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ABSTRACT 

Methods are described for the production of neurons or 
neuronal progenitor cells. Multipotent neural stem cells are 
proliferated in the presence of groWth factors and erythro 
poietin Wh1Ch induces the generation of neuronal progenitor 
cells. The erythropoietin may be eXogenously applied to the 
rnultipotent neural stem cells, or alternatively, the cells can 
be subjected to hypoXic insult Wh1Ch induces the cells to 
express erythropoietin. 
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HYPOXIA-MEDIATED NEUROGENESIS 

FIELD OF THE INVENTION 

[0001] This invention relates to methods of in?uencing 
multipotent neural stem cells to produce progeny that dif 
ferentiate into neurons by exposing the stem cells and their 
progeny to erythropoietin. 

BACKGROUND OF THE INVENTION 

[0002] Neurogenesis in mammals is complete early in the 
postnatal period. Cells of the adult mammalian CNS have 
little or no ability to undergo mitosis and generate neW 
neurons. While a feW mammalian species (eg rats) exhibit 
the limited ability to generate neW neurons in restricted adult 
brain regions such as the dentate gyrus and olfactory bulb 
(Kaplan, J. Comp. Neurol., 1951323, 1981; Bayer, NY. 
Acad. Sci., 4571163, 1985), the generation of neW CNS 
neurons in adult primates does not normally occur (Rakic, 
Science, 22711054, 1985). This inability to produce neW 
nerve cells in most mammals (and especially primates) may 
be advantageous for long-term memory retention; hoWever, 
it is a distinct disadvantage When the need to replace lost 
neuronal cells arises due to injury or disease. 

[0003] The role of stem cells in the adult is to replace cells 
that are lost by natural cell death, injury or disease. Until 
recently the loW turnover of cells in the mammalian CNS 
together With the inability of the adult mammalian CNS to 
generate neW neuronal cells in response to the loss of cells 
folloWing injury or disease had led to the assumption that the 
adult mammalian CNS does not contain multipotent neural 
stem cells. The critical identifying feature of a stem cell is 
its ability to exhibit self-reneWal or to generate more of 
itself. The simplest de?nition of a stem cell Would be a cell 
With the capacity for self-maintenance. Amore stringent (but 
still simplistic) de?nition of a stem cell is provided by Potten 
and Loef?er (Development, 11011001, 1990) Who have 
de?ned stem cells as “undifferentiated cells capable of a) 
proliferation, b) self-maintenance, c) the production of a 
large number of differentiated functional progeny, d) regen 
erating the tissue after injury, and e) a ?exibility in the use 
of these options.” 

[0004] CNS disorders encompass numerous af?ictions 
such as neurodegenerative diseases (eg AlZheimer’s and 
Parkinson’s), acute brain injury (e.g. stroke, head injury, 
cerebral palsy) and a large number of CNS dysfunctions 
(e.g. depression, epilepsy, and schiZophrenia). Degeneration 
in a brain region knoWn as the basal ganglia can lead to 
diseases With various cognitive and motor symptoms, 
depending on the exact location. The basal ganglia consists 
of many separate regions, including the striatum (Which 
consists of the caudal and putamen), the globus pallidus, the 
substantia nigra, substantia innominate, ventral pallidum, 
nucleus basalis of Meynert, ventral tegmental area and the 
subthalamic nucleus. Many motor de?cits are a result of 
neuronal degeneration in the basal ganglia. Huntington’s 
Chorea is associated With the degeneration of neurons in the 
striatum, Which leads to involuntary jerking movements in 
the host. Degeneration of a small region called the subtha 
lamic nucleus is associated With violent ?inging movements 
of the extremities in a condition called ballismus, While 
degeneration in the putamen and globus pallidus is associ 
ated With a condition of sloW Writhing movements or 
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athetosis. Other forms of neurological impairment can occur 
as a result of neural degeneration, such as cerebral palsy, or 
as a result of CNS trauma, such as stroke and epilepsy. 

[0005] In recent years neurodegenerative disease has 
become an important concern due to the expanding elderly 
population Which is at greatest risk for these disorders. 
These diseases, Which include AlZheimer’s Disease and 
Parkinson’s Disease, have been linked to the degeneration of 
neuronal cells in particular locations of the CNS, leading to 
the inability of these cells or the brain region to carry out 
their intended function. In the case of AlZheimer’s Disease, 
there is a profound cellular degeneration of the forebrain and 
cerebral cortex. In addition, upon closer inspection, a local 
iZed degeneration in an area of the basal ganglia, the nucleus 
basalis of Meynert, appears to be selectively degenerated. 
This nucleus normally sends cholinergic projections to the 
cerebral cortex Which are thought to participate in cognitive 
functions including memory. In the case of Parkinson’s 
Disease, degeneration is seen in another area of the basal 
ganglia, the substantia nigra par compacta. This area nor 
mally sends dopaminergic connections to the dorsal striatum 
Which are important in regulating movement. Therapy for 
Parkinson’s Disease has centered upon restoring dopamin 
ergic activity to this circuit through the use of drugs. 

[0006] In addition to neurodegenerative diseases, acute 
brain injuries often result in the loss of neurons, the inap 
propriate functioning of the affected brain region, and sub 
sequent behavior abnormalities. 

[0007] To date, treatment for CNS disorders has been 
primarily via the administration of pharmaceutical com 
pounds. Unfortunately, this type of treatment has been 
fraught With many complications including the limited abil 
ity to transport drugs across the blood-brain barrier and the 
drug-tolerance Which is acquired by patients to Whom these 
drugs are administered long-term. For instance, partial res 
toration of dopaminergic activity in Parkinson’s patients has 
been achieved With levodopa, Which is a dopamine precur 
sor able to cross the blood-brain barrier. HoWever, patients 
become tolerant to the effects of levodopa, and therefore, 
steadily increasing dosages are needed to maintain its 
effects. In addition, there are a number of side effects 
associated With levodopa such as increased and uncontrol 
lable movement. 

[0008] Recently, the concept of neurological tissue graft 
ing has been applied to the treatment of neurological dis 
eases such as Parkinson’s Disease. Neural grafts may avert 
the need not only for constant drug administration, but also 
for complicated drug delivery systems Which arise due to the 
blood-brain barrier. HoWever, there are limitations to this 
technique as Well. First, cells used for transplantation Which 
carry cell surface molecules of a differentiated cell from 
another host can induce an immune reaction in the host. In 
addition, the cells must be at a stage of development Where 
they are able to form normal neural connections With 
neighboring cells. For these reasons, initial studies on neu 
rotransplantation centered on the use of fetal cells. Several 
studies have shoWn improvements in patients With Parkin 
son’s Disease after receiving implants of fetal CNS tissue. 
Implants of embryonic mesencephalic tissue containing 
dopamine cells into the caudal and putamen of human 
patients Was shoWn by Freed et al. (NEnglJMed 32711549 
1555 (1992)) to offer long-term clinical bene?t to some 
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patients With advanced Parkinson’s Disease. Similar success 
Was shown by Spencer et al. (N Engl] Med 327:1541-1548 
(1992)). Widner et al. (NEnglJMea' 327:1556-1563 (1992)) 
have shown long-term functional improvements in patients 
With MPTP-induced Parkinsonism that received bilateral 
implantation of fetal mesencephalic tissue. PerloW, et al. 
describe the transplantation of fetal dopaminergic neurons 
into adult rats With chemically induced nigrostriatal lesions 
in “Brain grafts reduce motor abnormalities produced by 
destruction of nigrostriatal dopamine system,”Science 
204:643-647 (1979). These grafts shoWed good survival, 
axonal outgroWth and signi?cantly reduced the motor abnor 
malities in the host animals. 

[0009] While the studies noted above are encouraging, the 
use of large quantities of aborted fetal tissue for the treat 
ment of disease raises ethical considerations and political 
obstacles. There are other considerations as Well. Fetal CNS 
tissue is composed of more than one cell type, and thus is not 
a Well-de?ned source of tissue. In addition, there are serious 
doubts as to Whether an adequate and constant supply of 
fetal tissue Would be available for transplantation. For 
example, in the treatment of MPTP-induced Parkinsonism 
(Widner supra) tissue from 6 to 8 fresh fetuses Were required 
for implantation into the brain of a single patient. There is 
also the added problem of the potential for contamination 
during fetal tissue-preparation. Moreover, the tissue may 
already be infected With a bacteria or virus, thus requiring 
expensive diagnostic testing for each fetus used. HoWever, 
even diagnostic testing might not uncover all infected tissue. 
For example, the diagnosis of HIV-free tissue is not guar 
anteed because antibodies to the virus are generally not 
present until several Weeks after infection. 

[0010] While currently available transplantation 
approaches represent a signi?cant improvement over other 
available treatments for neurological disorders, they suffer 
from signi?cant draWbacks. The inability in the prior art of 
the transplant to fully integrate into the host tissue, and the 
lack of availability of neuronal cells in unlimited amounts 
from a reliable source for grafting are, perhaps, the greatest 
limitations of neurotransplantation. A Well-de?ned, repro 
ducible source of neural cells has recently been made 
available. It has been discovered that multipotent neural 
stem cells, capable of producing progeny that differentiate 
into neurons and glia, exist in adult mammalian neural 
tissue. (Reynolds and Weiss, Science 255:1707 (1992)). 
Methods have been provided for the proliferation of these 
stem cells to provide large numbers of neural cells that can 
differentiate into neurons and glia (See. US. Pat. No. 
5,750,376, and International Application No. WO 
93/01275). Various factors can be added to neural cell 
cultures to in?uence the make-up of the differentiated prog 
eny of multipotent neural stem cell progeny, as disclosed in 
published PCT application W0 94/ 10292. Additional meth 
ods for directing the differentiation of the stem cell progeny 
Would be desirable. 

SUMMARY OF THE INVENTION 

[0011] A method of producing neurons or neuronal pro 
genitor cells Which can be used for transplantation or other 
purposes is described. The method comprises inducing mul 
tipotent neural stem cells to produce neuronal progenitor 
cells by proliferating the multipotent neural stem cells in the 
presence of groWth factors and erythropoietin. The erythro 
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poietin may originate from the population of neural cells by 
subjecting the cells to hypoxic insult Which induces neural 
cells to express erythropoietin. Alternatively, the erythro 
poietin may be provided exogenously. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0012] As used herein, the term multipotent or oligopotent 
neural stem cell refers to an undifferentiated cell Which is 
capable of self-maintenance. Thus, in essence, a stem cell is 
capable of dividing Without limit. The non-stem cell progeny 
of a multipotent neural stem cell are termed “progenitor 
cells.” A distinguishing feature of a progenitor cell is that, 
unlike a stem cell, it has limited proliferative ability and thus 
does not exhibit self-maintenance. It is committed to a 
particular path of differentiation and Will, under appropriate 
conditions, eventually differentiate. A neuronal progenitor 
cell is capable of a limited number of cell divisions before 
giving rise to differentiated neurons. A glial progenitor cell 
likeWise is capable of a limited number of cell divisions 
before giving rise to astrocytes or oligodendrocytes. A 
neural stem cell is multipotent because its progeny include 
both neuronal and glial progenitor cells and thus is capable 
of giving rise to neurons, astrocytes, and oligodendrocytes. 

[0013] Various factors can be added to neural cell cultures 
to in?uence the make-up of the differentiated progeny of 
multipotent neural stem cell progeny, as disclosed in W0 
94/ 10292. It has noW been found that erythropoietin (EPO), 
a hormone thought to in?uence the differentiative pathWay 
of hematopoietic stem cells andlor their progeny, can 
increase the number of neuronal progeny that are generated 
from proliferated multipotent neural stem cells. Multipotent 
neural stem cells proliferated in the presence of EPO pro 
duce a greater percentage of neuronal progenitor cells than 
multipotent neural stem cells proliferated in the absence of 
EPO. 

[0014] Multipotent neural stem cells can be obtained from 
embryonic, juvenile, or adult mammalian neural tissue (e.g. 
mouse and other rodents, and humans and other primates) 
and can be induced to proliferate in vitro or in vivo using the 
methods disclosed in published PCT application WO 
93/01275 and US. Pat. No. 5,750,376. Brie?y, the admin 
istration of one or more groWth factors can be used to induce 
the proliferation of multipotent neural stem cells. Preferred 
proliferation-inducing groWth factors include epidermal 
groWth factor (EGF), amphiregulin, acidic ?broblast groWth 
factor (aFGF or FGF-l), basic ?broblast groWth factor 
(bFGF or FGF-2), transforming groWth factor alpha 
(TGFot), and combinations thereof. For the proliferation of 
multipotent neural stem cells in vitro, neural tissue is dis 
sociated and the primary cell cultures are cultured in a 
suitable culture medium, such as the serum-free de?ned 
medium described in Example 1. A suitable proliferation 
inducing groWth factor, such as EGF (20 ng/ml) is added to 
the culture medium to induce multipotent neural stem cell 
proliferation. 

[0015] In the absence of substrates that promote cell 
adhesion (e.g. ionically charged surfaces such as poly-L 
lysine and poly-L-ornithine coated and the like), multipotent 
neural stem cell proliferation can be detected by the forma 
tion of clusters of undifferentiated neural cells termed “neu 
rospheres”, Which after several days in culture, lift off the 
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?oor of the culture dish and ?oat in suspension. Each 
neurosphere results from the proliferation of a single mul 
tipotent neural stem cell and is comprised of daughter 
multipotent neural stem cells and neural progenitor cells. 
The neurospheres can be dissociated to form a suspension of 
undifferentiated neural cells and transferred to fresh groWth 
factor containing medium. This re-initiates proliferation of 
the stem cells and the formation of neW neurospheres. In this 
manner, an unlimited number of undifferentiated neural stem 
cell progeny can be produced by the continuous culturing 
and passaging of the cells in suitable culture conditions. 

[0016] Various procedures are disclosed in W0 94/ 10292 
and US. Pat. No. 5,750,376 Which can be used to induce the 
proliferated neural stem cell progeny to differentiate into 
neurons, astrocytes and oligodendrocytes. To increase the 
number of neuronal progenitor cells that are produced by the 
multipotent neural stem cells, the proliferating stem cells 
can be exposed to EPO. The EPO can be exogenously added 
at concentrations from about 0.1 to 10 units/ml. Alterna 
tively, the neural cells can be induced to express endogenous 
EPO by subjecting the cells to hypoxic insult. Subsequent 
differentiation of the progenitor cell progeny results in at 
least a tWo-fold increase in the numbers of neurons gener 
ated compared to progeny of stem cells that have not been 
exposed to EPO, as evidenced by immunocytochemical 
analysis. Differentiation of cells that have not been exposed 
to endogenously added EPO or hypoxic insult typically 
results in a population of cells containing about 3% neurons. 
The percentage of neurons increases to about 6% With 
hypoxia treatment, and to about 10% With exposure to 
exogenous EPO, With the percentage of astrocytes and 
oligodendrocytes remaining about the same as the control 
populations. 
[0017] Washout experiments, in Which the groWth factor/ 
EPO medium is removed after 24 hours and changed to 
regular groWth factor-containing medium, reveals that the 
EPO instructs the stem cells prior to their ?rst cell division, 
to produce more neurons. The continued presence of EPO 
after the initial 24 hours does not result in a further increase 
in the numbers of neurons over cultures subjected to EPO for 
a 24 hour period. 

[0018] The ability to manipulate the fate of the differen 
tiative pathWay of the multipotent neural stem cell progeny 
to produce more neuronal progenitor cells and neurons is 
bene?cial. Cell cultures that contain a higher percentage of 
neuronal progenitor cells and/or neurons Will be useful for 
screening the effects of various drugs and other agents on 
neuronal cells. Methods for screening the effect of drugs on 
cell cultures are Well knoWn in the art and are also disclosed 
in US. Pat. No. 5,750,376. 

[0019] Cell cultures With an enriched neuronal-progenitor 
cell and/or neuron population can be used for transplantation 
to treat various neurological injuries, diseases or disorders. 
The neuronal progenitor cells or neurons or a combination 
thereof can be harvested and transplanted into a patient 
needing neuronal augmentation. Neuronal progenitor cells 
are particularly suitable for transplantation because they are 
still undifferentiated and, unlike differentiated neurons, there 
are no branched processes Which can be damaged during 
transplantation procedures. Once transplanted, the neuronal 
progenitor cells differentiate in situ into neW, functioning 
neurons. Suitable transplantation methods are knoWn in the 
art and are disclosed in US. Pat. No. 5,750,376. 
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[0020] Alternatively, a patient’s endogenous multipotent 
neural stem cells could be induced to proliferate in situ to 
produce neuronal progenitor cells by administering to the 
patient a composition comprising one or more groWth fac 
tors Which induces the patient’s neural stem cells to prolif 
erate and EPO Which instructs the proliferating neural stem 
cells to produce neuronal progenitor cells Which eventually 
differentiate into neurons. Suitable methods for administer 
ing a composition to a patient Which induces the in situ 
proliferation of the patient’s stem cells are disclosed in US. 
Pat. No. 5,750,376. 

[0021] All cited references, patents and applications are 
herein incorporated in their entireties by reference. 

EXAMPLE 1 

[0022] Multipotent Neural System Cell Proliferation 

[0023] Striata from 14-day-old mouse embryos Were 
removed using sterile procedure. Tissue Was mechanically 
dissociated into serum-free medium composed of a 1:1 
mixture of Dulbecco’s modi?ed Eagle’s medium (DMEM) 
and F-12 nutrient (Gibco). Dissociated cells Were centri 
fuged, the supernatant aspirated, and the cells resuspended at 
a concentration of about 1><105 cell/ml in a serum-free 
medium, referred to herein as “complete medium” com 
posed of DMEM/F-12 (1:1) including glucose (0.6%), 
glutamine (2 pM), sodium bicarbonate (3 mM), and HEPES 
(4-[2hydroxyethyl]-1-piperaZineethaesulfonic acid) buffer 
(5 mM) (all from Sigma except glutamine [Gibco]). A 
de?ned hormone mix and salt mixture (Sigma) that included 
insulin (25 pig/ml), transferrin (100 pig/ml), progesterone (20 
nM), putrescine (60 pM), and selenium chloride (30 nM) 
Was used in place of serum. The complete medium Was 
supplemented With 20 ng/ml of EGF (Collaborative 
Research). Cells Were seeded in a T25 culture ?ask and 
housed in an incubator at 37° C., 100% humidity, 95% 
air/5% CO2. Stem cells Within the cultures began to prolif 
erate Within 3-4 days and due to a lack of substrate lifted off 
the ?oor of the ?ask and continued to proliferate in suspen 
sion forming neurospheres. 

EXAMPLE 2 

[0024] Hypoxia-induced Neurogenesis 
[0025] After 6 days in vitro primary neurospheres formed 
using the methods described in Example 1 Were dissociated 
and Were replated in EGF-containing medium. After 24 
hours, the cells Were exposed to a modest hypoxic insult by 
decreasing the concentration of oxygen in the culture 
medium for varying lengths of time (from 1 to 12 hours) 
from normal levels of 135 mmHg to 30-40 mmHg. The cells 
Were then cultured in the EGF-containing complete medium 
described in Example 1 in 95% air/5% CO2 for 7 days. 
Hypoxia did not prevent multipotent neural stem cell pro 
liferation, as evidenced by the formation of secondary 
neurospheres. The number of progeny produced from 
hypoxia-treated stem cells Was the same as that in control 
cultures not subjected to hypoxic insult. 

[0026] Secondary neurospheres generated from untreated 
or hypoxia-treated stem cells Were dissociated into single 
cells and induced to differentiate by plating betWeen 0.5 X106 
and 1.0><106 cells onto poly-L-ornithine-coated (15 pig/ml) 
glass coverslips in 24 Well Nuclon (1.0 ml/Well) culture 
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dishes in EGF-free complete medium optionally supple 
mented With 1% PBS. After 7 days, the cells Were assayed 
using immunocytochemical analysis for the presence of 
neurons. Cultures that had been subjected to hypoxic con 
ditions for 1 to 4 hours had approximately a tWo-fold 
increase in the percentage of neurons (approx. 6%) over 
control cultures (approx. 3%). Cultures subjected to 4 to 8 
hours of hypoxia had feWer neurons produced and cultures 
subjected to about 12 hours of hypoxia had normal levels 
(approx. 3%). The hypoxic insult induced a rapid up 
regulation of hypoxia-induced factor (HIF) in the multipo 
tent neural stem cell progeny. HIP is a transcription factor 
for EPO. The 4-hour hypoxia-induced increase in neurogen 
esis could be blocked by the addition of an EPO-neutralizing 
antibody at 3 pig/ml. 

EXAMPLE 3 

[0027] Erythropoietin-induced Neurogenesis 
[0028] After 6 days in vitro primary neurospheres formed 
using the methods described in Example 1 Were dissociated 
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and replated in complete medium containing EGF at 20 
ng/ml and human recombinant EPO at 0.1 to 10 units/ml for 
either 24 hours or 7 days under normal oxygen conditions 
(95% air/5% CO2; 135 mmHg). In both cases, immunocy 
tochemistry revealed an EPO dose-dependent three-fold 
increase in the numbers of neurons generated. 

We claim: 
1. A method of culturing multipotent neural stem cells 

comprising the steps of: 

a) inducing the multipotent neural stem cells to prolifer 
ate; 

b) exposing said multipotent neural stem cells to hypoxic 
conditions; and 

c) continuing said culture in the presence of a mitogenic 
groWth factor. 

2. The method of claim 1 Wherein the cells are exposed to 
hypoxic conditions for betWeen 1 and 8 hours. 

* * * * * 


