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Erythropoietin delays disease onset in an amyotrophic lateral sclerosis model
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Abstract
Erythropoietin (Epo) has been shown in the recent years to have neuroprotective activity in a variety of settings. In this study, we investigated
its impact on the progression of paralysis in a mouse model simulating the human disorder amyotrophic lateral sclerosis (ALS). We found that Epo
can delay the onset of motor deterioration in transgenic SOD G93A mice without prolonging their survival. Notably this effect was selective for
the females only. These initial findings encourage further investigation of this biological avenue in the search for improved remedies for this fatal
disease.
© 2006 Elsevier Inc. All rights reserved.
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Amyotrophic lateral sclerosis (ALS) is the most common of
neurodegenerative disorders primarily involving motor neurons. It occurs worldwide with an annual incidence ranging
between 1 and 2.5 per 100,000 (2001), primarily affecting
adults, with a mean age of onset between 60 and 65 (2001).
Progressive motor paralysis is the dominant clinical feature,
which most commonly leads to respiratory failure related death
(Sejvar et al., 2005). Despite ongoing research efforts, no
effective therapy for this fatal disease has been discovered to
date, and median survival with best care does not extend beyond
3 years from onset of symptoms (del Aguila et al., 2003).
Several clinical variants of ALS are known, with 10%
representing hereditary forms commonly referred to as familial
ALS (fALS). Around 20% of fALS have been tracked to
mutations in the cytosolic superoxide dismutase (SOD-1) gene.
Over expression of these abnormal genes in mice causes a
progressive clinical disorder that closely simulates central
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features of the human disease, making them useful as models to
be used in research (Gurney et al., 1994).
Contemporary literature suggests that erythropoietin (Epo) is
capable of counteracting a variety of neurodegenerative
processes caused, for example, by excitotoxic injury, oxidative
stress, hypoxia or inflammation (Brines and Cerami, 2005). As
these include mechanisms implicated in the pathogenesis of
ALS (Bruijn et al., 2004), we initiated a study to assess the
potential of Epo to ameliorate the clinical manifestations of the
disease in a relevant animal model.
The animals used for this purpose were transgenic mice
expressing human cytosolic superoxide dismutase (SOD-1)
with a mutation characteristic of a familial form of ALS in
humans. The colony of well-characterized TgN (SOD1-G93A)
Gur transgenic mice (Gurney et al., 1994) obtained from the
Jackson Laboratory (USA) was bred in C57bl mice. At 1 month
of age, offspring were genotyped by PCR analysis to confirm
their transgenic status. The study was approved by the Tel-Aviv
University ethical committee, and the mice were housed and
handled in compliance with local and international regulations.
Four treatment groups were used. Group 1 (n = 6) was
composed of transgenic females treated with placebo. Group 2
(n = 11) consisted of transgenic females treated with Epo. Group
3 (n = 8) was formed of transgenic males treated with placebo.
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Group 4 (n = 9) contained transgenic males treated with Epo.
Subsequently, two additional groups of females (n = 3 each)
treated with Epo and placebo, respectively, were evaluated
histologically.
The treatment consisted of intraperitoneally injected
albumin free erythropoietin beta (Recormon, Roche), which
was administered twice weekly at 1000 U/kg body weight
(8.3 μg/kg). Intraperitoneal injections of saline served as
placebo in the control group. Treatment was started at the age
of 47 days.
The treatment regimen was chosen with the intention of
using a dose higher than the minimal 450 U/kg that had already
demonstrated CNS effects after peripheral administration
(Brines et al., 2000; Erbayraktar et al., 2003), but low enough
to avoid persistent increase of hematocrit with chronic
treatment, to levels liable of causing additional morbidity
(Erbayraktar et al., 2003).
The effect of Epo on the motor function was assessed in
terms of performance on a rotarod task. This was tested prior to
treatment initiation and on the average every 2 weeks thereafter
(range 9–15 days). Care was taken to avoid uneven distribution
of the models into the groups according to their initial
performance. The task consisted of three consecutive trials in
which the mice were placed on the rod and challenged to keep
from falling off as it rotated at 6 revolutions per minute (RPM).
Each trial was continued up to a maximum of 2 min. The
interval between trials was 30 s. This was followed by testing in
an identical manner at 16 RPM. Additional data recorded
include mice body weight, hematocrit level and survival.
For histological evaluation, spinal cords from the last two
female groups (n = 3 each) were extracted at the age of 80 days,
aligned and sectioned transversely at corresponding thoracic
levels. The average number of motor neurons per slice was
calculated based on 10 hematoxylin-and-eosin-stained sections
per mouse.
Statistical analysis of the results was performed on data
regarding the duration of time the mice succeeded to stay on the
rotating cylinder. For each mouse, the average times on the
initial three 16 RPM trials were recorded as 100%, with
subsequent averages represented as percentages of the initial
results. These are presented as mean ± standard errors of the
mean (SEM); p values were calculated using the two-tailed
unpaired Student t-test. In all tests, significance was assigned
when p < 0.05.
It was found that the performance of the Epo-treated females
was significantly better than the placebo-treated controls 29 and
38 days after initiation of treatment (see Fig. 1). The performance of the two groups converged on the following test
53 days after initiation of treatment. The performance of both
male treatment groups was indistinguishable throughout the
experiment (see Fig. 1). Survival data were comparable in all
groups, with females in the Epo-treated group surviving
131 days on the average (range 120–141), 142 days (131–
153) in the control group and the male mice surviving 135 days
in the Epo-treated group (122–141) and 137 days in the control
group (129–149). Testing of a subgroup of mice after 4 weeks
of treatment revealed a significant increase of hematocrit in the
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Fig. 1. Data are charted relative to the baseline performance on the rotarod at
16 RPM. (A) Females treated with erythropoietin continued to perform on the
rotarod significantly better than controls until 53 days after initiation of
treatment. Epo-treated group n = 11; control n = 6. (B) No impact of
erythropoietin was observed on the performance of male models on the rotarod.
Epo-treated group n = 9; control n = 8.

Epo-treated mice as compared to the controls with both males
(control n = 3, Epo n = 4) and females (control n = 3, Epo n = 4)
attaining similar levels (50.8% and 51.2%, respectively). No
effect of treatment on body weight was observed.
The average number of motor neurons per section in thoracic
spinal cord was 3.8 ± 1.22 and 2.4 ± 1.44 in Epo (n = 3)- and
placebo (n = 3)-treated female mice, respectively. This represents a significant difference (p = 0.026) between the two groups
sacrificed at the age of 80 days, at the time corresponding
differences were apparent in the larger group undergoing
functional evaluation.
In summary, the following remarks may be made. The
pathogenesis of neurodegeneration in ALS remains an enigma.
Multiple mechanisms have been implicated by ongoing
research, but their relative importance in the overall process
remains to be determined. Among these may be found oxidative
stress, excitotoxic injury, inflammatory response, mitochondrial
disregulation and apoptosis (Bruijn et al., 2004). Altered
activity of certain cytokines has also been proposed (Lambrechts et al., 2003).
Following the discovery of Epo in the hematopoietic system,
it was identified in the central nervous system along with
associated signal transduction systems (Brines and Cerami,
2005). Further investigations have produced an ever growing
body of evidence in support of Epo's neuroprotective activity,
which is effective in countering many of the processes thought
to contribute to the pathogenesis of ALS (Brines and Cerami,
2005).
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Thus, Epo has been demonstrated to initiate antiapoptotic
signaling, to modulate nitric oxide (NO) production, to protect
neural components from excitotoxic and oxidative radical
species and to possess anti-inflammatory activity in the CNS
(Brines and Cerami, 2005). Furthermore, both the necessary
receptors for interaction with Epo, as well as it's production of
cytoprotective effects, have been demonstrated in spinal motor
neurons and adjacent elements in animal and human samples
(Celik et al., 2002; Siren et al., 2001).
It should be noted that erythropoietin can enhance muscular
performance, primarily with regard to endurance, independently
of any neuroprotective activity (Jelkmann, 2003). This could
provide an alternative or additional explanation of the better
performance observed in the Epo-treated mice.
There are, however, considerations supportive of the claim
that the delay of functional deterioration associated with the Epo
treatment was primarily effected by it's neuroprotective activity.
Notably, the motor deterioration in our model is caused by
neurodegeneration rather than loss of stamina, which may be
influenced by doping with Epo. The marked difference in the
impact of Epo treatment in the actively treated male and female
groups despite the similarity of their hematocrit levels also
argues against the hematopoietic effect being a significant
performance determining factor.
Our histological evaluation of spinal motor neuron count is
insufficient to make a claim regarding the neuroprotective
activity of Epo in our models due to the small size of the sample
and lack of well-correlated data on performance but does justify
entertaining this idea.
With these reservations, we propose that the current study
supports an extension of the range of neuroprotective effects
attributed to Epo to yet another model simulating a human
neurodegenerative disorder. Consolidation of this hypothesis
would mean that once again the systemic administration of Epo
has demonstrated a significant biologic impact on the CNS,
countering concerns regarding its obstruction by the blood brain
barrier (BBB) (Brines and Cerami, 2005).
The differential response of males and females to Epo in our
experiment is remarkable. Similar sex-related variation in the
response of transgenic mutant SOD mice to other neuroprotective interventions has already been reported (Veldink et al.,
2003), and epidemiologic data suggest an impact of gender on
the frequency and course of ALS in humans as well (Haverkamp
et al., 1995). It is possible that this represents a private case of a
more general gender-related difference in the regulation of survival and death of neurons (Li et al., 2005) that has also been
observed in the context of other spinal cord injuries (Farooque
et al., 2006).
The translation of the neuroprotective effects of Epo to the
clinical reality of ALS requires further investigation and
depends primarily on the consolidation of these initial results,
production of evidence in favor of efficacy in humans and lack
of adverse effects.
Epo has already demonstrated clinical efficacy as a neuroprotective agent in the only study to evaluate this aspect of its
activity so far, which tested its use in humans suffering from
acute ischemic stroke (Ehrenreich et al., 2002). It is a widely

available pharmaceutical product with an excellent safety profile
based on extensive experience of use in human subjects
(Sowade et al., 1998).
The apparent constraint on chronic treatment with Epo imposed by excessive erythropoiesis may have several solutions.
For one, the frequency and dosage of treatment may be adjusted
to minimize the rise of the hematocrit. Such an approach may be
supported by identification of concomitant interventions
designed to achieve more neuroprotection. Alternatively,
phlebotomy is an effective intervention to remove excesses of
RBC from the circulation should the need arise and could
possibly contribute to the removal of iron from the system with
theoretical therapeutic effects (Carri et al., 2003). In addition,
novel neuroprotective Epo derivatives have been identified
recently, which are devoid of erythropoietic activity (Brines and
Cerami, 2005; Leist et al., 2004). These represent a source for
eventual agents to provide chronic Epo-related neuroprotection.
Based on our preliminary findings, further studies probing
alternative treatment schedules and combinations with additional neuroprotective interventions are warranted. These could
lead to the development of therapeutic protocols with potential
for clinical application.
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