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ABSTRACT

During development, neurotrophic factors regulate morphologic
and functional differentiation in addition to their role as
regulators of neuronal survival. Schwann cells are the major glial
elements in the peripheral nervous system and, therefore, could
play a major functional role in supporting neuronal differentiation
and survival in nervous system. Here, we have characterized a
neurotrophic factor secreted by MS1 cells from an immortalized
Schwann cell line. In our mesencephalic culture system, a 2.9-fold
increased survival of TH+ neurons at day 5 and a 1.9-fold increase
of dopamine uptake have been observed when the cells were treated
with MS1 conditioned medium (MCM). This trophic effect is more
potent than other known trophic factors for dopaminergic neurons
such as bFGF, insulin, and EGF. The characteristics of this factor
are different from all other known neurotrophic factors in vitro.
Partial purification of MCM has shown that the molecular weight of
this factor is between 17 kDa and 30 kDa. It is a heat sensitive,
non-heparin binding, protease digestible protein-like molecule. MCM
did not have any mitogenic effects on astrocytes in our culture,
nor did it have survival effects on 1-day-old dorsal root ganglia
or E13 spinal cord culture. Thus, we conclude that the trophic
factor in MCM is a novel and specific survival factor for
dopaminergic neurons.

III

TABLE OF CONTENTS

ABSTRACT ^

II

TABLE OF CONTENTS ^

III

LIST OF FIGURES

^V

LIST OF TABLES ^

VI

LIST OF ABBREVIATIONS ^

VII

ACKNOWLEDGEMENTS ^

X

I. INTRODUCTION ^
1. Definition of the Neurotrophic Factors
^
2. Neurotrophic Factors In the Nervous System
^
A. Neurotrophin Family
^
B. Ciliary Neurotrophic Factor and Its Family .^.^.
C. Fibroblast Growth Factor Family
^
D. Epidermal Growth Factor Family ^
E. Transforming Growth Factor Family
^
F. Insulin-Like Growth Factors
^
3. Mitogens for Astrocytes ^
4. Neurotrophic Factors from Schwann Cells ^
5. Aim of the Present Study
^

1
1
3
3
6
8
9
10
10
11
12
14

II. MATERIALS AND METHODS
^16
Generation^of^Conditioned^Medium(CM)^from^an
1.
immortalized Schwann Cell Line
^
16
2. Cell Culture Preparation
^
17
A. Mouse Mesencephalic Neuron Culture ^ 17
B. Mouse Astrocyte Culture
^
18
C. Mouse Spinal Cord Neuron Culture ^ 18
D. Mouse Dorsal Root Ganglia Culture
^ 20
3. Immunocytochemistry ^
21
A. Identification of MS1 Cells
^
21
B.^Identification of Neurons
^
22
C.^Identification^of^Astrocytes^and
Oligodendrocytes ^
22
4. Thymidine Incorporation Assay
^23
5. Incorporation of Bromodeoxyuridine(BrdU)
^ 24
6. Dopamine Uptake Assay ^
25
7. Partial^Purification^of^the^Putative Neurotrophic
Factor
^
26
A. Trypsin Digestion
^
26
B. Heat Treatment ^
26
C. Heparin Sepharose Affinity Chromatography^.^.^. 26
D.^Concanavalin^A(Con^A)-Sepharose^Affinity
Chromatography ^
27
E. Ion Exchange Chromatography
^
27

•
▪

IV

F. Size Exclusion ^
Reverse Phase High Performance Liquid
G.
Chromatography(RP-HPLC) ^
H. Gel Filtration Chromatography ^
8. PCR Analysis of Neurotrophic Gene Expression . • • ^
B. Preparation of Complementary DNA(cDNA) ^
C. PCR Primer Design ^
D. PCR Amplification of cDNA Products ^
E. DNA Sequencing ^
9. Protein Quantisation ^
10. Statistical Analysis ^

28
28
28
29
30
30
31
32
32
32

III. RESULTS ^
1. Schwann Cells and Conditioned Medium ^
A. Characteristics of Transformed Schwann cells . ^
B. Conditioned Medium ^
2. Effeqs of MCM on Astrocytic Proliferation ^
A. H-thymidine Uptake by Astrocytes ^
B. Bromodeoxyuridine Immunofluorescence Study . . ^
3. Survival Effect of MCM on Mesencephalic Neurons . . ^
A. Number of Surviving Neurons ^
B. Effect of MCM on Dopamine Uptake ^
4. Survival Effect of MCM on Spinal Cord Neurons . . . ^
5. Survival Effect of MCM on DRG Neurons ^
6. Characteristics of the Dopaminergic Neuron Trophic
Factor (DNTF) from MCM ^
7. Purification of Schwann Cell DNTF from MCM ^
A. Partial Purification by DEAE Anion Exchange
Chromatography ^
B. Size Exclusion ^
C. Reverse Phase(RP)-HPLC Purification ^
8. PCR Analysis of Gene Expression of Neurotrophic
Factors by MS1 Cells ^

52

IV. Discussion ^

61

V. Conclusion ^

65

VI. REFERENCES ^

67

35
35
35
35
35
35
38
38
38
44
48
48
49
50
50
51
51

V

LIST OF FIGURES

Fig. 1. A flow chart for the preparation of highly enriched
astrocyte cultures^
19
Fig. 2. Phase contrast microscopy of MS1 mouse Schwann cell
line^
36
Fig. 3. Immunofluorescence immunostaining of MS1 cells ^37
Fig. 4. Proliferation of astrocytes by MCM treatment ^39
Fig. 5. Double immunofluorescence staining of astrocytes ^41
Fig. 6. Time course of tyrosine hydroxylase positive
neurons^
43
Fig. 7. Dose response of tyrosine hydroxylase positive(Th+)
neurons treated by MCM^
45
Fig. 8. Dopamine uptake of mesencephalic cultures following
treatment with MCM^
46
Fig. 9. Effects of MCM on mouse mesencephalon neurons as
determined by tyrosine hydroxylase(TH) and MAP2
immunostaining^
47
Fig. 10. Effects of MCM on MAP2+ neurons in cultured SC and
DRG^
53
Fig. 11. Chemical properties of dopaminergic neuron trophic
factor(DNTF) from MCM^
54
Fig. 12. Ion exchange chromatography with DEAE column^56
Fig. 13. Size exclusion chromatography of DEAE purified
fraction^
57
Fig. 14. Purification of dopaminergic neuron trophic factor by
reverse phase HPLC^
58
Fig. 15. Gel filtration chromatography of the active
fraction^
59
Fig. 16. Neurotrophic gene expression in MS1 cells ^60

VI

LIST OF TABLES

^
Table I. DNA sequences of primers used for PCR
34
Table II. Effects
of
MCM
and
control
on
astrocyte
^
proliferation
40

VII

LIST OF ABBREVIATIONS

aFGF^acidic FGF
ANOVA^analysis of variance
AR^amphiregulin
bp^base pair(s)
bFGF^basic FGF
BSA^bovine serum albumin
BDNF^brain-derived neurotrophic factor
BrdU^Bromodeoxyuridine
degrees Celsius
cDNA^complementary DNA
CM^conditioned medium
CNS^central nervous system
CNTF^ciliary neurotrophic factor
cpm^counts per minute
d1-120^ditilled water
DNTF^dopaminergic neurotrophic factor
DRG^dorsal root ganglia
DTT^dithiothreitol
ED^embryo day
ETDA^ethylenediamine tetraacetic acid
EGF^epidermal growth factor
EGTA^ethylene glycol-0,0'-bis(2-amonoethyl)-N,N,N',N'tetraacetic acid
FBS^fetal bovine serum
FGFs^fibroblast growth factors
FITC^fluorescein isothiocyanate

VIII

GalC^galactocerebroside
GFAP^glial fibrillary acidic protein
GGF-BP^glial growth factor from the bovine pituitary
GMF^Glia maturation factor
3

H^thymidine

HBSS^Hank's balanced salt solution
HHB^HEPES Hank's buffer
HPLC^high performance liquid chromatography
kDa^kilo Dalton(s)
IGF^insulin-like growth factor
IgG^immunoglobulin G
IL^interleukin
LIF^leukaemia inhibitory factor
MCM^MS1 conditioned medium
MAP2+^microtubule associated protein 2 positive cells
pCi^microCurie
mRNA^messenger RNA
NG^nodose ganglion
NGF^nerve growth factor
NGS^normal goat serum
NT-3^neurotrophin-3
NT-4^neurotrophin-4
NT-5^neurotrophin-5
NTS^neurotrophins
PBS^phosphate buffered saline
PCR^primerase chain reaction

IX

PDGF^platelet-derived growth factor
PI^proliferation index
P value^probability value
PNS^peripheral nervous system
RNA^ribonucleic acid
RP^reverse phase
RT^reverse transcription
SC^spinal cord
SDGF^Schwannoma-derived growth factor
TGFa^transforming growth factor-a
TFGI3^transforming growth factor-f3
TH+^tyrosine hydroxylase-positive
TNF^tumor necrosis factor
Tris^tris(hydroxymethyl) aminomethane
VGF^vaccinia growth factor

X

ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr. Seung U. Kim, for his
guidance and support throughout this study here. Dr. Seiji Kikuchi
was great help in the establishment of the mesencephalic culture
system. I appreciate Dr. Makoto Michikawa for his protocol of
spinal cord culture, Dr. Steve Pelech for his advice on protein
purification, and Dr. Douglas Walker for his advise of PCR
operation and related techniques. I thank Dr. Giuseppe Moretto for
many of his critical comments and Ms. Stanfield to read the
menuscript. My deepest thanks goes to my family whose constant love
and encouragement have never faltered and to whom I will always be
grateful.

1

I. INTRODUCTION

1. Definition of the Neurotrophic Factors

The development of the mammalian nervous system is achieved by
a series of complex events that cause the apparently homogenous
neuroepithelium of the early embryo to differentiate into diverse,
highly ordered, and interconnected neural cell types of the adult.
Extensive evidence indicates that secretion of growth-promoting

molecules within the nervous system during development can
stimulate proliferation, accelerate differentiation, or regulate
functions of neuronal cells. The term neurotrophic factor (NTF) was
proposed for the proteins which are involved in the regulation of
survival of neurons during development in the target-derived
fashion (Barde, 1989). These target cells provide trophic molecules
that are taken up in a retrograde fashion by the innervating
neurons. These factors also interact with receptors of the
innervating neurons. This interaction leads to a regulation or
modulation of metabolic events involved in such physiological
processes as neurite outgrowth, neurotransmitter synthesis, and
overall neuronal survival. Target cells can be neurons, glial cells
(astrocytes in CNS or Schwann cells in PNS), or muscle cells.
During the past few years, an increasing number of reports have
dealt with the neurotrophic actions of molecules that do not seem
to fulfil the requirements of a target-derived neurotrophic factor
in the 'proper' sense; namely, that they are produced and released
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in limited quantities in the projection areas of their responsive
neurons. For example, BDNF and its receptor often are identified in
the same areas of the brain (Hofer et al., 1990; Klein et al.,
1990; Phillips et al., 1990; Wetmore et al., 1990), which implies
that BDNF acts as a paracrine or even autocrine growth factor for
certain neuronal populations rather than as a target-derived
neuronal survival factor. Other neurotrophic factors which are not
reflected in the target-derived concept include ciliary
neurotrophic factor (CNTF), epidermal growth factor (EGF), and
fibroblast growth factor (FGF). With these considerations,
neurotrophic factors are here defined as endogenous soluble
proteins regulating survival, growth, morphological plasticity, or
synthesis of proteins for differentiated functions of neurons
(Hefti et al, 1992). Such a definition encompasses functional and
structural characteristics of neurotrophic factors and is
compatible with the view that growth factors are
multifunctional(Sporn and Roberts, 1988).
In many parts of the nervous system, 50% of the neurons
produced during embryogenesis die during subsequent development;
this phenomenon is referred as naturally occurring neuronal death
or apoptosis, and it is an active biosynthesis event. It seems
likely that neurotrophic factors play a dual role by stimulating
genes that promote survival and differentiation, as well as
suppressing genes that could kill the cell (Oppenheim et al.,
1990). Target tissues (that neurons innervate) influence the number
of surviving neurons by changing the amount of the neurotrophic
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factors they supply.

2. Neurotrophic Factors In the Nervous System

A. Neurotrophin Family

Nerve growth factor (NGF) was the first NTF to be identified
in remarkably high quantities in the adult male mouse submandibular
gland (Levi-Montalcini and Hamburger, 1951). Two distinct forms of
NGF can be isolated from adult male mouse submandibular glands. The
first, often referred to as 7S NGF (designating its sedimentation
coefficient), is a high molecular weight complex containing two
copies of each of three types of polypeptide chains (Varon et al,
1967). The subunits a, 8 and y can be dissociated and reassembled
under appropriate conditions. The second preparation of NGF is
usually referred to as 2.5S NGF, and shows a greater degree of
proteolytic modification at both termini but it is biologically and
immunologically indistinguishable from the 8 subunits. The longest
mature form of the sequence isolated contains 118 amino acids
(Angeletti and Bradshaw, 1971) and is a non-covalently associated
dimer. The family of NGF-related NTFs (neurotrophins, NTs) is now
composed of at least five members (Thoenen, 1991; Altin and
Bradshaw, 1992). They are highly conserved and share 55% identities
in their amino acid sequence. All are basic proteins with molecular
weight between 12 and 20 kDa. For NTs to function properly, two
receptors are required: the low affinity receptor p75

NGFR

and the

the NTs share the p75NGFR
high affinity receptor p140.^All
trk
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receptor. The precise role of the p75NGFR is still unclear, but in
the case of NGF, this protein seems to be involved in the formation
of functional high-affinity receptors by binding itself to the
p140trkreceptor (Hempstead et al., 1991; Kaplan et al., 1991a, b).
The high affinity receptor p140trk is a member of the trk family of
tyrosine kinase encoded receptors; p140 tr" is specific for NGF but
not for brain derived neurotrophic factor (BDNF), p145

tr1(13

binds to

BDNF but not to NGF (Cordin-Cardo et al. 1991; Klein et al; 1991)
and p145"" is receptor for BDNF, NT-3, and NT-4 (Rodriguez-Tebar
et al., 1990; Meakin and Shooter, 1992). NT-3 and NT-5 can also
bind to trkA and trkB (Berdemeier et al., 1991; Lamballe et al.,
1991). Until few years ago, NGF was the only known target-mediated
neurotrophic factor (Levi-Montalcini, 1987; Barde, 1989). The
function of NGF was initially established for peripheral neural
crest-derived sympathetic and sensory neurons and for some
cholinergic neurons in the CNS (Thoenen et al., 1987; Whittemore
and Seiger, 1987; Barde, 1989; Hefti et al., 1989; Oppenheim, 1989;
Snider and Johnson, 1989). Evidence for trophic functions of NGF in
the CNS has been of particular interest because of the importance
of the basal forebrain cholinergic neurons in cognitive function
and their consistent degenerative changes in Alzheimer's disease
(Hefti et al., 1986; Dekker et al., 1991).
BDNF isolated by Barde et al. (1982) is a small basic protein
of 12.3 kDa with an isoelectric focal point of 10. The
physiochemical and biological studies of BDNF described a protein
with properties that might be related to a NGF monomer, and later
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this was proved to be the case (Leibrock et al., 1990). In the PNS,
BDNF has a similar function to NGF. It has been shown to support
survival and elicit neurite outgrowth from neurons of the chick
embryo nodose ganglion (NG), the sensory ganglion of the vagus or
tenth cranial nerve (Lindsay et al., 1985a, b). However, in
contrast to NGF, BDNF does not support the survival of sympathetic
neurons. In the CNS, BDNF showed trophic effects on rat retinal
ganglion cell cultures (Johnson et al., 1986), and on rat septa'
cholinergic neuron culture (Alderson et al., 1990). BDNF was the
only NT that has been shown to enhance the survival of dopaminergic
neurons in cultures derived from the ventral mesencephalon (Hyman
et al., 1991) and to increase dopamine uptake in cultured rat
ventral mesencephalic neurons (Knusel et al., 1991).
In contrast to classical purification procedures utilized in
the identification of NGF and BDNF, neurotrophin-3 (NT-3) was
identified and its sequence determined by a variety of polymerase
chain reaction (PCR) strategies (Hohn et al., 1990; Maisonpierre et
al., 1990; Rosenthal et al., 1990). Mature NT-3 contains 118 amino
acids and showed strong similarities to NGF and BDNF structurally.
It overlaps as well as differs from NGF and BNDF functionally in
that it exhibits a different pattern of neuronal specificity and
regional expression (Ernfors et al., 1990; Hohn et al., 1990;
Maisonpierre et al., 1990; Rosenthal et al., 1990). NT-3 was found
to support the proprioceptive neurons projecting to the skeletal
muscle and the somatosensory fibres of nodose ganglion neurons.
Neurotrophin factors 4 and 5 were cloned recently by
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comparable techniques used in the identification of NT-3
(Berkemeier et al., 1991; Hallbrook et al., 1991; Ip et al., 1992).
Most of their functions are still under investigation.

B. Ciliary Neurotrophic Factor and Its Family

Ciliary neurotrophic factor (CNTF), a 22 KDa acidic protein,
was initially identified in, and purified from, chick eyes as a
target-derived NTF for the parasympathetic chick ciliary neurons in
culture (Lin et al., 1989). This trophic factor is unrelated to the
neurotrophin family, but it belongs to a family of growth and
differentiation factors that includes leukemia inhibitory factor
(LIF), interleukin-6 (IL-6), and other hematopoietic factors
(Jessell and Melton, 1992). Their biological effects are mediated
through their structurally-like receptors with a common signal
transducer, gp130 (Kishimoto et al., 1992). Recently, it was
further reported that the biological effects of CNTF were found to
be mediated by protein kinase C (Kalberg et al., 1993). The
spectrum of biological activities of CNTF is much broader than the
initial description reported since it was found to support the
survival of sympathetic, sensory, and also spinal motoneurons in
culture (Lin et al., 1989; Barbin et al., 1984; Sendtner et al.,
1990). CNTF promotes in vitro survival and neurite outgrowth of
cultured chromaffin cells of 8-day-old rats (Unsicker et al.,
1985).
The cDNA of CNTF predicts a protein that lacks the consensus
hydrophobic signal sequence necessary for processing of proteins
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through the endoplasmic reticulum and subsequently vesicular
secretion (Stockli et al., 1989). Upon an injury of the adult rat
peripheral nerve, levels of CNTF-like activity increased
dramatically during the first few hours to days(Longo et al.,
1983a, b; Manthorpe et al., 1986; Lin et al, 1989). The acute and
transient nature of the increase suggests that CNTF is released
immediately or in the first days after the lesion from damaged
Schwann cells in the nerve stumps. In the adult brain, mechanical
or chemical lesions to the cortex resulted in an increased CNTFlike activity in the tissue surrounding the wound, in the wound
fluid, and in the different brain regions (Nieto-Sampedro et al.,
1982, 1983; Longo et al., 1983a, b; Lin et al., 1989; Manthorpe et
al., 1989). Thus, unlike other NTFs, CNTF in the adult CNS may play
the role of a lesion factor in the adult CNS.
LIF, also known as cholinergic differentiation factor (CDF),
elicits responses similar to those of CNTF in the nervous system
(Stockli et al., 1989; Yamamori et al., 1989). LIF has been
demonstrated to have survival effect on rodent spinal cord neurons
in vitro (Martinou, et al., 1992; Michikawa, et al, 1992), to
rescue and generate sensory neurons (Murphy et al., 1991), and to
induce cholinergic phenotype in adrenergic neurons (Patterson and
Chun, 1977). Another member of this family, IL-6, was found to
increase the survival of dopaminergic neurons in newborn rat
mesencephalic neuron cultures (Kushima et al., 1992) and to induce
neurite outgrowth in rat pheochromocytoma PC12 cells (Kishimoto,
1989; Snick, 1990).
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C. Fibroblast Growth Factor Family

Fibroblast growth factors (FGFs) are multifunctional, and can
induce cell proliferation, stimulate or suppress specific cellular
protein synthesis, induce changes in different functions and cell
motility, and influence cell survival (Baird and BOhlen, 1990).
Seven proteins have been described as members of the FGF family so
far. Basic FGF (bFGF) and acidic FGF (aFGF) are the first two most
examined in the growing number of the FGF family. bFGF is probably
the most potent growth factor in this family. The exact role played
by bFGF and aFGF in the development of the nervous system is
difficult to evaluate. To date, bFGF and aFGF are known to exert a
variety of neurotrophic actions on neurons cultured from fetal and
postnatal CNS and PNS. They also induce increased survival,
neurotransmitter synthesis, and neurite growth (Morrison et al.,
1986; Walicke et al., 1986; Morrison, 1987; Schubert et al., 1987;
Unsicker et al., 1987; Hatten et al., 1988; Walicke, 1988; Ferrari
et al., 1989; Grothe et al., 1989; Knusel et al., 1990; Matsuda et
al., 1990). Neuronal populations from a variety of CNS regions
(neocortex, hippocampus, septum, striatum, thalamus, mesencephalon,
cerebellum, and spinal cord), belonging to several identified
(cholinergic, GABAergic,dopaminergic) and unidentified transmitter
phenotypes, respond to FGFs, mainly bFGF and aFGF. Whether these
results argue in favour of a glial cell-mediated effect or loss of
neuronal receptors in the adult brain or in favour of a de novo
induction of FGF receptors of cultured neurons is uncertain. For
instance, the neurotrophic effects of FGF on dopaminergic neurons
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in vitro are reported to be mediated by mesencephalic astrocytes
(Engele and Bohn, 1991). More recent studies have also described
the neurotrophic functions of other FGFs in the nervous system
(Hughes et al, 1993). It is certain that the FGF family plays a
broader functional role in different types of neurons and glial
cells than other neurotrophic factors.

D. Epidermal Growth Factor Family

Five different proteins constitute the epidermal growth factor
(EGF) family: namely, the EGF (Cohen, 1962; Savage and Cohen,
1972), transforming growth factor-a (TGFa)(Marquardt et al.,1984),
amphiregulin (Shoyab et al., 1989), vaccinia growth factor (Brown
et al., 1985), and the recently cloned Schwannoma-derived growth
factor(SDGF)(Kimura et al., 1990). Three, or perhaps four, of these
proteins are expressed in the brain at different times during the
development. All five family members express mitogenic activity.
The mature form of EGF is a single polypeptide chain containing 53
amino acids with an isoelectric point at pH 4.6. To the same extent
as the biologically active form of NGF, EGF contains six cysteine
residues that form three intramolecular disulfide bonds, essential
for the biological activity (Taylor et al., 1972). This pattern is
extended to other members of the EGF family.
In the CNS, EGF enhances the survival of different types of
neurons in vitro and neurite outgrowth (Morrison et al., 1987b,
1988; Kinoshita et al., 1990; Kornblum et al., 1990; Casper et al.,
1991). With a nonadhesive substrate, EGF induces stem cells of
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adult mouse striatum to divide and differentiate into neurons and
astrocytes in vitro (Reynolds and Weiss, 1992). TGFa is another
member of the EGF family that exhibits neurotrophic activity
(Derynck, 1988; Fallon et al., 1990). In many cases, members of EGF
family interact with a common receptor, which has been identified
in the CNS.

E. Transforming Growth Factor Family

Transforming growth factor-5 (TGF5) is a 25 kDa homodimer
with an extended, rather than a compact, globular conformation;
eight of the nine cysteine residues in each monomer chain are
involved in an unusual intrachain disulfide bridge (Sporn and
Robert, 1992). The TGF5 family includes the inhibins, activins,
bone morphogenetic proteins, and related morphogenetic peptides,
all of which play an important role in cell proliferation and
development. In the CNS, studies have shown that TGF5 stimulates
the synthesis of NGF in cultured astrocytes and in neonatal brain

in vivo and that the mRNA for TGF51 is increased in the cerebral
cortex after a penetrating brain injury (Lindholm et al., 1992).
TGF51 was shown to protect neurons from degeneration and death
induced by hypoxia or excess glutamate in culture (Prehn et al.,
1993). TGF5 markedly increased neuronal survival, particularly when
non-neuronal cells were present (Chalazonitis et al., 1992).
Whether TGF5 mediates any trophic action of glial cells upon
neurons under physiological conditions remains to be determined.
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F. Insulin-Like Growth Factors

Insulin and the insulin-like growth factors I and II (IGF-I
and IGF-II) are the constituents of the insulin gene family. They
are present in various regions of the brain. Similarly, their
specific receptors also exist throughout the nervous system. IGF-I
is produced locally in neurons and astrocytes and is apparently
released into the extracelluar space and acts in an autocrine or
paracrine fashion to induce unique effects on neurons, astrocytes,
or oligodendrocytes. IGF was observed to augment neurite outgrowth,
to cause proliferation and survival of neurons (mainly cholinergic
and dopaminergic cells), and to induce alterations in the
expression of proteins associated with neurofilaments (Ishii and
Redo-Pinto, 1987; Nilsson et al., 1988; Knusel et al., 1990).

3. Mitogens for Astrocytes

A number of proteins have been described as putative
astroglial growth factors in the cell culture system. They include
FGF (Pruss et al., 1982; Pettmann et al., 1985), platelet-derived
growth factor (PDGF) (Heldin et al., 1977), EGF (Leutz and
Schachner, 1981; Simpson et al., 1982; Westermark, 1976), IGF-I,
IGF-II, and insulin (Han et al., 1987). Glia maturation factor
(GMF) (Lim et al., 1989) and glial growth factor from the bovine
pituitary(GGF-BP) (Brockes et al., 1980; Pruss et al., 1982; Kim et
al., 1983) increase proliferation of astrocytes. In addition, some
cytokines such as interleukin-1 (IL-1) (Giulian and Lachman, 1985;
Nieto-Sampedro and Berman, 1987), interleukin-6 (IL-6) (Selmaj et
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al., 1990), and tumor necrosis factor (TNF) (Barna et al., 1990;
Selmaj et al., 1990) have been known to stimulate proliferation of
cultured astrocytes. The exact role played by these cytokines in
the function of glial cells is still unclear. Studies have
indicated that the response of astrocytes to cytokines is different
among species (Yong et al., 1992; Moretto et al., 1993). Some of

these molecules may in fact be CNS regulatory factors because they
are found within brain tissues during periods of elevated glial
biosynthetic activity and because they demonstrate specificity of
action upon certain classes of non-neural cells (Giulian et al.,
1988; Raff et al., 1988; Richardson et al., 1988). An important
mode of neurotrophic action on neurons by other growth factors is
through a combination of neuronal-glia sequential interactions. For
instance, a neurotrophic factor derived from one neural cell
population first may act on astrocytes that in turn release a
second neurotrophic factor that regulates function of a different
or the same population of neurons. Thus, finding new mitogen for
astrocytes will likely have a major impact on other populations of
neurons in the CNS.

4. Neurotrophic Factors from Schwann Cells

It is widely known that Schwann cells from the PNS are one of
the richest known sources of NTFs. Schwann cells could provide
axons with diffusible NGF in the embryo after axotomy. Following
peripheral nerve transection, Schwann cells are known to increase
their synthesis and release of factors with neurotrophic properties
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(Richardson and Ebendal, 1982; Korsching et al., 1986; Heumann et
al., 1987a; Ferguson et al, 1989). Grafted Schwann cells have been
shown to promote regeneration axotomized central cholinergic
neurons (Kromer and Cornbrooks, 1985). Several NTFs are believed to
be synthesized by Schwann cells, most notably, NGF (Rush, 1984;
Ferguson et al., 1989; Heumann et al., 1987a; Shelton and
Reichardt, 1984), CNTF (Manthorpe et al., 1986; Meyer and Thoenen,
1992), and possibly BDNF (Acheson et al., 1991; Meyer and Thoenen,
1992) although how the NGF, and other NTFs productions are
regulated is still not clear.
Schwann cells are also known to produce multiple growth
factors in vitro, including aFGF, IGF-I (Notter et al., 1991), and
the recently purified Schwannoma-derived growth factor (SDGF). The
mature protein has a predicted molecular weight of 16.6 kDa and the
observed molecular weight of the most abundant form of the protein
is between 30 and 35 kDa. SDGF stimulates proliferation of
astrocytes, Schwann cells, and fibroblasts (Kimura et al., 1990;
Kimura and Schubert, 1992; Kimura, 1993). This factor was
identified as belonging to the EGF family. The well-known
established function of Schwann cells as the source of NTFs for
neurons makes these glial cells good candidates for searching out
their potential effects on neuronal cell populations. Recently,
there have been several reports that a dopaminergic neurotrophic
factor is secreted by primary Schwann cells or Schwannoma cells
grown in culture (Collier et al., 1990; Springer et al., 1990;
Bolin et al., 1991). This dopaminergic neurotrophic factor is not
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clearly identified, and no other reports have yet confirmed these
preliminary findings. Similarly, there has been an abstract
reporting that Schwann cells and Schwann cell conditioned medium
also support survival and neurite outgrowth of locus coeruleus
neurons (Bahrloo and Clark, 1989).

5. Aim of the Present Study

There have been several studies reporting the trophic
functions played by Schwann cells in the nervous system. Many
laboratories are now investigating extracts or conditioned media
from Schwann cells or Schwannoma cell lines for their content of
neurotrophic activities. Besides the well-documented neurotrophic
influence of NGF secreted by Schwann cells on cultured neurons,
information regarding other NTFs in supporting the development and
survival of neurons is still limited. Investigating trophic factors
released by any given cell population requires the initial
establishment of a culture system which allows the recognition and
direct counting of the relevant neurons. In our laboratory, we have
established different types of neuronal and glial cell cultures,
which will serve as an effective tool for the screening of putative
neurotrophic factor(s) or mitogen(s) sought.
In the present study, we selected an established mouse Schwann
cell line, which offers us a homogenous cell population with stable
phenotypic expression specific for natural Schwann cells and
provides secreted proteins in large quantity, to investigate the
trophic activity produced by these cells. This Schwann cell line
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should enable us to have reproducible material for characterization
and purification of the putative NTFs. The study involved a
multidisciplinary approach utilizing of cell culture technique,
immunocytochemistry, biochemical and immunological assays, and
molecular biology procedures. This allows us to characterize the
putative NTFs we purified and to distinguish them from the NTFs
already characterized by others. Neurotrophic factors regulate
morphological as well as functional differentiation, survival, and
structural plasticity of neurons. Identification of new NTFs now
represents a rapidly growing area of research that is likely to
provide significant insight into the mechanisms of nervous system
development and function. In addition, pharmacological exploitation
of NTFs should provide a potentially significant advance in
furnishing therapeutically useful trophic molecules for induction
of regeneration or sustained survival of damaged neurons in
neurodegenerative diseases.
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II. MATERIALS AND METHODS

1. Generation of Conditioned Medium(CM) from an Immortalized
Schwann Cell Line

An immortalized mouse Schwann cell line (MS1) established and
characterized in this laboratory (Watabe et al., 1990) was used in
the present study. In all the experiments, cell populations between
passage number 18 and 25 were utilized. MS1 cells were cultured in
75 cm2 plastic flasks in Dulbecco's modified minimal essential
medium (DMEM) containing 10% fetal bovine serum (FBS) and incubated
in 10% CO2-90% air atmosphere at 37°C. The identity of this cell
line was reconfirmed by immunocytochemistry following the
procedures of Watabe et al. (1990, see immunocytochemistry). At 75%
confluence, MS1 conditioned medium (MCM) was generated by growing
cultures to serum-free DM4 medium. DM4 is a serum free chemical
defined medium (Kim et al., 1983) consisting of Eagle's MEM
supplemented with 10 pg/ml insulin, 10 pg/ml transferrin, 3 x 10-8M
selenic acid, 3 x 10-10M triiodothyronine, 5 x 10-8M hydrocortisone,
and 2 mg/ml of bovine serum albumin (BSA). For the generation of
MCM, modified DM4 medium without BSA and transferrin was used.
After 48 hours, MCM was collected and centrifuged. The supernatant
was filtered through a 0.45 pm filter (Corning, ONT), concentrated
10 times by an Amicon PM-10 ultrafilter (Amicon, ONT), aliquotted,
and stored at -70 0 C.
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2. Cell Culture Preparation

A. Mouse Mesencephalic Neuron Culture
Dissociated cell cultures were prepared from ventral
mesencephalon dissected from 13-14-day-old embryonic CD1 mice
supplied by the UBC Animal Care Centre. Mesencephalic tissues were
dissected referring to the Atlas of Specht et al. (1981). Tissues
were incubated in 0.25% trypsin (Gibco) and 20 pg/ml DNase (Sigma)
in phosphate buffered saline (PBS) for 20 minutes at 370C, and the
reaction was stopped by removal of the trypsin solution and
addition of a plating medium containing 15% FBS, 0.5% glucose, and
0.1% L-glutamine in Eagle's MEM (Terry Fox Lab, Vancouver). Cells
were then dissociated into single cells by gentle pipetting and
centrifuged at a low speed of 800 g for 5 minutes. The pellet was
resuspended in the same medium, and the cells were plated onto 12
mm round Aclar plastic coverslips that were pre-coated with 10
pg/ml poly-L-lysine (Sigma) at density of 7.5 x 105 cells per
coverslip. The coverslips were housed in 60 mm plastic dishes and
maintained in a humidified incubator at 37 c/C in 5% CO2 -95% air
atmosphere. Eighteen hours later, additional medium consisting of
MEM supplemented with 10% FBS, 0.5% glucose and 0.1% L-glutamine
was added to the dishes. For the subsequent assay experiments,
cells were washed once and switched to DM4 serum free medium
described above(II, 1). The medium was changed every two days.
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B. Mouse Astrocyte Culture

Astrocyte cultures were prepared by the method of McCarthy and
de Vellis (1980) with a minor modification. In brief, 1-day-old
CD-1 mouse cerebral cortex tissues were dissociated in PBS
containing 0.25% trypsin and 20 pg/ml DNase for 30 minutes at 37°C.
The reaction was stopped by addition of a feeding medium,
containing 10% FBS in MEM, and centrifuged at 800 rpm for 8
minutes. The pellets were suspended in the medium and pipetted
gently to yield dissociated single cells. Single cells at a density
of 6 x 10 6 cells were seeded in 75 cm 2 Falcon culture flasks and
maintained in a humidified incubator at 37°C in 5% CO2 -95% air
atmosphere. The medium was changed every 3 days. At culture day 10,
the flasks were rinsed three times with a complete medium to remove
floating cells. The flasks were allowed to equilibrate with the
CO2-air atmosphere for 2 hours and removed from the chamber, had
their caps completely tightened, and were securely fixed onto the
surface of an orbital shaker(Lab-line, Chicago, IL). The flasks
were shaken 15-18 hours at 250 rpm at 37°C. After shaking, the
flasks were rinsed with PBS three times. The cell layer remaining
in the flasks was composed mostly of astrocytes. The monolayer was
trypsinized and dispersed into single cell suspension. The cells
were seeded onto 12 mm Aclar plastic coverslips at 5 x 104
cells/coverslip. A complete diagram to illustrate the procedures is
shown in Figure 1.
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Fig. 1. A flow chart for the preparation of highly enriched
astrocyte cultures.

Day 0

Mixed astroglial-oligodendroglial cell cultures.

Day 3

Medium change.

Day 6

Medium change.

Day 9

Medium change.

Day 10

Rinse cultures 3 times with feeding medium.
Shake at 250 rmp for 15-18 hrs.

Day 11

Remove floating cells.
Trypsinize cells attached to the flask.
Resuspend cells in feeding medium.
Seed cells on Aclar coverslip at 3 x 104 cells/coverslip.

Day 12

Immunostaining with rabbit anti-GFAP antibody.
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C. Mouse Spinal Cord Neuron Culture

Cultures enriched with neurons were prepared from spinal cords
of 13-14 day-old CD-1 mouse fetuses (Michikawa et al., 1992). In
brief, spinal cords were dissected, freed of meninges and DRG, and
diced into small pieces; spinal cord fragments were incubated in
0.25% trypsin and 20 pg/ml DNase in PBS at 37°C for 30 minutes.
Enzymatically softened spinal cord fragments were dissociated into
single cells by pipetting, suspended in the feeding medium, and
seeded onto poly-L-lysine coated 12 mm Aclar plastic coverslips at
a density of 1 x 105 cells/coverslip. Eighteen hours later, the
culture medium was changed to DM4 serum-free medium and used for
subsequent experiments.

D. Mouse Dorsal Root Ganglia Culture

Dorsal Root Ganglia (DRG) were dissected from 1-day-old
postnatal CD-1 mouse and collected in PBS. Ganglia were incubated
in PBS with 0.25% trypsin and 20 pg/ml DNAse at 37 ol: for 30
minutes. Following addition of horse serum, enzymatically softened
ganglia were dissociated into single cells by gentle pipetting.
Single cells were then washed three times with MEM, suspended in
feeding medium, and plated onto poly-L-lysine coated 12 mm Aclar
plastic coverslips housed in Petri dishes at a density of 3 x 104
cells/coverslip. Eighteen hours later, the cultures were fed with
DM4 serum-free medium and used for subsequent experiments.
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3. Immunocytochemistry

A. Identification of MS1 Cells

For glial fibrillary acidic protein (GFAP) and cytoplasmic
laminin immunostaining, cells were fixed in methanol for ten
oi

minutes at -20 C and washed in PBS. For S-100, and Po proteins,
cells were fixed in 4% paraformaldehyde in PBS for 20 minutes at
room temperature and washed in PBS. Following fixation, cells were
incubated with primary antibodies for 16 - 24 hours at 4°C, washed
in PBS, and then incubated with fluorescein isothiocyanate(FITC)conjugated goat anti-mouse ( or rabbit) immunoglobulinG(IgG)(Cappel)
for 1 hour at room temperature. After three washings, coverslips
were mounted with Gelvatol. For immunostaining of
galactocerebroside (GalC), living cells on coverslips were briefly
rinsed in Hank's balanced salt solution (HBSS) and incubated with
HBSS-3% normal goat serum (HBSS-NGS) for 5 minutes at room
temperature. Primary antisera or antibodies were then applied to
the cells for 30 minutes at room temperature. Cells were washed in
HBSS and incubated with FITC-conjugated goat anti-mouse (or rabbit)
IgG for 30 minutes at room temperature. After washing in HBSS,
cells were then fixed in acid-alcohol for 10 minutes at -20°C,
washed in PBS, and mounted in Gelvatol. Immunostained cells were
examined under a Zeiss Universal microscope equipped with phase
contrast, fluorescein, and rhodamine optics.
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B. Identification of Neurons

Tyrosine hydroxylase (TH) immunostaining: cells were washed 3
times with PBS, fixed in freshly made 4% paraformaldehyde in PBS
for 20 minutes at room temperature, and rinsed with PBS. The cells
were incubated with rabbit anti-tyrosine hydroxylase antibody
diluted in PBS containing 3% NGS and 0.2% triton X-100 (1:1000,
Eugenetech, Morristown, NJ) at 4°C for 2 days. Subsequent
incubations at room temperature were performed with biotinylated
goat anti-rabbit IgG (1:250, BRL, Toronto, ONT) and then with
Vectastain Elite ABC (1:100, Vector, CA), each for 1 hour at room
temperature. The reaction was visualized by 5 minutes' incubation
in 0.05 M Tris-HC1 buffer(pH 7.6) containing 0.04% 3',3'diaminobenzidine-tetra-chloride(DAB) and 0.02% hydrogen peroxide.
Microtubule associated protein 2(MAP2) immunostaining: Cells
were fixed for 10 minutes in freshly made 4% paraformaldehyde and
0.02% picric acid in PBS at room temperature. After 3 washes with
PBS, cultures were incubated in PBS containing 3% normal goat serum
for 30 minutes at room temperature and then incubated for 2 days at
o^.
4 C with anti-MAP2 monoclonal antibody (AP-14)(Binder et al.,
1985) diluted in PBS containing 3% normal goat serum. Biotinylated
goat anti-mouse IgG was used as the secondary antibody. Other steps
were identical to those of TH staining as described above.

C. Identification of Astrocytes and Oligodendrocytes

For double staining of glial fibrillary acidic protein (GFAP)
and galactocerebroside (GalC), cells were incubated with undiluted
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mouse anti-Galc monoclonal antibody (provided by Dr. T. Saida,
Utano Hospital, Kyoto, Japan) for 30 minutes at room temperature,
washed three times in Hank's balanced salt solution containing 5%
horse serum, 10 mM HEPES (HHH) and fixed in 4% paraformaldehyde in
PBS for 10 minutes at -20 °C, followed by incubation with
rhodamine-conjugated goat-anti rabbit IgG (1:40)(Cappel) for 30
minutes at room temperature. After three washes in HHH, cells were
fixed in acid-alcohol for 15 minutes at -20°C, washed, and
incubated with rabbit anti-GFAP (1:100)(Dakopatts, Santa Barbara,
CA) for 1 hour at room temperature. This was followed by goat antirabbit IgG-FITC (1:40)(Organon-Technica-Cappel, West Chester, PA)
for 1 hour at room temperature, and then the cells were washed with
HHH. The coverslips were mounted on glass slides with Gelvatol.

4. Thymidine Incorporation Assay

Astrocytes were plated on 12 mm Aclar plastic coverslips at a
density of 5 x 104 cells/coverslip and allowed to grow for 24
hours. Astrocyte cultures were grown in DM4 serum-free medium
containing MCM at a final concentration of 50%, or 100% for 3 days
prior to the 3H-thymidine assay. Basic FGF, GGF and serum
containing medium are previously known to have mitogenic effects on
astrocytes (Kim et al., 1983; Pettmann et al., 1985; Yong et al.,
1988) and were used in this experiment as a positive control.
Started at day 4, 3H-thymidine was introduced for the last 12
hours every 24 hours at a concentration of 20 pCi/m1 (Shipley,
1986). Coverslips were then washed three times in ice-cold PBS,
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dissolved in 500 pl of 0.2M NaOH containing 0.3% Triton X-100 for
10 minutes with occasional agitation. Samples were mixed with 10 ml
of ScintiVerse (Fisher, Vancouver, BC) in scintillation vials and
counted by LS9000 liquid scintillation counter (Beckman).

5. Incorporation of Bromodeoxyuridine (BrdU)

Sister cultures of astrocytes used for the 3H-thymidine
uptake assay were employed in this experiment. Astrocyte cultures
were grown in DM4 serum-free medium containing three different
concentrations of MCM at 10%, 20%, and 50% for 3 days prior to BrdU
immunofluorescence staining. Serum containing medium was used as a
positive control in the experiment (Moretto et al., 1993). Ten pM
BrdU (Sigma) was introduced for 6 hours in culture. Without MCM,
control cultures were incubated only with BrdU in the serum-free
DM4 medium or with 5% FBS in the serum-free DM4 medium. Double
immunostaining for GFAP and BrdU was performed as described by Yong
et al. (1988). After washing with PBS, astrocytes on coverslips
were fixed in acid-alcohol for 20 minutes at -20°C. Rabbit antibody
to GFAP was applied to cells for 30 minutes, followed by FITCconjugated goat anti-rabbit IgG (1:40). Cells were immersed in 2 N
HC1 for 10 minutes to denature the DNA, washed in PBS, and then
incubated in 0.1 M sodium borate (pH 9.0) for 10 minutes to
neutralize the HC1. After rinsing in PBS, mouse monoclonal antibody
to BrdU (1:5, Becton Dickinson) was applied for 30 minutes at room
temperature, followed by FITC-conjugated goat anti mouse IgG (1:40)

for 30 minutes. Coverslips were mounted on glass slides with
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Gelvatol and examined under a fluorescence microscope.
Under the fluorescence microscope, at 200x magnification, a
quantitative analysis of proliferation activity was carried out.
This was done by counting approximately 150 GFAP+ astrocytes for
each coverslip; of these astrocytes, the number of cells
incorporating nuclear BrdU was also assessed. Each single value
reported in Table II represents the sum from 3 coverslips (see
results). The proliferation index (PI) was calculated by dividing
the mean percentage of proliferation astrocytes from MCM-exposed
cultures with that of controls (Moretto et al., 1993). The
significance of the results from controls (in defined medium or in
serum containing medium) and MCM-treated cultures was determined by
single factor ANOVA analysis with P value < 0.05.

6. Dopamine Uptake Assay

The method used was the modification of that described by
Prochiantz et al. (1981). Cultures were washed twice with an
incubation solution (Hank's balanced salt solution containing 10 mM
HEPES, 0.6% glucose, 0.2 mM pargyline, and 0.01% ascorbic acid) and
then pre-incubated in the same solution for 5 minutes at 370C.
Tritiated dopamine (444 Gbq/mmol) was added to the incubation
solution to give a final concentration of 83.3 nM, and the cultures
were incubated at 37°C for 25 minutes. Blanks were obtained by
incubating cultures at 4°C. The reaction was stopped by removing
the solution and rinsing the cultures three times with ice-cold
incubation solution. The cells were dissolved in 0.2 N NaOH
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containing 0.2% Triton X-100. Samples were mixed with 10 ml of
ScintiVerse (Fisher, Vancouver, BC) in scintillation vials and
counted by the LS9000 liquid scintillation counter (Beckman).

7. Partial Purification of the Putative Neurotrophic Factor

A. Trypsin Digestion

The concentrated MCM was digested in three different
concentrations of trypsin-TPCK (Sigma) at 200 pg/ml, 1 mg/ml, and
2 mg/ml in freshly made 0.1 M NaHCO3 (pH 8.0) overnight at 37°C. The
digestion was stopped by adding 3 mg/ml of soybean trypsin
inhibitor (Vaca and Wendt, 1992). The digested samples were assayed
in mesencephalic neuron cultures and compared with non-digested
control MCM.

B. Heat Treatment

The MCM was heat-treated at 40 o C, 60 o C, and 80 o C for 10 minutes
each and slowly allowed to return to room temperature. The heattreated samples were assayed in mesencephalic neuron cultures.

C. Heparin Sepharose Affinity Chromatography

At a flow rate of 1 ml/min, 3 ml of 10x crude MCM were loaded
onto a 1.5m1 heparin Sepharose column (Pharmacia) at 4°C. The
column was washed with a 10 column volume of PBS and then eluted by
1 M NaC1 in the same buffer. One column volume of the unbound and
bound fraction was collected and dialysed against PBS for 6 hours
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o
at 4 C. Fractions obtained were assayed in mesencephalic neuron

cultures.
In another set of experiments, mesencephalic neuron cultures
were treated with 1x MCM in the presence of 1 mg/ml, 2 mg/ml and 3
mg/ml of heparin (Sigma) for three to five days. In a control
group, cultures were treated with lx MCM without additional
heparin.

D. Concanavalin A (Con A) -Sepharose Affinity Chromatography

At a flow rate of 1 ml/min, 4 ml of 10x crude MCM were loaded
onto a 2.0 ml Con A-Sepharose column (Pharmacia) at 4°C. The column
was washed with al0 column volume of PBS and then eluted by 0.1 M
methyl a-D-mannopyranoside (Sigma) in PBS. Fractions were collected
and dialysed as described above and assayed in mesencephalic neuron
cultures.

E. Ion Exchange Chromatography

A DEAE column was employed in the first step of purification.
The column was packed according to the product literature (Sigma).
The protein concentration of MCM was determined by the Coomassie
Brilliant Blue binding method (Branford, 1976). At a flow rate of
1.2 ml/min, 3 litres of MCM was passed through 30 ml DEAE column at
ol
4 C. The column was washed with three column volume of loading

buffer containing 10 mM MOPS, 2 mM EDTA, 5 mM EGTA, 5 mM Na2VO4 (pH
7.2) and eluted with an increased stepped gradient at 0.25 M, 0.50
M, 0.75 M and 1.0 M NaC1 in loading buffer. Fractions were then
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dialysed against PBS for 4 hours at 4 o C^and applied to
mesencephalic neuron cultures at same dilution factor used for the
crude MCM.

F. Size Exclusion

DEAE purified MCM was concentrated 10 times using a YM-3
filter (Amicon), which has a molecular weight cutoff of 3 kDa. The
YM-3 retained fraction was applied to a PM-30 filter (Amicon) with
a molecular weight cutoff of 30 kDa. Furthermore, a PM-30 filter
passed fraction was employed onto a PM-10 filter(Amicon) with the
molecular weight cutoff of 10 kDa. All the fractions were assayed
in mesencephalic neuron cultures at the same dilution factor as the
crude MCM.

G. Reverse Phase High Performance Liquid Chromatography(RP-HPLC)1

A fraction isolated from size exclusion was subjected to RPHPLC analysis. An increased gradient of acetonitrile was applied to
a C-18 reverse phase column. Fractions were collected and dried.
The biological activity of all the fractions were assayed on
mesencephalic neuron cultures at the same dilution factor used as
the crude MCM.

This part of the work was accomplished with the collaboration
of Dr. J. M. Cho of Lucky Biotech Laboratory (Emeryville, CA).
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H. Gel Filtration Chromatography2

The peak which contained neuronal survival activity from HPLC
separation (see results) was further separated by an Alltech GPC60
gel filtration column. The trophic activity of all the fractions
was assayed on mesencephalic neuron cultures at the estimated same
dilution factor used as the crude MCM. The dilution factor was
calculated as 30% of whatever protein would be lost during each
step of purification.

8. PCR Analysis of Neurotrophic Gene Expression

A. RNA Preparation

Total cellular RNA was prepared from 85% confluent cultures of
MS1 cells by extraction in RNA extraction buffer (Bio101, La Jolla,
CA), containing 5 M guanidine isothiocyanate, 25 mM Tris-HC1 (pH
7.5), 1% sodium lauryl sarcosinate, and 2% 2-mercaptoethanol. The
cell lysate was then mixed with 1 part of Phenol-acid and one part
of chloroform isoamyl alcohol and incubated on ice for 15 minutes.
The mix was centrifuged at 10,000 g at 4°C for 20 minutes and the
top aqueous phase was extracted with chloroform isoamyl alcohol
again. The aqueous phase was mixed with the RNAmatrix, which
selectively binds RNA (Bio101, La Jolla, CA), and cellular RNA was
eluted from the RNAmatrix by diethyl pyrocarbonate(DEPC)-treated
H20 at 55 o C. The yield and relative purity of the RNA was assessed

2This part of the work was accomplished with the collaboration
of Dr. J. M. Cho of Lucky Biotech Laboratory (Emeryville, CA).
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by measuring the absorbance at 260 nm and 280 nm using a Beckman
ultraviolet spectrophotometer. The relative intactness of the RNA
was assessed by separation of the samples of a formaldehyde
containing agarose gel and visualizing the RNA by ethidium bromide
staining (Sambrook and Maniatis, 1989).

B. Preparation of Complementary DNA (cDNA)

cDNA substrates for PCR reactions were prepared as follows: 5
pg of total cellular RNA from each sample were treated with 10
units RNase free DNase (Pharmacia) in 25 pl lx reverse
transcriptase buffer(50 mM Tris-HC1, 75 mM KC1, 3 mM MgCl2)
containing 40 units of placental RNase inhibitor and 1 mM DTT.
Samples were treated at 37°C for 1 hour. The DNase was inactivated
by heating to 95°C for 3 minutes. To each reaction, 25 pl of 1 x
reverse transcriptase buffer containing 1 pg random hexamer
primers(Pharmacia), 1 mM deoxynucleotides(Pharmacia), 5 mM DTT, 40
units of RNase inhibitor, and 1000 units of Moloney murine leukemia
virus reverse transcriptase (BRL) were added. The cDNA reactions
were carried out at 42°C for 90 minutes, and then the enzyme was
heat inactivated at 65°C for 10 minutes.

C. PCR Primer Design

The DNA sequence of the genes of interest was obtained from
the Genebank database through the Genebank-on-line service
(Mountain View, CA). If the information was available, primers were
designed to produce cDNA-derived PCR products of different sizes to
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those produced if genomic DNA was amplified. The primers used in
this study are listed in Table I. The primers were synthesized by
an Applied Biosystems A380B DNA synthesizer (National Centre of
Excellence, University of British Columbia). The oligonucleotides
were purified on C18 Sepak columns (Millipore), lyophilized, and
redissolved in TE buffer (10 mM Tris-HC1, pH 7.5, 1 mM EDTA).

D. PCR Amplification of cDNA Products

PCR amplification of cDNA was carried out by the method of
Walker et al. (1992). The amplification reactions were carried out
in the following reaction mixture: 67 mM Tris-HC1, pH 8.8, 16.6 mM
ammonium sulphate, 10 mM 2-mercaptoethanol, 1 pM of each primer,
200 pM dNTPs, 2 mM MgC12, 2.5 units Taq DNA polymerase (Amplitaq,
Perkin Elmer Cetus). Samples were overlaid with 100 pl of light
paraffin oil to prevent evaporation. As the cDNA synthesis
reactions contained MgCl2 and dNTPs, the concentrations of both in
the PCR buffer represent final concentrations. 500 ng of starting
RNA material were used. All diluted reagents were aliquoted, used
once and then discarded.
PCR amplification was carried out using the same program in
each case, utilizing a programmable thermal controller (MJ
Research, Boston, MA). The samples were initially placed in a water
o
bath at 94 C to ensure rapid heating, and then transferred to the
thermal cycler, which had been preheated to 94°C. All samples were
initially denatured at 94°C for a total of 4 minutes. The
amplification program consisted of a denaturation step of 94°C for
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°

1 minute, an annealing step of 55 C for 30 seconds, and a synthesis

°

step of 74 C for 1 minute for 35 cycles. PCR products were analyzed
by separation through 2% agarose gels, using a minigel apparatus
(BRL).

E. DNA Sequencing

Partial DNA sequence of PCR amplified products were obtained

°

to confirm their identity. At 35 C, 1 pl of PCR products was
ligated to TA cloning vector overnight(TA cloning kit, Invitrogen).
Clones were selected and grown. After EncoR 1 digestion, the size
of DNA fragments were separated on a 2% agarose gel and the correct
size of fragments were used for DNA sequencing. Dideoxynucleotide
sequencing reactions were carried out using a T7 DNA polymerase
sequencing kit(Pharmacia), with the limiting primer being used as
the sequence reaction primer. Reactions were separated on 6% urea
acrylamide gels, dried and autoradiographed. Sequences obtained
were compared with published sequences of DNA between the position
of amplification primers.

9. Protein Quantisation

The total protein content of the conditioned medium (MCM) was
estimated by its binding to Coomassie Brilliant Blue G-250 (Bio-rad
Protein Assay)(Bradford et al., 1976). In the assay, bovine serum
albumin was used to produce a standard curve. Protein concentration
of other partial purified samples was measured by the same method.
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10. Statistical Analysis

All results were expressed as mean ± standard error of the
mean (SEM). Unpaired Student's T-test or ANOVA (Garcia et al.,
1992; Kushima et al., 1992; Tooyama et al., 1993) was used to
determine differences between means of two populations or multiple
samples. The computer program was obtained from the University of
British Columbia. Statistical significance was assumed at P value
< 0.05 level or lower.
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Table I. DNA sequences of primers used for PCR

Gene

Primer seguence(5P>3P)

NGF

(+)CCAAGGGAGCAGCTTTCTATCCTGG

Size(bp)
197

(-)GGCAGTGTCAAGGGAATGCTGAAGT
BDNF

(+)CTTTTGTCTATGCCCCTGCAGCCTT

(+)TTTCTCGCTTATCTCCGTGGCATCC

296

(+)GGCTAGCAAGGAAGATTCGTTCAGA

176

(+)CCATGTTCGTCATGGGTGTGAACCA

Maisonpierre

Maisonpierre
et al. (1991)

168

StOckli et
al. (1989)

(-)TGAAGGTTCTCTTGGAGTCGCTCTG
G3PDH*

Ullrich et

et al. (1991)

(-)GGCAGGGTGCTCTGGTAATTTTCCT
CNTF

rf

al. (1984)

(-)AGCCTCCTCTGCTCTTTCTGCTGGA
NT3

Sequence

250

(-)CTTGTAGTAGGGACGGAGATGACCG

* Glyceraldehyde-3-phosphate dehydrogenase (G3PDH).

Ercolani et
al. (1988)
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III. RESULTS

1. Schwann Cells and Conditioned Medium

A. Characteristics of Transformed Schwann cells

Under the phase contrast microscope, morphology of the MS1
transformed Schwann cells were monitored. They showed polygonal or
spindle-shaped morphology (Fig. 2). They were immunoreactive for
several Schwann cell specific antigens that included S-100 protein,
laminin, and P0 (Fig. 3), but did not stain for Galactocerebroside
(Galc) or glial fibrillary acidic protein (GFAP)(data not shown).

B. Conditioned Medium

The protein concentration of MS1 conditioned medium(MCM) was
ranged from 2.10 pg/ml to 2.60 pg/ml in this study. The protein
concentration determined by the Bradford method here is a mixed
total protein content and is not specific to any single protein.

2. Effects of MCM on Astrocytic Proliferation

A. 3H-thymidine Uptake by Astrocytes

When astrocytes were exposed to different concentrations of
MCM in serum-free DM4 medium for 3 days and 3H-thymidine was added
every 12 hours for day 1, day 2 and day 3 in culture, there was no
significant increase of 3H-thymidine uptake. However under the same
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Fig. 2. Phase contrast microscopy of MS1 mouse Schwann cell line.

a) MS1 cells at 24th passage.
Bars: 10 pm
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Fig. 3. Immunofluorescence immunostaining of MS1 cells.

MS-1 cells express cell-type specific markers of Schwann
cells:
a) cytoplasmic laminin.
b) 5-100 protein.
c) PO protein.
Bar: 10 pm.
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conditions, bFGF, GGF, and DM4 containing 5% FBS respectively
showed a 1.9-2.8-fold, 3.8-fold, and 1.9-fold increase over the
control (Fig.4).

B. Bromodeoxyuridine Immunofluorescence Study

Generally, a proliferation index greater than 1.50 is
considered to have a mitogenic effect(Yong et al., 1988, 1992). A
3 day exposure to three different concentrations of MCM resulted in
no significant change in the number of BrdU + GFAP double positive
proliferating astrocytes. On the other hand, exposure to serum
containing medium resulted in increased proliferative activity in
about 32% of the astrocytes (Table II and Fig. 5).

3. Survival Effect of MCM on Mesencephalic Neurons

A. Number of Surviving Neurons

In this study, the number of MAP2 immunostained (MAP2+)
neurons was defined as the total number of neurons present in a
given mesencephalic culture. The number of TH-immunoreactive (TH+)
neurons was defined as the total number of dopaminergic neurons in
a given mesencephalic culture.
Tyrosine hydroxylase is the rate-limiting enzyme in dopamine
synthesis and is used as the marker for dopaminergic neurons.
Tyrosine hydroxylase positive (TH+) neurons in our mouse
mesencephalic neuron cultures grown for 7-10 days constituted
approximately 0.5%-1% of the total neurons (defined as TH+/MAP2+
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Fig. 4. Proliferation of astrocytes by MCM treatment.

Neonatal mouse astrocytes were exposed to 2 TiCi/m1

3

H-

thymidine for 12 hours. At day 3 in culture, there was no
significant increase of 3H-thymidine uptake, while under the same
conditions, bFGF, GGF, and DM4 containing 5% FBS showed a 1.9-2.8fold, 3.8-fold, and 1.9-fold increase over control, respectively.
Results are expressed as mean ± SEM(n = 4). *: P < 0.05, student's
t test.
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Table II. Effects of MCM and control on astrocyte proliferation*

Sample Number of BrdU+-GFAP+/GFAP+ cells PI
ControlS

213/988

172/812

110/752

erum-

(21.56)

(21.18)

((14.53)

200/913

151/855

141/860

(21.91)

(17.66)

(16.40)

165/857

142/812

118/822

(19.25)

(17.49)

(14.32)

172/896

160/908

140/903

(19.20)

(16.33)

(15.50)

312/902

309/812

227/707

(34.58)

(38.05)

(32.11)

free DM4
10% MCM

20% MCM

50% MCM

5% FBS

0.98

0.89

0.89

1.83

* Individual values represent the number of Brdu-positive (Brdu+)
astrocytes (GFAP+)/total GFAP+ astrocytes counted; the
corresponding percentages are shown in parentheses. Each individual
value is the sum of cells counted from 4 coverslips. Columns 1, 2,
and 3 refer to cultures of 13, 14, and 15 DIV, respectively. PI
indicates the proliferation index.
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Fig. 5. Double immunofluorescence staining of astrocytes.

Cells labelled for glial fibrillary acidic protein (GFAP) (a,
c, e) and 5-bromodeoxyuridine (BrdU) (b, d, f). The number of GFAP+
astrocytes incorporating BrdU did not change in 20% (b) and 50% MCM
(d) treated cultures , while the number increased considerably in
cultures grown in a medium containing 5% FBS (f).
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(Fig. 5 continued)
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Fig. 6. Time course of tyrosine hydroxylase positive neurons
following treatment with MCM.

Eighteen hours after plating, the medium was replaced with

DM4

serum-free medium supplemented with MCM at two concentrations.
After 3, 5, and 7 days in culture, control and MCM-treated cultures
were processed for TH immunostaining. The results were expressed as
mean ± SEM(n = 4). *: P<0.01, ANOVA.
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neurons). TH+ neurons were slightly larger then non-TH+ neurons,
and had several processes with varicosities (Fig. 9).
The time-course relationship of TH+ neurons to culture days is
shown in Figure 6. Neurons stained at different culture days have
shown gradual decline in number of MAP2+ and TH+ cells. There was
no change in the number of MAP2+ neurons between control and MCMtreated cultures on a given day, while TH+ neuron showed 2.7-fold
increase in lx MCM-exposed cultures (Fig. 6). At day 7 in culture,
the number of TH+ neurons in control cultures was about 70% lower
than the TH+ cells found at day 3. However, the number of TH+
neurons in MCM treated cultures was much higher so that 45% of the
neurons found at day 3 was accountable at day 7. The number of TH+
neurons in MCM-treated cultures was 2.9, and 2.5-fold greater than
that of the controls after 5 days, and 2.1-fold, 1.0-fold greater
after 7 days in culture, respectively.
The dose-relationship of the number of TH+ neurons to MCM
concentration is shown in Figure 7. In cultures treated with 0.2x,
0.5x, and lx of MCM for 5 days, the number of TH+ neurons showed
a 1.5-fold (0.2x MCM), 3.2-fold (0.5x fold), and 3.6-fold (lx MCM)
increase respectively. However, at 2x concentration, MCM failed to
show any survival activity for TH+ neurons. It seems that MCM at
high concentration is toxic to the cultured cells. The toxicity
could come from the extensive conditioning process(48-72 hours) to
generate MCM.
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Fig. 7. Dose response of tyrosine hydroxylase positive(Th+)
neurons treated by MCM.

Eighteen hours after plating, the medium was replaced with DM4
serum-free medium containing four different concentrations of MCM.
After 5 days in vitro, cultures were processed for TH
immunostaining, and the number of TH+ neurons was counted. The
results are expressed as mean ± SEM(n = 3). *: P < 0.01, ANOVA.
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Fig. 8. Dopamine uptake of mesencephalic cultures following
treatment with MCM.

Eighteen hours after plating, the medium was replaced with DM4
serum-free medium containing three different concentrations of MCM.
After 5 days, dopamine uptake was measured in cultures(n = 4). *:
P < 0.05, ANOVA.
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Fig. 9. Effects of MCM on mouse mesencephalon neurons as determined
by tyrosine hydroxylase (TH) and MAP2 immunostaining.

Mouse mesencephalic neurons were grown in DM4 serum-free
medium, with or without supplementation of MCM, and stained with
antibodies against TH (a, b) and MAP2 (c, d) at day 7. Cultures
were maintained in DM4 serum-free medium with lx MCM (a, c) or
without lx MCM (b, d).
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B. Effect of MCM on Dopamine Uptake

Measurement of dopamine uptake can be used as a functional
marker of dopaminergic neurons (Knusel et al., 1990; Prochiantz et

al., 1979) and is a complementary method to the method of counting
TH+ neurons. It is also thought to be a sensitive method to
determine the functional status of dopaminergic neurons. In this
study, the increase in dopamine uptake in MCM treated cultures
showed a linear relationship with the number of TH+ cells surviving
in sister cultures. In Figure 8, we demonstrate a 1.7-fold and 1.9fold increase of dopamine uptake at day 5 over the control when the
TH+ enriched cultures were treated with 0.5x and lx MCM.

4. Survival Effect of MCM on Spinal Cord Neurons

Dissociated cells from 13-14-day fetal mouse spinal cord were
grown in DM4 serum-free medium with or without MCM for 5 - 7 days.
Cultures were processed for MAP2 immunocytochemical staining. At
the MCM concentrations which showed survival effect for
mesencephalic TH+ neurons, MCM showed no survival effect on MAP2+
neurons in the spinal cord cultures. However, when sister cultures
were grown in medium containing 5% FBS, there was 2.2-fold
increased MAP+ neuron survival (Fig. 10).

5. Survival Effect of MCM on DRG Neurons

Sensory neurons were dissociated from postnatal 1-day-old CD-1
mouse DRG. The same concentrations of MCM were used in the culture
as in spinal cord cultures. On day 5 and day 7, cells were
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immunostained with MAP2 antibody. MAP2+ cells were counted in MCMtreated culture and control culture. The results indicate that
there is no survival effect of the MCM on the MAP2+ neurons in DRG
culture. In the control culture, 5% FBS in the culture medium
resulted in a 2.0-fold increase of MAP+ neuron survival (Fig. 10).

6. Characteristics of the Dopaminergic Neuron Trophic Factor (DNTF)
from MCM

It is evident from the results presented above that the MCM
contains a molecule/molecules which could sustain survival of TH+
neurons in serum-free culture conditions. We provisionally called
this molecule as dopaminergic neurotrophic factor (DNTF).
MCM was subjected to heat treatment at three different
temperatures of 400C, 600C, 800C and was slowly cooled to RT. The
trophic effect was irreversiblely neutralized when the temperature
ol

reached 80 C for 20 minutes (Fig.11). When 10x concentrated MCM was
loaded onto a heparin Sepharose-43 column, the trophic effect of
MCM for TH+ neurons was contained in unbound fraction(the fraction
which did not bind to the column). In addition, when heparin was
used in combination with lx MCM in the mesencephalic neuron
cultures, there was no change in the number of TH+ neurons at day
5(Fig. 11). Therefore, it is evident that the DNTF does not bind to

heparin. When 10x MCM was digested with three different
concentrations of trypsin-TPCK, the trophic effect on mesencephalic
cultures was completely neutralized (Fig. 11). Thus, it is
reasonable to consider that this trophic activity has the
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characteristics of a heat-sensitive, non-heparin binding molecule.
Since it can be digested by trypsin, this factor possesses the
characteristics of a protein. Concanavalin A, a member of the
lectin family, can bind to specific sugar residues, most likely the
internal and nonreducing terminal a-mannosyl residues of
glycoprotein. Therefore, Con-A is often used to purify a potential
glycoprotein with a high affinity and specificity. When the 10x
concentrated MCM was applied to a Con A-Sepharose column, the
fraction with trophic activity for TH+ neuron did not bind to the
column, indicating that the DNTF is not a glycoprotein (Fig. 11).
A summary of the biophysical characteristics of DNTF is shown in
Fig. 11.

7. Purification of Schwann Cell DNTF from MCM

After initial experiments indicating that there is a
dopaminergic neurotrophic factor (DNTF) secreted by MS1 cells, we
attempted to purify the molecule responsible for this activity
using mouse mesencephalic neuron culture as target cells.

A. Partial Purification by DEAE Anion Exchange Chromatography

A 30 ml DEAE anion exchange column was employed for the
protein purification in the first step. A stepped-up gradient of
NaCl was used in the purification. When 1 unbound and 4 bound
fractions from the DEAE column were assayed in mesencephalic neuron
cultures for 5 days, this purification step recovered a
biologically active fraction at a 0.25 M NaCl elution which
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resulted in approximately a 30-fold enrichment of the specific
activity (Fig. 12).

B. Size Exclusion

Size exclusion chromatography fractionates macromolecules
essentially according to their size although other factors such as
shape have an effect (Hockertz, 1991). The fraction which had been
partially purified and concentrated by DEAE column from MCM was
fractionated by ultrafiltration on a YM-3 filter with a molecular
weight cutoff of 3 kDa. DNTF activity was found in the high
molecular weight fraction of >3 kDa. This fraction was further
subjected to a PM-30 filter with a molecular weight cutoff of 30
kDa. DNTF activity was found in the low molecular weight fraction
of < 30 kDa. When this low molecular weight fraction was
fractionated again by ultrafiltration on a YM-10 filter with a
molecular weight cutoff of 10 kDa, both fractions showed the DNTF
activity in the cultured mesencephalon neurons (Fig. 13). It
appears that DNTF activity is found in molecular range of > 3 kDa
but < 30 kDa. At the end, another 4-fold enrichment was achieved.

C. Reverse Phase (RP) -HPLC Purification

As this point, the fraction with DNTF activity was applied to
RP-HPLC separation. The elution profile of RP-HPLC was shown to
contain 7 major peaks (Fig. 14). The peak containing DNTF activity
was recovered as a single fraction as shown in Figure 14 (fraction
#5). To elute to a single band which has DNTF activity, this peak
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was subsequently subjected to gel filtration. Four peaks were
separated by the column ranging from 17 kDa to 68 kDa (Fig. 15).
Once the protein is characterized, it is expected that partial
amino acid sequence will be determined and DNA coding sequence will
be illustrated.

8. PCR Analysis of Gene Expression of Neurotrophic Factors by MS1
Cells

PCR amplification of MS1 cell derived cDNA showed that NGF,
BDNF, and CNTF could be detected in each of the samples tested, but

NT-3 was not detected (Fig. 16). The identities of the bands were
confirmed by DNA sequencing of PCR-amplified material. From
published DNA sequence data, BDNF and NT-3 fragments amplified in
PCR did not contain any intron segment(s). To confirm that each
amplified material of BDNF and NT3 was not derived from genomic
DNA, half of the DNase-treated RNA extraction sample was not
proceeded to reverse transcription(non-RTed) to cDNA. When the same
amount of the non-reverse transcribed and reverse transcribed
samples were proceeded to PCR under identical conditions, no band
was found in any of the non-reversed transcribed samples (lane 6,
7 of Fig. 16).
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Fig. 10. Effects of MCM on MAP2+ neurons in cultured SC and DRG.

Dissociated mouse spinal cord neurons and mouse DRG neurons
were grown as described in the text. Eighteen hours after plating,
cultures were exposed to DM4 serum-free medium containing 0.5x, lx
MCM or 5% FBS for 5 days. The results are mean ± SEM (n = 4). *: P
< 0.01, student's t test.
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Fig. 11. Chemical properties of dopaminergic neuron trophic factor
(DNTF) from MCM.

(a) MCM concentrated 10 fold was tested in mouse mesencephalic
neuron cultures for 5 days after heating for 20 minutes at 40°C,
0
0C
60 C, and 80 . Concentrated MCM was exposed to trypsin at the

concentrations of 10 pg/ml (Ti), 100 pg/ml (T2), and 1 mg/ml (T3)
for 12 hours. Concentrated MCM was also supplemented with heparin
at 50 pg/ml (H1), 100 pg/ml (H2) and 1 mg/ml (H3) in DM4 serum-free
medium.
Trophic activity was retained at 40°C and 60°C, and eliminated
at 80 o C and after trypsin digestion, but it was not affected by
the presence of heparin in the medium (n = 4). *: P < 0.05, ANOVA.
(b) MCM concentrated 10 fold was applied to a Heparinsepharose 4B column or a Con A-Sepharose 4B column, and the unbound
and bound fractions were collected and tested in mesencephalic
neuron cultures.
Trophic activity was retained in the unbound fraction of both
Heparin-sepharose 4B and Con A-Sepharose 43 column(n = 4). *: P <
0.01, student's t test.
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(Fig. 11 continued).
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Fig. 12. Ion exchange chromatography with DEAE column.

Three litres of MCM were applied to a DEAE column. Fractions
were collected with a stepped gradient of NaC1 at 0.25 M (#1), 0.5
M (#2), 0.75 M (#3), and 1.0 M (#4). Protein contents of all
fractions were diluted to be equal to 0.5x MCM. Trophic activity in
various samples was determined by the number of TH+ neurons
surviving at day 5 as compared to the control (n = 4). *: P < 0.02,
ANOVA.
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Fig. 13. Size exclusion chromatography of DEAE purified fraction.

Dopaminergic neuron trophic factor (DNTF) containing fraction
obtained from a DEAE column was applied on a YM3 filter(cutoff of
3 kDa). DNTF was recovered in a high molecular weight fraction (>
3 kDa)(n = 8). The high molecular weight fraction was then
separated by a YM-30 filter (cutoff of 30 kDa). DNTF activity was
recovered in low molecular weight fraction (< 30 kDa)(n = 8). The
low molecular weight fraction of YM-30 was fractionated on a YM-10
filter (cutoff of 10 kDa). Both fractions (< 10 kDa, and > 10 kDa)
contained DNTF activity (n = 4). The values are expressed as mean
± SEM. *: P < 0.01, student t-test.
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Fig. 14. Purification of dopaminergic neuron trophic factor by
reverse phase HPLC.

The fraction containing DNTF activity from size exclusion
chromatography(fraction > 10 kDa, < 30 kDa) was analyzed by reverse
phase HPLC on a C18 column. The absorbance of the eluent at 214 nm
and the percentage (v/v) of acetonitrile (CH3CN) in the eluent are
shown in the top panel (a). Seven peaks were collected based on
their UV absorbance and assayed on mesencephalic neuron cultures
(b). The peak containing DNTF activity was recovered in the sample
#5(b). The values are expressed as mean ± SEM(n = 4). * P < 0.02,
ANOVA.
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Fig. 15. Gel filtration chromatography of the active fraction.

Purification of dopaminergic neuron trophic factor was carried
out by gel filtration chromatography.
(a) Standardization of the column.
(b) The peak containing DNTF activity from RP-HPLC chromatography
was separated on the gel filtration column. Four peaks(I, II, III,
and IV) were isolated according to their molecular weight.
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Fig. 16. Neurotrophic gene expression in MS1 cells.

PCR-amplified products of neurotrophic factors from MS1
Schwann cell line were detected on agarose gel.
Lane 1-8 represents the amplified DNA fragments of NGF (lane
1), BDNF (lane 2), CNTF (lane 3), G3PDH (lane 4), NT3 (lane 5),
BDNF amplification of non-reverse transcribed MS-1 RNA extraction
(lane 6), NT-3 amplification of non-reverse transcribed MS-1 RNA
extraction (lane 7).
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IV. Discussion

Degeneration of substantial nigra dopaminergic neurons is the
main pathologic hallmark for Parkinson's disease and, unlike the
loss of cholinergic cells in Alzheimer's disease which is one among
several pathological changes, it most likely represents a single
key feature responsible for the chronic symptoms of Parkinson's
disease (Agid, 1991). Therefore, identification of a novel trophic
factor for dopaminergic neurons, could possibly have great impact
on the future treatment of Parkinson's disease. Accordingly, the
search for a molecule capable of promoting survival of dopaminergic
neurons in culture is a major goal of many investigators. Until
recently, there was very little evidence indicating that
neurotrophic factors acting directly or indirectly on dopaminergic
neurons could enhance their survival.
In this study, our results demonstrate that conditioned medium
from MS1 mouse Schwann cell line (MCM) contains a potent trophic
factor for the survival of dopaminergic neurons (TH+ neurons) in
culture. The nature of this factor has been only partially
characterized to date. By comparing its characteristics with those
of other known neurotrophic factors which are effective in
sustaining survival of TH+ neurons in culture, reported by other
investigators, we can at best conclude that the factor described
in this study is novel.
The best characterized heparin-binding protein, bFGF, is
widely expressed in the nervous system and is multifunctional. The
purification of bFGF was completed by the utilization of heparin-
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affinity chromatography (Lobb and Fett, 1984; Shing et al., 1984;
Holhen et al., 1985; Ersh et al., 1985). It is well established
that bFGF binds to immobilized heparin (Besner et al., 1992) and
that heparin potentiates FGF binding to its high affinity receptor
(Ornitz et al., 1992). The trophic effect of bFGF on cultured
mesencephalic neurons has been reported previously, that bFGF
enhances a 2-fold increase in TH+ neurons survival and that is
responsible for a 70% increase in dopamine uptake (Ferrari et
al.,1989; Kndsel et al.,1990; Engele and Bohn, 1991). The mode of
bFGF action on dopaminergic neurons was not clear. In a recent
report, it was proposed that the trophic effects are mediated by
glial cells (Engele and Bohn, 1991; Kntsel et al., 1990). Unlike
bFGF, our results have shown that DNTF activity in MCM is not
caused by a heparin binding protein. In addition, in the presence
of heparin, MCM did not increase the survival rate of TH+ neurons
when compared to MCM alone. Furthermore, unlike bFGF which is a
strong mitogen for astrocytes (Kim et al., 1983; Yong et al.,
1988), MCM did not show any mitogenic activity in our astrocyte
cultures at the concentrations which have shown trophic effect on
neuronal culture. Thus, we conclude that the DNTF activity in MCM
is not facilitated by bFGF or bFGF-like protein and that bFGF or a
bFGF-like protein is not secreted by MS1 cells.
Among other factors, insulin-like growth factor I and II (IGFI and IGF-II) have been reported to induce a mild increase in
dopamine uptake of ventral mesencephalic cultures (Valdes et al.,
1988). Insulin and EGF were also reported to increase up to 2-fold
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dopamine uptake in rat mesencephalon culture (Knlsel et al., 1990).
The molecular weight of insulin is 5.6 kDa under non-reducing
conditions. Although 10 pg/ml of insulin was used in the
conditioned medium, insulin should be excluded by the last step of
size exclusion. Furthermore, insulin is used in DM4 serum-free
medium in all cultures. Thus, insulin could not be a molecule with
DNTF activity in this study. EGF, IGF-I, and IGF-II are small
polypeptides that do not fit into the molecular range of the DNTF
activity in MCM of MS1 cells. We conclude that the DNTF from MCM
can not be identified with any of these factors.
Through RT-PCR analysis, we have demonstrated that NGF, BDNF
and CNTF mRNA activity exist in MS1 cells. However, NT-3 gene
expression was not detected. These results are in agreement with
recent studies that mRNA of NGF, BDNF, and CNTF are also expressed
in cultured Schwann cells and sciatic nerve (Meyer et al., 1992;
Acheson et al, 1991). Among these factors, only BDNF was reported
to have survival effect on dopaminergic neurons in cultures derived
from 14-day rat embryos (Hyman et al., 1991). Previous studies have
shown that NGF (50 ng/ml) had no effect on the survival of
dopaminergic neurons in cultures nor did CNTF (Dal Toso et al.,
1988; Knlsel et al., 1990). BDNF has been shown to produce a 5-fold
increase in TH+ neurons and a 2-fold increase in dopamine uptake in
cultures of embryonic rat ventral mesencephalon (Hyman et al.,
1991; Knilsel et al., 1991). In the present study, MCM was found to
induce a 3-fold increase in TH+ neuron counting and a 1.9-fold
increase in dopamine uptake. The question of whether or not MS1
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cells produce and release BDNF protein remains to be answered. The
tools available to study this question are still limited.
Neutralizing antibodies against BDNF and other neurotrophic factors
are not yet available, and it is difficult to assure
monospecificity of any bioassay used. We can not rule out at
present that the DNTF activity in MCM might be BDNF. It appears
that the DNTF (MW>17 kDa) from the MS1 conditioned medium is a
molecule larger than BDNF (MW 13 kDa) in the gel filtration
chromatography conducted in the present study.
Our mesencephalic neuron cultures contained relatively pure
neuron populations(more than 85% of cells were stained by MAP2
antibody). The remaining cells were mainly constituted of
astrocytes, that were not affected by our trophic factor(s) from
MCM(no mitogenic effects on astrocytes were found). Therefore, it
is unlikely that trophic factor present in our MCM acts indirectly
through glial cells and fibroblasts. We rather believe that it
might act directly to sustain survival of dopaminergic neurons, or
it might upregulate the expression of a dopaminergic phenotype
(such as TH immunoreactivity) in neurons that do not necessarily
require this DNTF for survival. At this stage, we do not know
whether the effects of this DNTF activity in MCM result from the
direct action on dopaminergic neurons (through the receptor on TH+
neurons) or are mediated indirectly by its primary effect on
another neuronal population in paracrine fashion.
MCM did not show trophic effects on mouse DRG neuron and mouse
spinal cord neurons in the present study at the concentrations
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which MCM have shown survival activity for dopaminergic neurons.
Therefore, this is unlikely due to the low concentration of protein
content in MCM. Thus, it appears that the DNTF in MCM enhances the
survival of the specific cell population investigated, namely
dopaminergic neurons. More experiments are required to investigate
whether or not MCM has trophic effects on other populations of
neurons in culture and whether this trophic effect is restricted to
certain stages of neuronal development.

V. Conclusion

In the present study, we have characterized and partially
purified a novel dopaminergic neuron trophic factor, DNTF, from
the conditioned medium of mouse Schwann cell line MS1. The survival
effect on TH+ neurons exerted by this DNTF from MCM is more potent
in our culture system than the survival effect of bFGF, insulin,
and EGF concluded by other investigators in similar systems. MCM
had no survival effects on cultured mouse DRG neurons and spinal
cord neurons. MCM, unlike bFGF and GGF, failed to have mitogenic
effect on mouse astrocytes in culture.
The characteristics of DNTF activity appear different from all
other known neurotrophic factors. It is a heat sensitive, nonheparin binding, protease digestible protein-like molecule. It is
not a glycoprotein since it did not bind to a Con A column. It is
a weak basic protein binding to a DEAE column, with the molecular
weight between 3 to 30 kDa as determined by size exclusion.
Following RT-HPLC and gel filtration chromatography, it appeared
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that the DNTF activity resides in a molecule with MW of > 17 kDa
but < 30 kDa. Elucidating its protein sequence will enable us to
understand the biological identity of this factor, and to better
study its function on neuronal cells. It will also provide us with
the probes to determine the DNA sequence. With a large quantity of
recombinant protein produced, further study in vitro and in vivo
can be carried out to illustrate its exact physiological role in
the nervous system.
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