicine,
Pittsburgh, PA, USA

G. Cao (*)
Department of Neurology, S505 BST,
University of Pittsburgh School of Medicine,
200 Lothrop Street,
Pittsburgh, PA 15261, USA
e-mail: caog@upmc.edu

Transl. Stroke Res. (2010) 1:113–121
DOI 10.1007/s12975-010-0019-3



of EPO have been required to achieve effective concen-
trations in the brain [1, 3]. Such administration regimens of
EPO may potentially lead to an increase in hematocrit [5]
and stimulate the production of platelets [6–8], increasing the
likelihood of microinfarctions and macroinfarctions, thus
severely limiting or even precluding the use of EPO as a
therapeutic agent for stroke. Alternate strategies to facilitate
delivery of EPO across the BBB will greatly broaden EPO's
clinical applications for the treatment of ischemic injury and
other neurological diseases.

In our laboratory as well as others, it has been found that
fusing a protein with a protein transduction domain (PTD)
will enhance its capacity to cross the BBB. Fusion with the
trans-acting activator of transcription (TAT) sequence
derived from the HIV virus facilitated delivery of therapeutic
agents across the BBB and reduced ischemic brain injury after
systemic injection [9–11]. By the same reasoning, fusing the
TAT sequence to EPO should enable a larger amount of EPO
to cross the BBB, thereby reducing the therapeutic dose
necessary to achieve the same level of neuroprotection
afforded by higher doses.

In this study, we investigated the impact of fusing
the TAT sequence to EPO on the biological activity of
EPO and its capacity to protect against ischemic injury in
in vitro and in vivo models. In addition, we demonstrated
that inclusion of a PTD domain with EPO resulted in
about tenfold decrease in the therapeutic dose of EPO,
indicating the efficacy of this approach in clinical applica-
tions of therapeutic agents that are hard to deliver across
the BBB.

Materials and Methods

Construction of the EPO Fusion Protein Containing TAT

We constructed a plasmid that expresses human EPO
containing TAT PTD and dihydrogen folate reductase
(DHFR). In brief, a cDNA fragment encoding human
EPO fused with HIV TAT (YGRKKRRQRRR) and his-6
tag in the stated order was amplified by the polymerase
chain reaction (PCR) method using human EPO cDNA
(OriGene, Rockville, MD, USA) as a template. The
resulting PCR product was inserted into the multiple
cloning sites of plasmid pIRES-EYFP (Clontech, Mountain
View, CA, USA) yielding a plasmid designated as pEPO-
TAT. Then, mouse DHFR cDNA was PCR-amplified from
a mouse cDNA library and inserted into the pEPO-TAT to
substitute for EYFP. In the resulting plasmid, referred to as
pEPO-TAT-DHFR, both genes were driven by the cyto-
megalovirus promoter. Between the genes, the presence of
an internal ribosome entry site (IRES) sequence enables
their translation as separate genes. A control plasmid

encoding EPO (without TAT) and DHFR was constructed
in a similar manner.

To produce the EPO-TAT or EPO recombinant protein,
plasmids were linearized with XhoI at the end of poly A
signal, and then transfected into DHFR−/− Chinese hamster
ovary cell line DG44 (a generous gift from Dr. Lawrence
Chasin, Columbia University) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Two days after transfection,
the cells were split at a 1:10 ratio and maintained in α-MEM
medium (Invitrogen, Carlsbad, CA, USA) until cell colonies
were formed. Twenty-four colonies were picked and trans-
ferred into four six-well plates. Then, methotrexate was
introduced at a gradually increasing concentration (5 nM∼
20 μM) as selection pressure to perpetuate only cells that
express the gene of interest. EPO expression in the supernatant
was quantitatively monitored by the EPO immunoassay kit
Quantikine IVD (R&D Systems, Minneapolis, MN, USA),
and the clones with no or lower amplification of EPO were
discarded. Finally, the clones with the highest EPO-TAT and
EPO expression, respectively, were cultured on a large scale,
and the medium was collected for the purification of the
recombinant proteins.

The fusion proteins were purified using a Ni-NTA
superflow agarose column (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. The resulting
fusion proteins were dialyzed four times against phosphate
buffer solution (PBS) using the 10K Dialysis Cassette
(Pierce, Rockford, IL, USA). The purified proteins were
verified by Coomassie blue staining and Western blot
analysis, filtered through a 0.2-μm low-protein binding
filter and stored at −70°C. The concentrations of the
purified recombinant proteins were determined by the
EPO immunoassay kit Quantikine IVD.

Murine Model of Transient Focal Ischemia
and Determination of Infarct Volume

All animal experiments were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee
and performed in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. Focal cerebral
ischemia was produced by intraluminal occlusion of the
left middle cerebral artery (MCA) with a nylon monofilament
suture as described [12]. Briefly, male 2- to 3-month-old
C57BL/6 mice (25–30 g each; The Jackson Laboratory, Bar
Harbor, ME, USA) were anesthetized with 1.5% isoflurane
in a 30% O2/70% N2O mixture under spontaneous breathing.
The rectal temperature was controlled at 37.0±0.5°C via a
temperature-regulated heating pad during surgery and MCA
occlusion. Mean arterial blood pressure was monitored
during MCA occlusion through a tail cuff, and arterial blood
gas was analyzed at 15 min after the onset of ischemia. The
animals underwent MCA occlusion for 60 min and then
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reperfusion for 72 h. To determine the efficacy of EPO
treatment, EPO-TAT or EPO at the indicated doses or PBS
was administered into the animals through the tail vein at the
onset of post-stroke reperfusion. At 72 h after MCA
occlusion, brains were removed, and the forebrain was sliced
into coronal sections 1 mm thick. Sections were stained with
2% 2,3,5-triphenyltetrazolium chloride (TTC). Infarct volume
was determined using MCID image analysis [12]. In all
experiments, the experimenter was blinded to the type and
dose of injected EPO.

Quantitative Analysis of EPO in the Cerebrospinal Fluid
(CSF) and Plasma

EPO-TAT and EPO were administered respectively into rats
at a concentration of 5,000 U/kg body weight (BW) via
intraperitoneal injection. Another duplicate set of rats was
treated with EPO-TAT and EPO by intravenous injection.
Three hours post-injection, CSF samples were collected via
cisternal puncture as described [13]. Briefly, rats were
anesthetized with 1.5% isoflurane in a 30% O2/70% N2O
mixture under spontaneous breathing, and each rat's head
was fixed at a specific forward angle. An incision was
made in the skin over the occipital bone, and the first layer
of the muscle was cut off. When the allanto-occipital
membrane was exposed, the cisterna magna was cannulated
by placing a 25-gauge needle there, and 200 μl of CSF was
carefully withdrawn for enzyme-linked immunosorbent
assay (ELISA) analysis to determine the concentration of
EPO. CSF samples contaminated with blood (>0.25% or
1.7×104 red blood cells (RBC) per microliter CSF) were
discarded. EPO levels in the CSF or plasma were quantita-
tively determined by ELISA using a human EPO immuno-
assay kit Quantikine IVD (R&D systems, Minneapolis, MN,
USA) as described by the manufacturer. Each sample was
assayed in duplicate. PBS-injected animals were used as
control.

In vitro Models of Ischemia-Like Injury

Primary cultures of cortical neurons were prepared from 17-
day C57BL/6 mouse embryos as previously described [14].
Experiments were conducted at 12–14 days in vitro (DIV),
when cultures consisted primarily of neurons (97%).
Cortical neurons at 12 DIV were pretreated with 1 U/ml
EPO-TAT or wild-type EPO for 24 h, then subjected to
either oxygen and glucose deprivation (OGD) or N-methyl-
D-aspartate (NMDA) neurotoxicity.

For the OGD model, cortical neurons treated with EPO-
TAT were subjected to OGD for 60 min as described
previously [14, 15], and then returned to normal culture
condition and normal culture media supplied with the same
concentration of EPO-TAT or EPO. Neurons without EPO-

TAT or EPO treatment (OGD alone) and a TAT-tagged non-
relevant fusion protein GFP-TAT served as controls.
Twenty-four hours after OGD, cell death was quantitatively
analyzed by Hoechst 33258 nuclear staining. The percen-
tages of cells showing chromatin condensation or DNA
damage were quantified under each experimental condition
(three randomly selected fields per well, four to six wells
per condition per experiment, and three independent
experiments). In selected experiments, cell death was also
evaluated after OGD by measuring lactate dehydrogenase
(LDH) release from damaged cells into the culture medium
and expressed as percentage of LDH release compared with
the OGD-alone group.

To induce NMDA neurotoxicity, EPO-TAT or EPO
pretreated neurons were challenged with 200 μM of
NMDA for 15 min and then returned to normal culture
condition and normal culture media supplied with the same
concentration of EPO-TAT or EPO. Cell death was
analyzed at 24 h after NMDA treatment using the methods
described above.

To compare whether EPO-TAT and EPO has equal or
similar dose-efficacy against ischemia-like injury, neurons
were treated with EPO-TAT and EPO at concentrations of
0.1, 0.3, 1, and 10 U/ml, respectively, and then subjected to
OGD insult using the same profile as above. Cell death was
analyzed 24 h after OGD.

Statistical Analysis

Results are reported as mean ± SEM. The difference
between means was assessed by the Student's t test (single
comparisons) or by analysis of variance and post hoc
Bonferroni/Dunn tests (for multiple comparisons), with
p<0.05 considered statistically significant.

Results

1. Generation of EPO fusion protein containing TAT

In our previous study, we found that fusion of an HIV
TAT sequence (YGRKKRRQRRR) to Bcl-xL facilitated its
crossing of the BBB to confer neuroprotection [9]. In this
study, we used the same TAT sequence and fused it to the
EPO gene. We tagged the TAT sequence and his-6 tag at the
C-terminal of EPO, since the N-terminal signal peptide of
EPO is removed upon maturation. A mammalian expression
system was used in lieu of a bacterial expression system
because the function of EPO is dependent on being properly
glycosylated. Moreover, to obtain EPO-TAT on a large scale,
we insert a second gene, DHFR, which functions as a
selection marker under the control of IRES. The resulting
final plasmid pEPO-TAT-DHFR is a bicistronic construct that
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expresses both EPO-TAT and DHFR from single mRNA
transcript (Fig. 1a). Hence, in the presence of the DHFR
analogue methotrexate in DHFR-deficient Chinese hamster
ovary cells DG44, we can selectively amplify and over-
express the fusion protein EPO-TAT. Furthermore, we have
performed clonal selections for 12 months to establish
several clones that are stable high expressers of EPO-TAT,
which is secreted into the culture medium (Fig. 1b).
Typically, the concentrations of EPO or EPO-TAT in the
culture medium can reach about 300 U/ml among the highest
EPO-expressing clones, which is approximately 300-fold
higher than those not selected by methotrexate. The
molecular weight of the purified EPO-TAT fusion protein is
approximately 36–40 kD, about 1 or 2 kD larger than EPO
without TATor commercial regular EPO (Fig. 1c), suggesting
that EPO-TAT is likely to be properly glycosylated.

2. EPO-TAT fusion protein is biologically active

To determine whether the purified EPO-TAT protein has
biological activity, we tested its neuroprotective effects in
primary cortical neuron cultures using in vitro models of
ischemia-like insults: OGD and NMDA toxicity. Previous
studies [2, 16, 17] have indicated that wild-type EPO is
neuroprotective against either OGD or NMDA neurotoxic-
ity at a dose of 1 U/ml; therefore, we used this dose in our
experiments. In the first paradigm, OGD was induced for
60 min followed by 24 h of normal oxygen and glucose
concentrations, and cell death was assayed 24 h later. As
shown in Fig. 2a–e, OGD insult resulted in an increase in
condensed nuclei in cultures (Fig. 2b). Pretreatment with
EPO (Fig. 2d) or EPO-TAT (Fig. 2e) significantly decreased
the number of condensed nuclei. Quantitative analysis of
Hoechst 33258 staining (Fig. 2f) demonstrated that treat-
ment with EPO-TAT or EPO reduced cell death comparably

by at least 60%. Similarly, using a nonbiased LDH assay,
we observed a decrease of LDH release by at least 70%
upon treatments with EPO-TAT and EPO, respectively
(Fig. 2g). Also, the presence of EPO-TAT or EPO
significantly decreased cell death by 40% derived from
NMDA toxicity (Fig. 2h). These results suggest that the
inclusion of a TAT sequence did not alter the protective
capacity of EPO against either OGD or NMDA toxicity.

To further examine whether the addition of TAT affects
the dose-efficacy of EPO, neurons were treated with a
series concentration of EPO-TAT, and then subjected to
OGD. As shown in Fig. 2i, EPO-TAT inhibits cell death
induced by OGD at a dose-dependent manner, with an
optimal dose at 1 U/ml. Further increase of EPO-TAT
concentration did not provide extra protection. Moreover, at
the same dosage, EPO-TAT showed same or similar
efficacy against OGD insult as compared with EPO in all
groups. Finally, EPO-TAT and EPO displayed a similar
temporal profile of efficacy; there is no significant
difference in the extent of protection between EPO-TAT
and EPO when they were added at the same time point in
their respective experiments. However, minimal protection
was observed in both EPO-TAT and EPO-treated groups if
EPO-TAT and EPO were added after OGD or NMDA
insults (data not shown). The distinction between these results
and in vivo studies, which reported that EPO conferred
neuroprotection if administrated within the 6-h window, may
be due to the triggering of different EPO signaling pathways.

On the whole, these results demonstrate clearly that the
inclusion of a TAT sequence did not alter the protective
capacity, the dose response, or the temporal profile of efficacy
of EPO against either OGD or NMDA toxicity. In other
words, the EPO-TAT fusion protein is an active therapeutic
agent with a protective capacity comparable to that of EPO.

Fig. 1 Generation of erythropoietin (EPO) fusion protein containing
trans-acting activator of transcription (TAT). a A schematic map of
plasmid pEPO-TAT-dihydrogen folate reductase (DHFR). TAT tag
was polymerase chain reaction-added at the C-terminal of human EPO
under the control of cytomegalovirus promoter. Mouse DHFR was
inserted downstream of IRES. A synthetic intron (IVS) was inserted
between EPO-TAT and IRES to enhance the stability of the mRNA. b
Representative graph of Western blot of stable cell lines expressing

EPO-TAT. CHO DG44 cells (DHFR−/−) were transfected with pEPO-
TAT-DHFR or pEPO-DHFR. Stable cell lines were screened with
methotrexate. EPO fusion protein in supernatant was analyzed by
Western blot by loading 10 μl of medium from stable cell lines of
EPO-TAT (lanes 5–7) and wild-type EPO without TAT (lanes 2–4).
Commercial EPO (1 U) was used as control. c Western blot analysis of
purified EPO-TAT and wild-type EPO recombinant protein
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3. TAT fused to EPO enhances the delivery of EPO across
the BBB

To examine the capacity of EPO-TAT to cross the BBB as
compared to EPO after systemic administration, we injected
intraperitoneally (IP) EPO-TAT and EPO into adult rats at the
dose of 5,000 U/kg BW. According to previous reports [18,
19], EPO injected via IP reaches peak concentration in the
plasma 3–4 h post-injection. Therefore, we collected plasma

and CSF samples 3 h post-injection for quantitative analysis of
EPO via ELISA. At this time point, the concentration of
EPO-TAT in the plasma was 1,894 mU/ml, about 34% higher
than that of EPO (Fig. 3a). However, the concentration of
EPO-TAT in the CSF was 2.5 times higher than that of EPO
(Fig. 3b), suggesting that EPO-TAT penetrates the BBB
more efficiently than EPO.

We also performed the same analysis under a different
injection paradigm. EPO-TAT and EPO were administered

Fig. 2 Erythropoietin (EPO)-trans-acting activator of transcription
(TAT) fusion protein is neuroprotective against oxygen and glucose
deprivation (OGD) and N-methyl-D-aspartate (NMDA) toxicity.
Cortical neurons at 13 days in vitro were pretreated for 24 h with
1 U/ml wild-type EPO or EPO-TAT and then subjected to either OGD
(a–g) or NMDA neurotoxicity (h). Representative graphs of Hoechst
staining were shown (a–e) after OGD insults. Twenty-four hours of
pretreatment with either wild-type EPO (d) or EPO-TAT (e) reduced
neuronal death, while the control protein GFP-TAT had no effect (c).
Control neurons and OGD-alone-treated neuron are shown in panels
(a) and (b), respectively. Fragmented or condensed nuclei are

indicated by red arrows. f Quantitative counting of cell death induced
by OGD. g Relative lactate dehydrogenase (LDH) release compared
with OGD alone. OGD resulted in increased LDH release, which was
significantly prevented by EPO or EPO-TAT. h Neurons were
challenged with 200 μM NMDA, and cell death was quantitatively
analyzed by Hoechst nucleus staining 24 h after NMDA treatment. i
Dose–response curve of EPO-TAT against OGD insults. Neurons were
treated with a series concentration of EPO-TAT and EPO, and then
subjected to OGD. Cell death was counted 24 h after OGD. **p<
0.001 versus OGD control or GFP-TAT group or NMDA alone. Data
are mean ± SEM, n=12 from three independent experiments
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intravenously (IV), and the CSF samples were collected 3 h
post-injection. In this case, the concentration of EPO in the
CSF was 14.4±3.7 mU/ml, whereas the corresponding
concentration of EPO-TAT in the CSF was 67±22.4 mU/ml
(Fig. 3c), a fivefold difference between the two in this
paradigm. Between the two paradigms, the concentrations
of EPO and EPO-TAT in the CSF derived from IV injection
were six times higher than those derived from IP injection,
suggesting that IV injection is a more effective means of
therapeutic delivery of this neuroprotective agent and hence
of greater clinical relevance. Indeed, this observation is
consistent with another reported study [20].

Since EPO-TAT was more efficient in crossing the BBB
than was EPO, a dose of EPO-TAT significantly lower than
that of EPO may yield the same EPO concentration in the
CSF. As expected, EPO-TAT at 1,000 U/kg yielded a
concentration in the CSF comparable to that of EPO at
5,000 U/kg (Fig. 3c). This result indeed supports our notion
that the PTD TAT is able to facilitate EPO's crossing the
BBB.

4. EPO-TAT reduces infarct volume more efficiently than
EPO in an MCAO model

To examine whether the enhanced capacity of EPO-TAT
to cross the BBB would translate into a lower effective
dose, the neuroprotective effects of EPO-TAT were deter-
mined in an MCA occlusion model in mice. MCA
occlusion for 60 min produced ipsilateral cerebral infarction
averaging ∼32 mm3 in volume, as determined at 72 h based
on the loss of TTC staining (Fig. 4a). Intravenous
administration of EPO at 1,000 U/kg at the onset of post-
ischemic reperfusion appeared to reduce infarct volume.
However, this reduction is not statistically significant when
compared with control group administrated with PBS. On

the other hand, EPO-TAT injection at 1,000 U/kg resulted
in a significant reduction of the infarct volume averaging
∼53% (p<0.05 versus PBS), with an efficacy similar to that
of EPO at 5,000 U/kg, but more efficient than EPO at the
same dose (Fig. 4a, b, p<0.05). Further dose increase of
EPO-TAT at 5,000 U/kg did not exhibit a significantly
higher protection than either EPO-TAT at 1,000 U/kg or
EPO at 5,000 U/kg, suggesting that the protective capacity
of EPO-TAT reached a plateau at 1,000 U/kg. Interestingly,
EPO-TAT at a lower dose 400 U/kg is still capable of
significant protection, reducing the infarct volume by 38%. In
all three groups (PBS, EPO, and EPO-TAT), physiological
parameters (blood pressure, blood gases, and blood glucose)
were measured with no significant changes among groups. In
addition, cortical blood flow as determined using laser
Doppler flowmetry showed no significant differences between
groups during and after MCAO (data not shown). These
results, in concert, support the notion that increasing the
capacity of a therapeutic agent to cross the BBB will enable
the use of a lower dose to achieve the same degree of
protection.

Discussion

In the evaluation of therapeutic agents, many of the
candidates with high promise in cell culture models are
deemed unsuitable for use in animals because of their
inability to cross the BBB. Even for those with limited
capacity to cross the BBB, the therapeutic doses must be set
to high enough levels to ensure sufficient amounts of them
will reach the injury site. Typically, treatments using such
high doses inevitably give rise to side effects. For example,
EPO has a limited capacity to cross the BBB even under

Fig. 3 Trans-acting activator of transcription (TAT) fused to erythro-
poietin (EPO) enhances the delivery of EPO across the blood–brain
barrier. EPO-TAT or EPO (5,000 U/kg body weight) was injected
either intraperitoneally (a, b) or intravenously (c); plasma and
cerebrospinal fluid (CSF) were collected 3 h post-injection. Total

EPO protein in the plasma (a) or CSF (b, c) was measured by enzyme-
linked immunosorbent assay. Data are mean ± SEM (n=4 per group).
*p<0.05, **p<0.01 versus phosphate buffer solution controls;
##p<0.01 versus EPO
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compromised vascular integrity following ischemia [20,
21], and therefore, large doses or multiple injections of
EPO have been required for the treatment of stroke. Such
an administration regime may cause a series of severe
blood-stimulating side effects, hence limiting EPO's clinical
application. To resolve the EPO delivery problem, in this
study, we have generated a brain-penetrating EPO by fusing
EPO with PTD derived from HIV TAT. Our study indicates
that the additon of TAT does not affect the biological
activity of EPO but significantly increases its delivery
across the BBB. The increased delivery is translated into a
lower effective therapeutic dose against ischemic brain
injury. HIV TAT-tagged EPO therefore may be a promising
approach for EPO delivery into the CNS.

One of the approaches to effectively deliver therapeutic
proteins into the brain is to fuse the protein of interest with
PTD. So far, the HIV TAT is the most widely used PTD for
protein delivery. Our own studies [9, 11] and others [10, 22,
23] have consistently demonstrated the effectiveness of
HIV TAT in delivering a variety of proteins across the BBB
into the brain and offering neuroprotection against ischemic
brain injury as well as other neurological diseases. In this
study, we found that HIV TAT can significantly increase
EPO delivery across the BBB, and the therapeutic dose of
EPO thereby is reduced tenfold. Interestingly, EPO has a
higher innate capacity to cross the BBB in humans than in
rodents. EPO injection at 1,500 U/kg under physiological
condition [24] or 550 U/kg under ischemic condition [3]
can reach similar therapeutic concentrations in the human
CSF (∼17 mU/ml according to [3]) as compared with
5,000 U/kg in rodents. Assuming that EPO-TAT has similar
efficacy in crossing the human BBB and reduce the
therapeutic dose at least tenfold (5∼10-fold according to

Fig. 4b) in rodent MCAO models, it is highly probable that
EPO-TAT can be used as a therapetuic agent for stroke at a
clinically safe range. Furthermore, other delivery approaches
such as polyarginine, nanoparticle, and receptor-mediated
transcytosis have been used for protein delivery into the CNS.
Comparison of the delivery capacity of HIV TAT with these
approaches will warrant further research to determine the
optimal system for EPO delivery into the CNS.

Thus far, another approach to overcome caveats related
to EPO therapy in the CNS lies in the development of EPO
derivatives such as asialo-EPO [25], carbamylated EPO
[17], and EPO mimetic peptide [26] to lessen the side
effects. Indeed, these derivatives showed neuroprotective
effects against ischemic brain injury and other CNS
diseases with none of the aforementioned side effects, even
when administered at high doses. Nevertheless, large doses
and multiple EPO administrations could have other side
effects unrelated to EPO's blood-stimulating side effect. For
instance, a recent clinical trial indicated that EPO treatment
significantly increased the death of stroke patients due to
increased incidence of intracranial hemorrhage [27]. Thus,
reducing the therapeutic dose of wild-type EPO as well as
EPO derivatives by increasing their brain-penetrating
ability might greatly improve EPO's clinical application in
the CNS.

In our experiments, the EPO concentration in the CSF
was ∼14.4 mU/ml 3 h after IV injection of EPO at 5,000 U/kg.
This concentration was compatible to the previously reported
rat study by Leist et al. [17, 28], but substantially lower
than the concentration of ∼200 mU/ml reported in another
study [17, 28]. The reason for this discrepancy is unknown;
however, different CSF sampling procedures could account
for the fluctuation in EPO concentrations found in different

Fig. 4 Erythropoietin (EPO)-trans-acting activator of transcription
(TAT) protects against focal ischemic infarction. Mice were subjected
to 60 min of MCAO followed by 72 h of reperfusion. EPO-TAT or
EPO was injected intravenously at the onset of reperfusion. TTC
staining was assessed 72 h after MCAO. a Representative photographs

of 2,3,5-triphenyltetrazolium chloride-stained coronal sections of
mouse brains subjected to MCAO followed by administration of
phosphate buffer solution (PBS), EPO-TAT, or EPO. b Quantitative
measurement of infarct volume. Data are presented as mean ± SEM, n=9
per group. *p<0.05 versus PBS; #p<0.05 versus EPO at 1,000 U/kg
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studies. We noticed that CSF sampling in small animals could
easily be affected by blood contamination. Since EPO
concentration in plasma is at least 100 times higher than that
in the CSF, a minute cross-contamination of plasma in the
CSF could result in substantial elevation of the EPO value. In
our study, we monitored blood contamination by counting
RBC in all CSF samples using a hemacytometer under
microscopy. Samples with RBC over 1.7×104RBC/μl CSF
(equivalent to 0.25% blood contamination) were not subjected
to further EPO concentration determinations.

Finally, our study essentially focused on the delivery
efficacy crossing the BBB and the impact of EPO fused
with a TAT on infarction size. Whether EPO-TAT at a lower
therapeutic dose has the same effect on long-term functional
recovery warrants further investigation. Furthermore, since
TAT increases the delivery efficiency of EPO across the BBB,
EPO-TAT may reach effective therapeutic concentrations in
the brain more rapidly than wild-type EPO, and therefore, it
could be very interesting to examine whether rapid delivery of
EPO-TAT can be translated into a wider therapeutic window.
Our results, in concert, suggest that PTD can mitigate the
dose-dependent side effects and also open an avenue for
evaluating the efficacy of reagents that are otherwise unable
to transverse the BBB without PTD in rodent ischemic
models.
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