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Cerebrovascular disease is the third leading cause of death and the leading cause of disability in Cuba and in several developed
countries. A possible neuroprotective agent is the rHu-EPO, whose effects have been demonstrated in models of brain ischemia.
The Neuro-EPO is a derivative of the rHu-EPO that avoids the stimulation of erythropoiesis. The aim of this study was to
determine the Neuro-EPO delivery into the central nervous system (CNS) to exert a neuroprotective effect in cerebral ischemia
model of the Mongolian gerbil. The Neuro-EPO in a rate of 249.4 UI every 8 hours for 4 days showed 25% higher viability efficacy
(P > 0.01), improving neurological score and behavior of the spontaneous exploratory activity, the preservation of CA3 areas of
the hippocampus, the cortex, and thalamic nuclei in the focal ischemia model of the Mongolian gerbil. In summary, this study,
the average dose-used Neuro-EPO (249.4 UI/10 uL/every 8 hours for 4 days), proved to be valid indicators of viability, neurological
status, and spontaneous exploratory activity, being significantly lower than that reported for the systemically use of the rHu-EPO
as a neuroprotectant. Indeed, up to 12 h after brain ischemia is very positive Neuro-EPO administration by the nasal route as a

candidate for neuroprotection.

1. Introduction

Till now, there is not a drug sufficiently effective, specific,
and of safe access to the central nervous system (CNS) that
could be used as a neuroprotectant in stroke in acute or
chronic stage. Furthermore, most effective neuroprotective
therapeutic agents with positive preclinical results in brain
ischemia animals models are not tolerated clinically [1,
2]. To use the same molecules that are expressed in the
brain after the stroke [3] helping to the endogenous brain
protection, may be our strategy for finding a solution to this
difficulty. One of these molecules is the recombinant human
erythropoietin (EPO). Recombinant variant (rHu-EPO) has

been evaluated for these purposes in different models of
stroke such as in mouse, rat, gerbil, and rabbit, including
global and focal cerebral ischemia [4-9], where it has shown
convincing neuroprotective effect.

Although the neuroprotective mechanism of rHu-EPO is
still investigated, it has been argued that its action is mediated
by receptors found on the walls of vascular endothelium
and in astrocytes [10, 11]. The mechanisms of rHu-EPO
as a neuroprotective agent appear to be multifactor. The
rHu-EPO can indirectly mediate as neuroprotectant on the
restoration of blood supply to tissue damage or acts directly
on neurons by activation of several molecular signaling
pathways [12].
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The neuroprotective effects of rHu-EPO may be pro-
duced by different factors within that included: the antag-
onism of glutamate-induced cytotoxicity, the increased
expression of antioxidant enzymes, the decrease of the
formation of nitric oxide (NO)-mediated free radicals [13],
the normalization of cerebral blood flow [14], the influence
neurotransmitter release, the promotion of angiogenesis [15,
16], the inhibition of apoptosis induced by excitotoxins
and nitric oxide, the increased expression of antiapoptotic
genes, the neurotrophic effect, the decrease of the neuronal
excitability, the cerebral anti-inflammatory effect, the inhibi-
tion of kainate-induced apoptosis and the pro-inflammatory
cytokine production, and the neurogenic and angiogenic
effect that contributes to ischemic preconditioning; all
together can justify the use of rHu-EPO in the treatment of
cerebrovascular, neurodegenerative, and psychiatric diseases
[15,17].

The organs with narrow endothelial barriers, as the
CNS, generally exclude polar and high-weight molecules
[18, 19]. However, for certain proteins, a transit mechanism
mediated by receptors, such as transferrin, insulin, and leptin
has been established [20]. This same mechanism has been
proposed to explain the brain delivery of the rHu-EPO
applied intravenously. This hypothesis is based primarily on
the fact that rHu-EPOA administered systemically can be
detected in the CSF of rats, sheep, and monkeys in neu-
roprotective concentrations, with a delay of, approximately,
60 minutes [21-24]. Second, immunohistochemical studies
have demonstrated a high density of EPO-R around the brain
capillaries, manly in astrocytes feet and on the luminal side
of the capillary endothelial cells [6, 25].

Repeated administration of rHu-EPO high doses can
activate the hematopoietic process with the potential risk of
increasing blood viscosity, which might worsen the outcome
after stroke either because of hematocrit elevation or other
negative effects [26]. Indeed, transgenic mice, with systemic
over expression of rHu-EPO, were observed; they presented
hematocrit levels above 80% and developed longer strokes,
compared to their nontransgenic siblings, despite the high
expression levels of EPO in the brain [27].

In a previous report, we have demonstrated that
intranasal (IN) administration of Neuro-EPO proved to be
safe, reaches the brain in few minutes, does not stimulate
erythropoiesis after acute treatments, and shows efficacy in
some rodent models of brain ischemia [28].

Neuroprotection is based in the pharmacological preven-
tion or limitation of an ischemic cascade progression form
in the brain tissue once it has begun [2]. The therapeutic
window is the time during which the drug may show effec-
tiveness of and depends on the time course of biochemical
changes affecting the treatment [29]. The treatment dosing
regimen and duration must be tailored to the biochemical
process to be affected and must also take into account
differences in drug metabolism between species [30].

The objective of this work was both to determine
the dose response and the therapeutic window with the
Neuro-EPO IN application in the Mongolian gerbil focal
ischemia model, using evaluating variables such as viability,
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neurologic deficit score, spontaneous exploratory activity,
and histopathological status.

2. Materials and Methods

2.1. Animals. One hundred and forty male Mongolian
gerbils (12—15 weeks; 70-90 g) were provided by the National
Center for Laboratory Animal Breeding (CENPALAB) in
Havana, Cuba and were adapted to experimental conditions
for 7 days. The animals were maintained in controlled
environmental rooms at 22 + 2°C, relative humidity 55—
60%, light-dark cycle was 12h/12h, and there were 15-20
room air changes per hour.

All materials used to maintain the animals were auto-
claved at 121°C for 20 min. Food and water was provided
ad libitum. Each protocol was discussed and approved by
the Institutional Ethics Committee, considering that the
international standards established by CCAC [31] rHu-
EPO (ior CIM from CIMAB SA, and CIDEM Havana,
Cuba) and Neuro-EPO (not a commercial product; patent
PCT/cu2006/000001 Patent 20050138) were supplied by the
Center of Molecular Immunology (CIM) Havana, Cuba and
diluted in PBS (pH 7.0) at 0.15 mM. Intranasal administra-
tion was performed essentially as described previously [32]
taking into account the established Guide to the Care and
Use of Experimental Animals. Immediately after surgery, the
gerbils were placed on their backs, and a total of 10uL of
Neuro-EPO or a corresponding volume of vehicle solution
per gerbil was given in nose drops of (5uL/drop) over a 1-
to 2-min period, alternating drops between the left and right
nares. The mouth and the opposite naris were closed during
the administration, so the drops could be naturally inhaled
high into the nasal cavity.

2.2. Surgical Procedure and Spontaneous Exploratory Activ-
ity Measurement. Gerbils were anesthetized with ketamine
atropine-diazepam (47; 0.02; and 5mg/kg, resp.). Lesions
were performed according to Butterfield and McGraw’s
method [33]. Briefly, the right common carotid artery (CCA)
was isolated and double-ligated using silk 5-0 suture and
was sectioned with surgical microscissors. In the controlled
operated animals, the artery was only isolated.

Twenty-four hours after unilateral permanent ischemia,
the appearance of the following clinical signs of infarction
was assessed: palpebral ptosis, bristling, loss of tone and
reflexes in the four limbs, postural asymmetry, rolling or
circling, and death. Each sign was scored separately. The
sum of scores creates a general neurological score for each
animal. The clinical signs of brain infarction were assessed
as previously established [34]. In brief, each animal was
evaluated to determine its neurological state according to a
scale (with a maximum of 30 and a minimum of 0) [34].

Gerbils were placed in the center of a round open
field (30cm diameter and 25cm height). “Rearing” was
considered as standing straight up on the hind limbs and
tail, until the animal returned any forelimb to the floor or
touched the open field wall with any forelimb. Neither a
subsequent straight after a rearing without reaching the floor
with any forepaw nor kangaroo-like posture was considered.
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FIGURE 1: Percent of survival in ischemia model in Mongolian
gerbil, evaluating different doses of intranasal formulation of
Neuro-EPO *(P < 0.01); **(P,0.02) indicate significant difference
in Kaplan Miller Test respect with vehicle (n = 35 per group).

Exploratory activity was determined by the rearing counted
at 3, 6, and 9 min in the open field. An average of the total
rearing counts was calculated for each group, rendering three
dots per trial. Dots were plotted, and the line obtained by
the minimal square method was calculated and considered
as the habituation curve. The slope of the habituation curve
was used to characterize the animal’s state.

2.3. Experimental Animals Groups. The distribution of the
experimental groups to study dose. (In each group n was 35
animals.)

(i) Control up (false injured).

(ii) Injured group with application of the vehicle
(placebo).

(iii) Ischemic Group treated with Neuro-EPO in a
low dose, 0.5 mg/mL of Neuro-EPO concentration
(24.9 Ul every 8 hours for 4 days).

(iv) Ischemic Group treated with Neuro-EPO in a
medium dose, 1 mg/mL of Neuro-EPO concentration
(249.4 UI every 8 hours for 4 days).

(v) Ischemic Group treated with Neuro-EPO in a high
dose, 2mg/mL of Neuro-EPO concentration (2
499.4 Ul every 8 hours for 4 days).

We assessed survival, neurological status, and sponta-
neous exploratory activity at 0 and 7 days. The histological
study, to evaluate the effect of the drug on the tissue, was
performed at the dose where the best behavioral performance
was obtained.

The distribution of the experimental groups to study the
therapeutic window (treated with Neuro-EPO in a medium
dose of 1 mg/mL concentration (249.4 Ul every 8 hours for 4
days)) in each group »n was 35 animals.
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Ficure 2: Clinical signs of stroke at 24 h of permanent occlusion
of the right common carotid in the Mongolian gerbil, evaluating
different doses of the intranasal formulation of Neuro-EPO.
Numbers indicate significant difference between bars in the U test
of Mann and Whitney in respect with vehicle. (n = 35 per group).
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FIGURE 3: Values of slopes of the curve of room in the open field
test, the day before and 7 days after surgery using different dosages
of Neuro-EPO IN. Bars represented means = standard deviation. P
values in the Wilcoxon test. The comparison was carried out in each
group among the day 0 and 7 days later. (n = 35 per group).

(i) Control group (false injured).

(ii) Ischemic Group with application of vehicle IN
(placebo).

(iii) Ischemic Group with Neuro-EPO application IN im-
mediately after injury.

(iv) Ischemic Group with Neuro-EPO application IN
starting at 6 hours after injury.

(v) Ischemic Group with Neuro-EPO application IN
starting 12 hours after injury.

(vi) Ischemic Group with Neuro-EPO application IN
starting 18 hours after injury.

2.4. Tissue Preparation

2.4.1. Histology. Gerbils were anesthetized for cardiac perfu-
sion. Each animal was perfused with 20 mL of saline solution
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FIGURE 4: Model of focal ischemia. Dorsal hippocampus. Causes brain ischemia in the hippocampus at 7 days after occlusion (B, E, H).
The Neuro-EPO protects the dorsal hippocampal CA3 sector in this model (C, I) and does not protect CAl (F). H-E. A, B, C: Panoramic
view. Arrow: conservation of CA3 neurons. D, E, F: Dorsal hippocampal CA1 sector. Arrows withdrawn neurons with pyknotic nuclei and
eosinophilic cytoplasm. G, H, I Sector CA3 of the hippocampus. Arrowheads in E, F, and H macrophages with vacuolated cytoplasm.

and fixed with 60 mL of 4% buffered formaldehyde solution,
pH 7.0. Brains were carefully removed and postfixed in the
same solution for several days. Fixed brains were dehydrated
and embedded in paraffin. Serial coronal sections of 8-ym
width were obtained. Sections were stained with hematoxylin
eosin and described using light microscopy.

2.4.2. Quantitative Morphological Analysis. Preparations
containing dorsal hippocampus (from 1.3 to 1.6 after
Bregma), according to the atlas by Loskota et al. [30],
were used. Observers were blind to the preparation origin.
Pictures of 400 times magnifying power were digitized and
processed by the Image J program (http://rsb.info.nih.gov/ij/,
NIH). The area of hippocampus CA1 pyramidal layer was
measured, subtracting the area occupied by pyknotic cells.
Then, the normal remaining area of CAl subfields was
determined.

2.4.3. Statistical Analysis. The log rank test using GraphPad
Prism 4 to evaluate survival percentage for the three treated
groups and control was employed. Frequencies of clinical

signs and rearing counts were analyzed employing the Chi-
square independence test. The Mann-Whitney U test was
used for the comparison between the control and other
groups of neurological score rearing counts, slope, and
remaining CAl area. The Wilcoxon matched pair test was
used for comparisons between hemispheres. For correlations
between morphological and functional variables, the Spear-
man’s rank correlation coefficient was used. The statistical
analysis was carried out according to the Microsoft STATIS-
TICA version 6.0 program. In all, a level of significance of
P < 0.05 was accepted.

3. Results

Previous studies have shown that IN Neuro-EPO had
neuroprotective effect in a similar ischemia animal model
[35]. Percent of viability was evaluated at three different
doses of IN Neuro-EPO. The best results were detected at
24.9 and 249.4 UI both significantly higher when compared
with the control group. The dose that showed the best
percent of viability (67%) when was compared with the
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F1GURE 5: Model of focal ischemia. Parietal and temporal cortex. Unilateral ischemia produces infarction in the parietal cortices (B) and
temporal (E, H, K). The Neuro-EPO rescues neurons in the temporal cortex (F, I, L). H-E. A, B, C: Panoramic view of the parietal cortex.
hc: hippocampus; cc: corpus callosum; VL: lateral ventricle. D, E, F: A panoramic view of the temporal cortex. G, H, I: outer layers of the
temporal cortex. H: Loss of the neural elements with holes. I: looks like the control. ], K, L: deeper layers of the temporal cortex. K: Loss of

the neural elements with holes. L: looks like the control.

injured group treated with IN vehicle was the 249.4 Ul
(Figure 1).

The only dose for IN Neuro-EPO that showed a signifi-
cant effect on the neurological score (Figure 2) with respect
to the vehicle was the median dose of (249.4 UI).

In the open-field behavioral test to measure learning at
7 days (Figure 3) ischemic animals treated with Neuro-EPO
in the medium (249.4 UI) and low (24.9 UI) doses, a pattern

of habituation similar to controls was shown. The animals in
the vehicle-treated group showed poorer learning. This loss
of habituation is interpreted as the inability to recognize the
place already explored before carotid occlusion.

Ischemic animals treated with Neuro-EPO in the
medium dose (249.4 UI) showed no neuroprotective effects
in the CAl region of the hippocampus; this is corroborated
with the study of neuronal densities. This area of the
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F1GURE 6: Model of focal ischemia thalamus. Unilateral ischemia produces large clusters of macrophages in the nuclei of the thalamus (B, E,
H). The thalamus damage decreases with Neuro-EPO in (C, E I). H-E. A, B, C: Panoramic view. Arrow: focus of macrophages. VL: lateral
ventricle; he: hippocampus. D, E, F: X400 thalamus. E: Focus of macrophages. F: Control-like appearance. G, H, I: Thalamus x1000. H:
Macrophage with vacuolated cytoplasm (arrowhead), macrophage in mitosis (asterisk). I: Looks like the control.

hippocampus is one of the most sensitive to ischemia, and
the neuroprotective effect of any drug would have less chance
to be evidenced than less vulnerable areas. The histological
involvement was minor in the areas of CA3, cortex, and
thalamic nuclei in animals treated with Neuro-EPO as
illustrated in Figures 4, 5, and 6.

Arteries are not frequently affected in ischemic injury, are
on the periphery of the infarct, and supply these structures
where neuroprotection was observed. In this group, there
was only light damage in the CA1 and CA2 regions of the
hippocampus.

Seven days after ischemia, the histological damage
decreased in the above areas. The animals in the vehicle-
treated group showed necrosis of the temporal and parietal
cortices, hippocampus, thalamus, and caudate putamen,
loss of CA1 pyramidal neurons and cognitive impairment.
Infarction areas in the hemisphere ipsilateral to carotid
occlusion in the animals treated with the vehicle were
observed. On the contrary, these negative neurologic effects
were reduced in animals treated with IN Neuro-EPO. The

results of this work constitute an indirect evidence of the
passage of Neuro-EPO to the CNS through the nasal cavity.

Hippocampal CAl pyramidal neurons showed that
pyknotic, retracted, and acidophilic cytoplasm was observed
(Figure 4). In the infarcted area, granule-fatty corpuscles
(macrophages) filled with breakdown products of myelin,
were observed. Figure 7 clearly illustrates macrophages, some
binucleate and mitotic processes. All these findings are
characteristic, and they have been described by other authors
in the ischemia model in injured animals [15, 36, 37].

To determine the therapeutic window, groups of animals
began receiving treatment with IN Neuro-EPO immediately
after surgery at 0, 6, and 12 hours. These three groups showed
a greater survival at 7 days after occlusion, when compared
with the groups that received vehicle (Figure 8).

The comparison between the values of outstanding open-
field test in the control group not subjected to ischemia
showed significantly more negative values in the second
determination, indicating a faster decline of the steep at
that time (Figure9). Similar result was observed in the
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FIGURE 7: Macrophages in ischemic animals. A: Binucleate macrophages in the corpus callosum. H-E. B: Macrophages in mitosis in the
corpus callosum. H-E. C: Macrophages in caudate putamen. Luxol fast blue y PAS. D: Macrophages near the lateral ventricle. Luxol fast blue
y PAS. E: Macrophages with vacuolated cytoplasm in mitosis (asterisk) in thalamus. H-E. Model of focal ischemia. Macrophages (arrows) in

several brain regions of ischemic animals.

groups treated with Neuro-EPO for 4 days, whether they
were treated immediately or at 6, 12, or 18 hours after
occlusion. However, vehicle-treated animals showed similar
slopes within 7 days of ischemia.

Initiating treatment with the IN Neuro-EPO at 0, 6, 12,
and 18 hours after the ischemic lesion showed effectiveness
on the open field test, when compared with the vehicle
(Figure 10).

Neuro-EPO protects the dorsal hippocampus CA3 sector
in the focal ischemia model (Figure 11). In the ischemic
group animals treated with vehicle, an infarct area was
observed in the hemisphere ipsilateral to carotid occlusion.
Stroke area was identified by the death of most of the
cellular elements, demyelination, presence of cellular debris,
and partially empty areas. The lesion zone extended to all
regions of the hippocampus (including much of the dentate
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gyrus) the parietal and temporal cortex, in the thalamic
nuclei and caudate putamen. At 6 hours, the treated animals
showed no histological damage in either group. In the
CA3 area hippocampal pyramidal neurons showed pyknotic,
retracted, and acidophilic cytoplasm at 18 hours, evidencing
improvement in those treated with EPO.

4. Discussion

The focal ischemia model by carotid artery occlusion in
Mongolian gerbils has been used to study the pathophysiol-
ogy of focal cerebral ischemia and the evaluation of potential
neuroprotective agents [38—40]. The mortality in this model
reflects the severity of the injury, and it is an important
variable in assessing drugs for the treatment of ischemia. In
this model, mortality rates between 30 and 40% at 24 and 48
hours after ischemia have been reported [41, 42]. This allows
us to suggest that these animals have a cognitive dysfunction
induced by ischemia, which affected their learning and
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short-term memory [43]. In ischemic animals histological
lesions found are similar to those described in other studies
[44, 45]. Whereas ischemic animals showed no histological
injury in neurological impairment and cognitive ability; one
might think that the brain tissue, albeit with HE staining was
observed intact, was biochemically committed [46].

It has been reported that in the penumbra area there is
still a cerebral brain fluid (CBF) below normal levels [47].
Perhaps the arrival of Neuro-EPO to this penumbra region
protected these cells against excitotoxicity and phenomena
such as apoptosis. It has also been shown that rHu-EPO
and its derivatives stimulate the process of angiogenesis and
neurogenesis, providing a favorable microenvironment for
neural plasticity during stroke recovery [48-50].

Comparison of the treated and untreated injured groups
was carried out to assess the learning capacity linked to
short-term memory, dependent on synaptic transmission
and neuromodulation. According to our results, treatment
with Neuro-EPO IN equally protects against the occurrence
of dysfunction in learning and short-term memory, even
starting the treatment at 18 hours, suggesting a neuropro-
tective effect on this functional impairment.

The effects observed in the preservation of habituation
behavior in animals, where treatment started as late as 18
hours, suggests the inhibition of processes such as neuronal
apoptosis in brain regions associated with that behavior,
and the expression of neurotrophic properties that enhance
neuronal function. Apoptosis requires the expression of
effector proteins in the longer term; therefore, it could be
interfered with at 18 hours after onset of ischemia by Neuro-
molecules such as EPO, which can induce the expression of
antiapoptotic proteins [48]. All these mechanisms strongly
point in favor of the process of neuroplasticity that may be
induced by Neuro-EPO in the damaged brain.

The Hippocampal CA1 region shows severe neuronal loss
in 85-95% of the gerbils after 7 days of occlusion. It has been
shown that neuronal death in the case of ischemia is selective
for neuronal groups; besides, neuronal death does not occur
either in the same manner or at the same time. There are cell
groups such as the vulnerable Hippocampal CA1 pyramidal
cells that begin to die from the first 5 minutes after ischemia
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FiGgure 11: Hematoxylin-eosin. The Neuro-EPO protects the dorsal hippocampal CA3 sector in the focal ischemia model, (C, D, E). Bar
100 ym A: dorsal hippocampal CA3 sector in control. B: Arrows withdrawn neurons with pyknotic nuclei and eosinophilic cytoplasm animals
treated with vehicle. C, D, E: dorsal hippocampal CA3 without injury starting treatment with Neuro-EPO intranasal at immediately, 6 hours
at 12 hours, respectively. F: Dorsal hippocampal CA3 sector starting treatment at 18 hours. Arrows withdrawn neurons with pyknotic nuclei

and eosinophilic cytoplasm.

and others such as the CA2 and CA3 cells, which the process
of neuronal death can take about 6 to 12 hours to begin [51].

The results suggest that despite the fact that permanent
occlusion did not induce infarction in all animals, as
described in the literature, there is a decrease in cerebral
blood flow that could induce damage, which becomes
evident in the chronic phase, when secondary degeneration
processes have already taken place [52, 53]. It has been
reported that in animals without histological lesions there is
a chronic state of hypoperfusion in the hemisphere ipsilateral
to the occlusion, where the blood flow is above the threshold
of ischemia, but below normal levels [54].

In the adult’s brain, the system EPO/EPO-R seems
to be in a quiescent state. The role of EPO receptor in
its neuroprotective action is present time topic, but it is
not aim of this scientific research. Indeed, a very recent
paper showed a neuroprotective effect of EPO in an EPO-
R knock out stroke animal model, which suggests that
EPO’s neuroprotective effect is not only through the EPO-
R receptor; it probably involves the regulation of CBF [55].
On the other hand, Sanchez et al. 2009 [56] reported that
an optimal neuroprotectant by erythropoietin requires an
elevated expression of its receptor in neurons. It was also
confirmed in our previous work [57].

The expression of the system EPO/EPO-R in the brain,
and specifically in areas with neurons that are very vulnerable
to ischemic insult (hippocampus and cerebral cortex) has
been recently demonstrated [58]. The differential stimula-
tion of the EPO system/EPO-R rapidly after hypoxia empha-
sizes its role as a physiological mechanism of protection in
the mammalian brain [59].

The cognitive impairment observed in the open field test
can be attributed to damage in the hippocampus, cerebral
cortex, and thalamus [35]. These observed structures that
were neuroprotectant are supplied by arteries that are not
frequently affected in ischemic injury. These arteries are
on the periphery of the infarct, which appears likely in
the first hours after occlusion. In this group, there was
only light damage in the CAl and CA2 regions of the
hippocampus.

The intranasal route offers the possibility of administer-
ing lower doses than those required intravenously [20, 28,
60]. In addition, it allows chronic, acute, and safe treatment;
which is a necessary condition that a neuroprotectant must
have against the neurodegenerative illnesses.

It has been shown that treatment with Neuro-EPO
immediately after occlusion in this model, is effective in
reducing mortality in both sexes [32]. Previous experiments
have shown that gerbils that develop clinical ischemia signs
have a high incidence of pathological events in the hemi-
sphere for 24 hours after surgery and die within 72 h [54].

One of the limitations of the neuroprotective agents
assessment, in preclinical and clinical, is the therapeutic
time window, in which the agent is able to interfere with
the processes leading to cell death and the consequent
impairment of brain function due to ischemia [58, 61]. The
intravenous administration of rHu-EPO in a model of MCA
occlusion in rat-neuroprotective effects extended up to 6
hours after injury [62]. This therapeutic window is twice
that of tissue plasminogen activator (tPA), and the only drug
treatment currently approved to treat the acute ischemic
stroke and thrombosis [59, 63, 64].
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It has been shown that the expression of mRNA for the
formation of the molecule of EPO and its receptor takes
between 2 and 4 hours after the ischemic insult. Thus,
protecting endogenous small insults solves the problem, but
when the flow decreases to a critical level, it is necessary
to exogenous EPO administration to assist the equilibrium
establishment that involves minimizing the damage caused
by the ischemic cascade [65].

It has been compared in recent studies by Tsai et al. [66]
and Wang et al. [67] and Villa et al. [68] that the derivative of
the rHu-carbamylated EPO (CEPO) has a wide therapeutic
window in focal ischemia model in rats; it also has not the
effect in the stimulation of the platelets production.

In general, the results have corroborated that in Neuro-
EPO has neuroprotective properties similar to asialic and
carbamylated derivatives of rHu-EPO, and the intranasal
administration seems to be related to a therapeutic window
period as large as 12h for the acute manifestations of
ischemia in this model, or 18 hours for chronic manifes-
tations [7, 37, 69-72]. Indeed, Neuro/EPO IN showed the
highest therapeutic window reported in preclinical stroke
studies till now.

The fundamental finding of this study has shown that
the therapeutic window of the Neuro-EPO IN is up to
12 h, which gives this molecule very beneficial characteristics
in future clinical application [69]. In medical practice, the
therapeutic window is a crucial factor that determines the
efficacy of neuroprotection [73].

In summary, the dose effect and the average dose used
Neuro-EPO (249.4 UI/10 uL/every 8 hours for 4 days) proved
to be valid indicators of viability, neurological status, and
spontaneous exploratory activity since it is significantly
lower than the reported for the systemically use of the
rHu-EPO as neuroprotectant. In addition to that, up to
12h window for Neuro-EPO IN administration as a can-
didate for neuroprotection in acute brain ischemia is very
positive quality. These solid results may support the way
of this molecule to the clinical trail for the acute stroke
treatment.

Disclosure

J. C. G. Rodriguez and I. S. Testé, and A. M. Cernada
are coinventors on the patent “RH-EPO NASAL FORMU-
LATIONS WITH LOW SIALIC ACID CONCENTRATION
FOR THE TREATMENT OF DISEASES OF THE CENTRAL
NERVOUS SYSTEM, CU” Patent Formulation International
Application no.: PCT/CU2006/000007 OCPI, Havana, Cuba.
The authors report no other conflict of interests in this

paper.

Acknowledgment

The authors would like to express their gratitude to Lazaro
Gustavo Diaz Valdés BA for his support and contribution to
this article stylistic and translation revision.

The Scientific World Journal

References

[1] M. Fisher, “The target of acute stroke therapy and neuropro-
tective therapeutic approaches,” Revista de Neurologia, vol. 29,
no. 6, pp. 536544, 1999.

[2] M. Bacigaluppi and D. M. Hermann, “New targets of neuro-
protection in ischemic stroke,” TheScientificWorldJournal, vol.
8, pp. 698-712, 2008.

[3] J. D. Garcia-Salman, “Endogenous neuronal protection: an
alternative approach,” Revista de Neurologia, vol. 38, no. 2, pp.
150-155, 2004.

[4] L. Belayev, L. Khoutorova, W. Zhao et al., “Neuroprotective
effect of darbepoetin alfa, a novel recombinant erythropoietic
protein, in focal cerebral ischemia in rats,” Stroke, vol. 36, no.
5, pp. 1071-1076, 2005.

[5] M. A. Catania, M. C. Marciano, A. Parisi et al., “Erythropoietin
prevents cognition impairment induced by transient brain
ischemia in gerbils,” European Journal of Pharmacology, vol.
437, no. 3, pp. 147-150, 2002.

[6] A. L. Sirén, M. Fratelli, M. Brines et al., “Erythropoietin
prevents neuronal apoptosis after cerebral ischemia and
metabolic stress,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 98, no. 7, pp. 4044—
4049, 2001.

[7] M. Leist, P. Ghezzi, G. Grasso et al., “Derivatives of erythropoi-
etin that are tissue protective but not erythropoietic,” Science,
vol. 305, no. 5681, pp. 239-242, 2004.

[8] Y. Sadamoto, K. Igase, M. Sakanaka et al., “Erythropoietin
prevents place navigation disability and cortical infarction in
rats with permanent occlusion of the middle cerebral artery,”
Biochemical and Biophysical Research Communications, vol.
253, no. 1, pp. 26-32, 1998.

[9] D. M. Hermann, “Enhancing the delivery of erythropoietin
and its variants into the ischemic brain,” TheScientificWorld-
Journal, vol. 9, pp. 967-969, 2009.

[10] A. L. Sirén, E. Knerlich, W. Poser, C. H. Gleiter, W. Briick, and
H. Ehrenreich, “Erythropoietin and erythropoietin receptor in
human ischemic/hypoxic brain,” Acta Neuropathologica, vol.
101, no. 3, pp. 271-276, 2001.

[11] H. Ehrenreich, R. Nau, C. Dembowski et al., “Endothelin
B receptor deficiency is associated with an increased rate of
neuronal apoptosis in the dentate gyrus,” Neuroscience, vol. 95,
no. 4, pp. 993-1001, 1999.

[12] M. Brines and A. Cerami, “Erythropoietin-mediated tissue
protection: reducing collateral damage from the primary
injury response,” Journal of Internal Medicine, vol. 264, no. 5,
pp. 405-432, 2008.

[13] A. Munoz-Cernuda, R. Leén-Rodriguez, J. Garcia-Rodriguez
etal.,, “Formulaciones nasales de EPOhr con bajo contenido de
acido sidlico para el tratamiento de enfermedades del Sistema
Nervioso Central,” (20050138) Patent Cuba, 7-22, 2005.

[14] A. Cerami, M. L. Brines, P. Ghezzi, and C. J. Cerami, “Effects
of epoetin alfa on the central nervous system,” Seminars in
Oncology, vol. 28, supplement 8, pp. 6670, 2001.

[15] A. Cerami, M. Brines, P. Ghezzi, C. Cerami, and L. M.
Itri, “Neuroprotective properties of epoetin alfa,” Nephrology
Dialysis Transplantation, vol. 17, no. 1, pp. 8-12, 2002.

[16] Y.Li, Z. Lu, C. L. Keogh, S. P. Yu, and L. Wei, “Erythropoietin-
induced neurovascular protection, angiogenesis, and cerebral
blood flow restoration after focal ischemia in mice,” Journal of
Cerebral Blood Flow & Metabolism, vol. 27, no. 5, pp. 1043—
1054, 2007.

[17] A. L. Sirén, T. Faflhauer, C. Bartels, and H. Ehrenreich,
“Therapeutic potential of erythropoietin and its structural or



The Scientific World Journal

functional variants in the nervous system,” Neurotherapeutics,
vol. 6, no. 1, pp. 108-127, 2009.

[18] C. Dame, S. E. Juul, and R. D. Christensen, “The biology
of erythropoietin in the central nervous system and its
neurotrophic and neuroprotective potential,” Biology of the
Neonate, vol. 79, no. 3-4, pp. 228-235, 2001.

[19] A. V. Kabanov and E. V. Batrakova, “New technologies
for drug delivery across the blood brain barrier,” Current
Pharmaceutical Design, vol. 10, no. 12, pp. 1355-1363, 2004.

[20] W. A. Banks, “Are the extracellular pathways a conduit for the
delivery of therapeutics to the brain?” Current Pharmaceutical
Design, vol. 10, no. 12, pp- 1365-1370, 2004.

[21] L. Kalialis and N. Olsen, “Erythropoietin—a new therapy in
cerebral ischemia?” Ugeskr Laeger, vol. 165, no. 24, pp. 2477—
2481, 2003.

[22] H. H. Marti, “Erythropoietin gene expression in human,
monkey and murine brain,” European Journal of Neuroscience,
vol. 8, no. 4, pp. 666676, 1996.

[23] W. A. Banks, M. J. During, and M. L. Niehoff, “Brain
uptake of the glucagon-like peptide-1 antagonist exendin(9-
39) after intranasal administration,” Journal of Pharmacology
and Experimental Therapeutics, vol. 309, no. 2, pp. 469—475,
2004.

[24] S. Erbayraktar and O. Yilmaz, “Erythropoietin is a mul-
tifunctional tissue-protective cytokine,” Current Hematology
Reports, vol. 2, no. 6, pp. 465—470, 2003.

[25] A. Nagai, E. Nakagawa, H. B. Choi, K. Hatori, S. Kobayashi,
and S. U. Kim, “Erythropoietin and erythropoietin receptors
in human CNS neurons, astrocytes, microglia, and oligoden-
drocytes grown in culture,” Journal of Neuropathology and
Experimental Neurology, vol. 60, no. 4, pp. 386-392, 2001.

[26] C. Wiessner, P. R. Allegrini, D. Ekatodramis, U. R. Jewell,
T. Stallmach, and M. Gassmann, “Increased cerebral infarct
volumes in polyglobulic mice overexpressing erythropoietin,”
Journal of Cerebral Blood Flow & Metabolism, vol. 21, no. 7, pp.
857-864, 2001.

[27] W. Jelkmann, “Molecular biology of erythropoietin,” Internal
Medicine, vol. 43, no. 8, pp. 649-659, 2004.

[28] Y. P. Yu, Q. Q. Xu, Q. Zhang, W. P. Zhang, L. H. Zhang,
and E. Q. Wei, “Intranasal recombinant human erythropoietin
protects rats against focal cerebral ischemia,” Neuroscience
Letters, vol. 387, no. 1, pp. 5-10, 2005.

[29] E. Mostacero, “Neurotoxicity, neuroprotection and therapeu-
tic window in the cerebral ischemia,” Revista de Neurologia,
vol. 29, no. 6, pp. 513-514, 1999.

[30] S. Cotena, O. Piazza, and R. Tufano, “The use of erythtropoi-
etin in cerebral diseases,” Panminerva Medica, vol. 50, no. 2,
pp. 185-192, 2008.

[31] Consejo Canadiense de Proteccion de los animales, “Guide-

lines for Breeding and Care of Laboratory Animals,” World

Health Organization and Institucional Council for Laboratory

Animals Science (ICLAS), 1998.

I. Sosa Testé, J. C. Garcia Rodriguez, J. D. Garcia Salman

et al.,, “Intranasal administration OF recombinant human

erythropoietin exerts neuroprotective effects on post-ischemic
brain injury in mongolian gerbils,” PharmacologyOnline, vol.

1, pp. 100-112, 2006.

J. D. Butterfield and C. P. McGraw, “Effect of DPPD (diphenyl-

para-phenylenediamine) on stroke and cerebral edema in

gerbils,” Stroke, vol. 9, no. 5, pp. 480—483, 1978.

[34] P.Lawner,J. Laurent, and F. Simeone, “Attenuation of ischemic
brain edema by pentobarbital after carotid ligation in the
gerbil,” Stroke, vol. 10, no. 6, pp. 644-647, 1979.

(32

(33

(35]

(48

[49]

11

Y. Rodriguez Cruz, Y. Mengana Tamos, A. Muioz Cernuda et
al., “Treatment with nasal neuro-EPO improves the neurolog-
ical, cognitive, and histological state in a gerbil model of focal
ischemia,” TheScientificWorldJournal, vol. 10, pp. 2288-2300,
2010.

D. Agnello, P. Bigini, P. Villa et al., “Erythropoietin exerts an
anti-inflammatory effect on the CNS in a model of experimen-
tal autoimmune encephalomyelitis,” Brain Research, vol. 952,
no. 1, pp. 128-134, 2002.

S. Erbayraktar, G. Grasso, A. Sfacteria et al., “Asialoerythro-
poietin is a nonerythropoietic cytokine with broad neuropro-
tective activity in vivo,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 11, pp.
6741-6746, 2003.

M. Fisher, “Recommendations for standards regarding pre-
clinical neuroprotective and restorative drug development,”
Stroke, vol. 30, no. 12, pp. 2752-2758, 1999.

K. A. Hossmann, “Pathophysiology and therapy of experimen-
tal stroke,” Cellular and Molecular Neurobiology, vol. 26, no.
7-8, pp. 1057-1083, 2006.

R. J. Traystman, “Animal models of focal and global cerebral
ischemia,” ILAR Journal, vol. 44, no. 2, pp. 85-95, 2003.

G. P. Pelliccioli, C. Gambelunghe, P. F. Ottaviano, S. Ian-
naccone, and M. V. Ambrosini, “Variable response of the
Mongolian gerbil to unilateral carotid occlusion: magnetic
resonance imaging and neuropathological characterization,”
The Italian Journal of Neurological Sciences, vol. 16, no. 7, pp.
517-526, 1995.

L. I. Somova, M. A. Gregory, and E. N. Nxumalo, “Mongolian
gerbil (Meriones unguiculatus) as a model of cerebral infarc-
tion for testing new therapeutic agents,” Methods and Findings
in Experimental and Clinical Pharmacology, vol. 22, no. 4, pp.
203-210, 2000.

M. Babcock, D. A. Baker, and R. Lovec, “Locomotor activity in
the ischemic gerbil,” Brain Research, vol. 625, no. 2, pp. 351—
354, 1993.

H. M. Payan and J. R. Conard, “Carotid ligation in gerbils.
Influence of age, sex, and gonads,” Stroke, vol. 8, no. 2, pp.
194-196, 1977.

L. Torup and M. Leist, “Development of non-erythropoietic
erythropoietin variants for neuroprotection,” in Erythropoietin
and the Nervous System, Springer, New York, NY, USA, 2006.
S. M. Graham, L. D. McCullough, and S. J. Murphy, “Animal
models of ischemic stroke: balancing experimental aims and
animal care,” Comparative Medicine, vol. 54, no. 5, pp. 486—
496, 2004.

S. E. Juul, D. K. Anderson, Y. Li, and R. D. Christensen,
“Erythropoietin and erythropoietin receptor in the developing
human central nervous system,” Pediatric Research, vol. 43, no.
1, pp. 40-49, 1998.

M. Chopp, Y. Li, and J. Zhang, “Plasticity and remodeling of
brain,” Journal of the Neurological Sciences, vol. 265, no. 1-2,
pp. 97-101, 2008.

B. Boroojerdi, U. Ziemann, R. Chen, C. M. Biitefisch, and
L. G. Cohen, “Mechanisms underlying human motor system
plasticity,” Muscle and Nerve, vol. 24, no. 5, pp. 602—613, 2001.
H. Ehrenreich, C. Bartels, D. Sargin, S. Stawicki, and H.
Krampe, “Recombinant human erythropoietin in the treat-
ment of human brain disease: focus on cognition,” Journal of
Renal Nutrition, vol. 18, no. 1, pp. 146-153, 2008.

T. Kirino, A. Tamura, and K. Sano, “Delayed neuronal death in
the rat hippocampus following transient forebrain ischemia,”
Acta Neuropathologica, vol. 64, no. 2, pp. 139-147, 1984.



12

(52]

(53]

(55

(56

(57

T. Kirino and K. Sano, “Fine structural nature of delayed neu-
ronal death following ischemia in the gerbil hippocampus,”
Acta Neuropathologica, vol. 62, no. 3, pp. 209-218, 1984.

F. Colbourne, H. Li, and A. M. Buchan, “Continuing postis-
chemic neuronal death in CA1: influence of ischemia duration
and cytoprotective doses of NBQX and SNX-111 in rats,”
Stroke, vol. 30, no. 3, pp. 662—-668, 1999.

J. H. Halsey, N. E. Capra, and R. S. McFarland, “Use of
hydrogen for measurement of regional cerebral blood flow:
problem of intercompartmental diffusion,” Stroke, vol. 8, no.
3, pp. 351-357, 1977.

Y. Xiong, A. Mahmood, C. Qu et al., “Erythropoietin improves
histological and functional outcomes after traumatic brain
injury in mice in the absence of the neural erythropoietin
receptor;,” Journal of Neurotrauma, vol. 27, no. 1, pp. 205-215,
2010.

P. E. Sanchez, R. P. Fares, J. J. Risso et al., “Optimal neuro-
protection by erythropoietin requires elevated expression of
its receptor in neurons,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 106, no. 24, pp.
9848-9853, 2009.

Y. Gao, Y. Mengana, Y. R. Cruz et al., “Different expression pat-
terns of ngb and epor in the cerebral cortex and hippocampus
revealed distinctive therapeutic effects of intranasal delivery of
neuro-epo for ischemic insults to the gerbil brain,” Journal of
Histochemistry and Cytochemistry, vol. 59, no. 2, pp. 214-227,
2011.

M. Bernaudin, H. H. Marti, S. Roussel et al., “A potential
role for erythropoietin in focal permanent cerebral ischemia
in mice,” Journal of Cerebral Blood Flow & Metabolism, vol. 19,
no. 6, pp. 643-651, 1999.

M. Fisher and B. Bastan, “Treating acute ischemic stroke,”
Current Opinion in Drug Discovery and Development, vol. 11,
no. 5, pp. 626632, 2008.

R. G. Thorne, C. R. Emory, T. A. Ala, and W. H. Frey,
“Quantitative analysis of the olfactory pathway for drug
delivery to the brain,” Brain Research, vol. 692, no. 1-2, pp.
278-282, 1995.

K. A. Hossmann, “Experimental models for the investigation
of brain ischemia,” Cardiovascular Research, vol. 39, no. 1, pp.
106-120, 1998.

M. D. Ginsberg, “Neuroprotection for ischemic stroke: past,
present and future,” Neuropharmacology, vol. 55, no. 3, pp.
363-389, 2008.

P. A. Lapchak and D. M. Araujo, “Advances in ischemic
stroke treatment: neuroprotective and combination thera-
pies,” Expert Opinion on Emerging Drugs, vol. 12, no. 1, pp.
97-112, 2007.

G. Micieli, S. Marcheselli, and P. A. Tosi, “Safety and efficacy
of alteplase in the treatment of acute ischemic stroke,” Vascular
Health and Risk Management, vol. 5, pp. 397-409, 2009.

C. Dame and H. Fahnenstich, “Don’t give up on erythropoi-
etin as a neuroprotective agent,” Pediatrics, vol. 116, no. 2, pp.
521-522, 2005.

P. T. Tsai, J. J. Ohab, N. Kertesz et al,, “A critical role
of erythropoietin receptor in neurogenesis and post-stroke
recovery, Journal of Neuroscience, vol. 26, no. 4, pp. 1269—
1274, 2006.

L. Wang, Z. Zhang, Y. Wang, R. Zhang, and M. Chopp, “Treat-
ment of stroke with erythropoietin enhances neurogenesis
and angiogenesis and improves neurological function in rats,”
Stroke, vol. 35, no. 7, pp. 1732-1737, 2004.

P. Villa, J. Van Beek, A. K. Larsen et al., “Reduced functional
deficits, neuroinflammation, and secondary tissue damage

(70]

(71]

(72

(73]

The Scientific World Journal

after treatment of stroke by nonerythropoietic erythropoietin
derivatives,” Journal of Cerebral Blood Flow & Metabolism, vol.
27, no. 3, pp. 552-563, 2007.

J. C. G. Rodriguez and I. S. Teste, “The nasal route as a poten-
tial pathway for delivery of erythropoietin in the treatment of
acute ischemic stroke in humans,” TheScientificWorldJournal,
vol. 9, pp. 970981, 2009.

J. Minnerup, J. Heidrich, A. Rogalewski, W. R. Schibitz, and
J. Wellmann, “The efficacy of erythropoietin and its analogues
in animal stroke models: a meta-analysis,” Stroke, vol. 40, no.
9, pp. 31133120, 2009.

M. Fantacci, P. Bianciardi, A. Caretti et al., “Carbamylated
erythropoietin ameliorates the metabolic stress induced in
vivo by severe chronic hypoxia,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 103,
no. 46, pp. 17531-17536, 2006.

E Fiordaliso, S. Chimenti, L. Staszewsky et al., “A nonerythro-
poietic derivative of erythropoietin protects the myocardium
from ischemia-reperfusion injury,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102,
no. 6, pp. 20462051, 2005.

J. Mintorovitch, G. Y. Yang, H. Shimizu, J. Kucharczyk, P. H.
Chan, and P. R. Weinstein, “Diffusion-weighted magnetic res-
onance imaging of acute focal cerebral ischemia: comparison
of signal intensity with changes in brain water and Na*,K*-
ATPase activity,” Journal of Cerebral Blood Flow & Metabolism,
vol. 14, no. 2, pp. 332-336, 1994.



	Introduction
	Materials and Methods
	Animals
	Surgical Procedure and Spontaneous Exploratory Activity Measurement
	Experimental Animals Groups
	Tissue Preparation
	Histology
	Quantitative Morphological Analysis
	Statistical Analysis


	Results
	Discussion
	Disclosure
	Acknowledgment
	References

