
Focal Brain Ischemia and Erythropoietin

Prague Medical Report / Vol. 115 (2014) No. 1–2, p. 5–15 5)

Effects of a Single Dose of Erythropoietin  
on Motor Function and Cognition  
after Focal Brain Ischemia in Adult Rats 
Michaela Hralová1, Eva Plaňanská2, Yvona Angerová3,  
Andrea Jadwiszczoková1, Jana Bortelová1,  
Marcela Lippertová-Grünerová3,4, Dana Marešová1

1Institute of Physiology, First Faculty of Medicine, Charles University in Prague, 
Prague, Czech Republic;
2Department of Neurology, First Faculty of Medicine, Charles University  
in Prague and General University Hospital in Prague, Prague, Czech Republic;
3Department of Rehabilitation Medicine, First Faculty of Medicine, Charles 
University in Prague and General University Hospital in Prague, Prague,  
Czech Republic;
4Faculty of Medicine, University of Cologne, Cologne, Germany

Rece ived November  21 , 2013 ; Accepted Apr i l  4 , 2014 .

Key words: Rats – Endothelin – Erythropoietin – Focal brain ischemia – Motor 
and cognitive function

Abstract: We tested the influence of erythropoietin (EPO), a basic cytokine in 
erythropoiesis regulation, on the process of motor function and cognition after 
focal brain ischemia induced by a local application of endothelin. Endothelin-1 
(ET-1) induced short lasting strong vasoconstriction, with described impact on 
the structure and on the function of neuronal cells. Neurological description of 
motor function and Morris water maze test (the swimming test is one of most 
widely used methods for studying cognitive functions in rodents) were used to 
study the process of learning and memory in three-month-old male albino Wistar 
rats (n=52). Both tests were performed one week before, and three weeks after 
ischemia induction (endothelin application on the cortex in the area of a. cerebri 
media dx.). Experimental group received i.p. injection of EPO (5,000 IU/kg body 
weight, 10 min before endothelin application). Control group of animals received 
one i.p. injection of saline at the dose of 1 ml/kg body weight at the same time. 
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Only sham surgery was performed in the third group of animals. Rats with EPO 
pretreatment before the experimental lesion exhibited significantly better motor 
and cognitive function then those with saline injection. No significant changes in 
the motor and cognitive function were found in the third group of rats (sham 
operated controls).

Introduction
Vascular brain disease is the third most frequent cause of death in humans after 
cancer and heart attack (Strong et al., 2007; Roger et al., 2012). Biochemical and 
pathophysiological consequences of the lesion lead to the damage and/or cell death. 
When the patients do not die, they are severely disabled (motor, e.g. hemiparesis, 
cognitive, e.g. defects in concentration and learning ability). This disability often 
requires lifelong care, which is physically, psychologically and economically very 
demanding. More-over the risk of disease recurrence is very high (Tateno et al., 
2002; Visser-Keizer et al., 2002).

Functional changes occur within a period of hours to days (or even months) and 
provide a window of opportunity for therapeutic intervention with the potential to 
prevent or reduce damage and to improve long-term outcomes.

In animals, one of models of focal brain ischemia is the local application of 
endothelin-1 (ET-1). This peptide, a potent vasoconstrictor, is produced by vascular 
endothelial cells. ET-1 locally applied induces short-lasting vasoconstriction and 
blood flow diminution (cca 20 min) with slow restoration of the blood flow (Sicard 
and Fischer, 2009).

Erythropoietin (EPO)
The naturally occurring cytokine erythropoietin (EPO) is widely known as a factor 
stimulating maturation, differentiation and survival of hematopoietic progenitor 
cells (Xiong et al., 2008). More-over EPO has been recently shown to be 
neuroprotective in the brain following a variety of injuries (cerebral ischemia, head 
injury, seizures, inflammation etc.) (Marti, 2004; Sargin et al., 2011).

Erythropoietin is a glycoprotein, whose molecule is formed by 164 amino acids 
and is strongly glycosylated – about 40% of its weight comprises carbohydrates 
joined to asparagine and serine. In humans, EPO is coded at the 7th chromosome, 
which is exprimed in adults especially in peritubular interstitial fibroblasts in the 
kidneys (about 90% of EPO production) and perivenous hepatocytes in the liver 
(about 10% of EPO production) (Lacombe and Mayeux, 1998; Semenza, 2001).

Biological effects of EPO are mediated by EPO receptors (EPOR), which are 
localized on the target cell’s surface. Binding of EPO to its receptor induces 
dimerization of receptors subunits, activation of Janus kinase 2 (Janus-tyrosin-
kinasa 2, JAK 2) and signal transduction. Through this process, the active 
transcription factor STAT 5 (signal transducer and activator of transcription) is created. 
Its dimer penetrates into the cell nucleus and is able to bind to certain DNA 
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sequences and influence the genes necessary for specific proteins synthesis and 
resultant cell differentiation (Jelkmann, 2004; Sola et al., 2005; Sargin et al., 2011).

Besides affecting red blood cells development, EPO also plays an important role 
in many other processes, such as multifunctional growth factor in the nervous 
system and heart. The erythropoietin receptors can be found on neurons, glial cells, 
endothelial cells and also on cardiomyocytes. Activated EPORs exert anti-apoptotic 
effects (as in erythropoiesis regulation), neuroregenerative and anti-inflammatory 
effects, and the stimulation of angiogenesis (Marti et al., 2000; Buemi et al., 2002; 
Marti, 2004; Sola et al., 2005; Paschos et al., 2008).

Therefore we hypothesized that EPO given to rats before the focal brain hypoxia 
were induced by endothelin-1 application, could influence the final outcome of 
their motor and cognitive functions.

Material and Methods
Animals
This study was performed in accordance with the Guide for Care and Use 
of Laboratory Animals of Central Commission for Animal Welfare (CCAW) of 
the Charles University in Prague. All efforts were used to minimize the animal 
discomfort and to reduce the total number of experimental animals.

Fifty-two male 3-month-old Wistar albino rats from our own breeding facility 
were used in this study. Animals were maintained in a temperature controlled room 
(20–23 °C), on a 12 h light/dark cycle, with commercial rat chow (Velas F1, Velas 
s.r.o., Lysá nad Labem, Czech Republic) and fresh water available ad libitum. The 
animals were tested between 14:00 and 16:00 h.

Model of experimental cerebral lesion
The experimental cerebral lesion was performed under general inhalation 
anesthesia, using isofluorane (Forane, inh. sol., isofluranum, Abbot Laboratories Ltd., 
Great Britain).

bregma
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* Location:  
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Figure 1 – Schema of craniotomy and location 
of drug application.
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The entire procedure lasted approximately 25 minutes.
The sedated animal was restrained within a stereotaxic frame, the skin was 

cleared, disinfected and a longitudinal cutaneous incision was made in the middle 
of the head (1.0–1.5 cm long). The skull was exposed and cranial sutures were 
used as landmarks for location of the drilling site (Figure 1). An electric drill was 
used to create a small (about 1.0 mm in diameter) hole in dexter part of the 
skull (AP – 2 mm, L – 2 mm). Dura mater covering the surface of the brain at the 
bottom of the craniotomy was gently removed. Through this opening in the skull, 
we applied the whole amount of endothelin-1 (ET-1) in 4.6 µl of solution in special 
schedule, which allowed the solution to be completely absorbed by the brain 
tissue. After this part of surgery, we gently stitched the incision and terminated the 
anaesthesia. We removed the animal from the frame and placed it on a warm cover, 
where further observations were conducted.

Drugs
Experimental animals were randomly divided in three groups. First experimental 
group (n=15) was administered by intraperitoneal (i.p.) injection of EPO 
(NeoRecormon – Epoetinum beta, Roche, 5,000 IU/ml, Great Britain) at a dose of 
5,000 IU/kg body weight 10 minutes before the endothelin-1 application. Instead 
of EPO, the second – control group (n=21) received one i.p. injection of pure saline 
(Natrium Chloratum, sol. isotonica, Hoechst-Biotika, Germany) in the same time. 
In third group (n=16) only sham surgery was utilized.

Testing of motor functions
In this observation spontaneous motor activity (behavior of freely moving animals) 
and provoked motor activity (for example beam balance, beam walking, rotary 
wheel etc.) were evaluated, as well as changes in behavior and eating habits. 
Maximum number of points in this testing was is 288. This Neuroscore was made 
according to Neuroscore 100 in rats (Thal et al., 2008).

Morris water maze (MWM) – Testing of cognitive functions
This maze was developed by Richard Morris and described by him in the early 
1980s for neurobehavioral studies involving the testing of the spatial memory and 
learning ability in animals: the animal is placed into a circular pool of water and 
it is required to escape from the water on a small platform that is hidden under 
the water’s surface. Improved performance in finding of the target is possible due 
to learning and spatial memory of the rat. The learning ability is evaluated mainly 
in two aspects – escape latency (in seconds) and path length (in meters). The 
movements of rats were recorded by a video camera connected to a computer 
running the program ANY MAZE (ANY MAZE, Stoelting Co., USA) (Klement et al., 
2008; Hralová et al., 2011).
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Timeline of experimental procedures
The whole study took 33 days to complete. The assessment was divided into two 
parts.

Part I. Motor function assessment
In this part was provided the evaluation of motor function in rats. Motor function 
assessments were made on days 8 (two days before experimental focal ischemia), 
11 (acute effect), 15, 22 and 29 (long-term effects) of the study. These dates 
correspond to the 1st, 5th, 12th, and 19th day following the experimentally induced 
focal brain ischemia (Figure 2).

Part II. Cognitive function assessment
Cognitive functions were assessed using a Morris water maze. The rats were given 
three training periods. Each period consisted of five consecutive days, of eight trials 
per day, in the MWM.

The first training period started the first day of the study (before the focal brain 
ischemia), the second period occurred from days 15 to 19 (5th–9th day following 
the ischemia), the final period was led from days 29 to 33 (19th–23rd day following 
the ischemia) (Figure 2).

Hematocrit
As a control measurement of erythrocyte concentration we measured hematocrit 
from the venous tail blood in all rats groups.

Statistics
A Shapiro-Wilk test revealed that our data deviate from the assumption of 
normality and thus the nonparametric Mann-Whitney rank-sum test was used to 
compare experimental and control groups. The Mann-Whitney test compares ranks 

1st Period

1
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Before ET-1 appl.
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After ET-1 appl.

Application of ET-1
Application of EPO/Saline i.p.

2nd Period 3rd Period

Days of experiment

Figure 2 – Timeline of experimental procedures.
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rather than mean values and is the nonparametric alternative to the t test for two 
independent groups. Statistical significance was set at p<0.05.

Results
Part I. Motor function assessment
Motor functions that were assessed included (spontaneous motor activity, 
provoked motor activity, and changes in behavior and eating).

The rats treated with EPO eventually exhibited better motor outcomes, but not 
until after the 1st day after a focal ischemia (acute effect of EPO). Analyses of the 
long-term effects (5th, 12th and 19th day following ischemia) shoved that rats treated 
with EPO had significantly higher behavioral scores than rats that received only 
saline (p<0.05 or 0.01, Figure 3).

Part II. Cognitive function assessment
Escape latency
The significant differences between both groups – in rats treated EPO and in rats 
administrated only by saline, were revealed (p<0.05 for all test days, p<0.01 or 
0.001 in most cases). The rats treated with EPO found the target much faster and 
remembered position of hidden island statistically significantly better (even better 
than before experimental ischemia) than the rats administrated only by saline 
(Figure 4).

Figure 3 – Motor functions – general evaluation.
Gray column (C) – animals before ET-1 application; white columns – animals treated with saline; black columns – 
animals treated with EPO; arrow – day of ET-1 application; X-axis – days after ET-1 application; Y-axis – number 
of points (maximal number of points reached by each animal when summarized; total number of points is 288); 
*p<0.05
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Path length
The significant differences between both groups – in rats treated EPO and in rats 
administrated only by saline, were very similar as the evaluation of escape latency. 
The path length was statistical significantly shorter (better than before focal 
ischemia) in the rats treated by EPO then in the rats administrated only by saline. 
The rats injected only by saline were in latencies in all monitored days worth even 
in comparison with time before ischemia.
No statistical changes were registered in the group only with sham surgery in 
correlation with results before ET-1 application and after ET-1 application both 
EPO and saline injection.

Hematocrit
The rats treated with EPO possessed significant higher level of hematocrit only on 
the 1st and 5th day after focal ischemia. During later periods, however, there were 

Figure 4 – Cognitive functions – escape latency. Figure 4A – First period (before ET-1 application).  
Figure 4B – Second period (after ET-1 application). Figure 4C – Third period (after ET-1 application).
Gray columns – animals before ET-1 application; white columns – animals treated with saline; black columns  
– animals treated with EPO; X-axis – days of experiment; Y-axis – escape latency; *p<0.05; **p<0.01; 
***p<0.001
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no differences between hematocrit level between experimental and control groups. 
More-over, all hematocrit measures were within normal physiological ranges 
(HTC = 0.54–0.63).

Discussion
Vascular brain disease, mainly stroke, is a very serious disease, which causes 
different morphological and functional changes in the brain. Treatment of 
surviving human patients is very complicated and demanding. The lifelong 
care of those severely sick and disabled patients is physically, psychologically 
and economically very difficult and demanding. More over the risk of disease 
recurrence is very high (Sveen et al., 2003; Murphy et al., 2004). Long-term 
prognoses are often poor (especially in terms of cognitive functions) in spite 
of using different neuro-rehabilitation methods (Lippert-Grüner et al., 2007; 
Fitzgerald et al., 2010).

No measures for targeted neuroprotection currently exist. Studies seeking 
a neuroprotective agent have tested a variety of pharmacological agents (e.g. 
amphetamine, dopamine) but these have been ruled out, partly due to severe 
side effects. The only current method for stimulating cerebral reorganization and 
plasticity entails neurorehabilitation involving repetitive magnetic stimulation of 
motor cortex in association with mental training. However, the results of such 
neurorehabilitation are limited, and many patients retain motor and cognitive 
handicaps (Gauggel et al., 2000; Morrison et al., 2005).

The purpose of the present study was to evaluate the potential of a novel 
neuroprotective and neuroreparatory methodology for stroke therapy. The stroke 
condition was experimentally induced via application of ET-1 in the area a. cerebri 
med. dx. of the brain cortex – a methods that closely mimics the pathology of 
stroke in humans, more-over very similar are morphological changes in brain tissue 
as well (Mareš, 1995; Fuxe et al., 1997).

EPO administration was chosen for the experimental treatment due to evidence 
of its neuroprotective, neuroregenerative and antiinflammatory effects (Marti, 2004; 
Xiong et al., 2008; Osredkar et al., 2010; Cherian et al., 2011).

Our results support a notion of EPO as neuroprotective since a single EPO dose 
enhanced both motor and cognitive functioning in rats after experimental focal 
brain ischemia, relative to control subjects that were administrated only saline. 
General behavioral activity levels were also higher in the EPO-treated rats than in 
control subjects.

Here we would like to emphasize that the neuroprotective actions of EPO 
require the presence of its cognate receptor. Erythropoietin receptors have indeed 
been found in the brain of numerous mammals including humans (Digicaylioglu 
et al., 1995).

EPO (induced by hypoxia) is considered to have a key role in the enhancement 
of brain robustness to hypoxia (Sharp and Bernaudin, 2004). Human recombinant 
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EPO (r-Hu-EPO) could be considered as enviro-mimetic, defined as any 
exogenous molecule that mimics the beneficial effects of environmental changes 
(Nithianantharajan and Hannan, 2006). There is a concept that the optimization of 
the effect of a neuroprotective agent may require the preliminary induction of its 
targeted receptor (Lipton, 2007).

EPO acts in the CNS primarily as a direct protective factor in neurons via the 
activation of anti-apoptotic pathways. Of course, this effect on neurons could be 
supported by their direct actions of EPO and other growth factors on endothelial 
cells, thereby resulting in cell survival and stimulation of new blood vessel growth 
as well as on glial cells leading to modulation of pathological responses (Marti, 
2004).

A milestone in the history of biological activities of EPO was the paper of Brines 
et al. (2000) who demonstrated that cross-talk between peripheral and central 
EPO systems is possible, mainly in injured tissue, where the blood brain barrier 
(BBB) is breached.

At that time, it was not known how EPO mediates its effects across the BBB,  
but the observations were consistent with the specific receptor-mediated 
translocation of EPO into the brain (Brines et al., 2000, 2004; Brines and Cerami, 
2008).

Presents of EPO and EPO receptors (EPOR) in the central nervous system 
and cerebrospinal fluid was discovered only later, explaining the hypoxia/ischemia 
responsive production of EPO acts as neurotropic and neuroprotective factor 
(Buemi et al., 2002).

Recent researches show, that in brain tissue, EPO is highly expressed in 
astrocytes while neurons express EPOR. After brain injury EPO acts via a 
non-hematopoietic protective pathway, via regulation of neurotropic factors with 
antiapoptotic, antiinflammatory, and angiogenetic properties (Hartley et al., 2008; 
Mammis et al., 2009; Xu et al., 2012).

Results of our research support the hypothesis that EPO can influence 
the long-term impairment of motor and cognitive functions, as well as the 
general behavior, in rats experimentally exposed to focal ischemia. More-over, 
since long-term hematocrit levels were normal, we can conclude that the 
EPO-induced benefits are not due to higher levels of circulating erythrocytes and 
accompanying partial pressures of oxygen at target tissues, but represent the direct 
neuroprotective effects of EPO.

In conclusion we can pronounce that the application of erythropoietin has 
positive effects on motor and cognitive function in adult rats exposed to focal 
brain ischemia by endothelin-1 application at the area of a. carotis media dx.
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