University of Calgary
PRISM: University of Calgary's Digital Repository
Graduate Studies

Legacy Theses

1994

The actions of brain-derived neurotrophic factor on
the epidermal growth factor-responsive central
nervous system stem cell progeny
Ahmed, Shireen
Ahmed, S. (1994). The actions of brain-derived neurotrophic factor on the epidermal growth
factor-responsive central nervous system stem cell progeny (Unpublished master's thesis).
University of Calgary, Calgary, AB. doi:10.11575/PRISM/18745
http://hdl.handle.net/1880/30438
master thesis
University of Calgary graduate students retain copyright ownership and moral rights for their
thesis. You may use this material in any way that is permitted by the Copyright Act or through
licensing that has been assigned to the document. For uses that are not allowable under
copyright legislation or licensing, you are required to seek permission.
Downloaded from PRISM: https://prism.ucalgary.ca

THE UNIVERSITY OF CALGARY

The Actions of Brain-derived Neurotrophic Factor on
the Epidermal Growth Factor-responsive Central Nervous System
Stem Cell Progeny

by

Shireen Ahmed

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF MASTER OF SCIENCE

DEPARTMENT OF NEUROSCIENCE

CALGARY, ALBERTA

OCTOBER, 1994

© Shireen Ahmed, 1994

THE UNIVERSITY OF CALGARY
FACULTY OF GRADUATE STUDIES

The undersigned certify that they have read, and recommend to the
faculty of graduate studies for acceptance, a thesis entitled, "The actions of
brain-derived neurotrophic factor on the epidermal growth factor-responsive
central nervous system stem cell progeny", submitted by Shireen Ahmed in
partial fulfillment of the requirements for the degree of Master of Science.

Dr. S. Weiss, Supervisor
Depts. of Anatomy and Pharmacology and
Therapeutics

Dr. R. Hawkes—
Dept. of Anatomy

D/ A. Billoch
ept.

i'

Medical

'hysiology

Dr. M. Cavey, External Exaniner
Dept. of Biological Sciences

11

ABSTRACT
The neurotrophins have been postulated to act during development
and into adulthood as factors that effect neuronal differentiation and
survival. In this study the actions of BDNF on progenitor cells resulting from
the recently identified EGF-responsive central nervous system (CNS) stem
cell, were examined.

These stem cells can be perpetuated in vitro

without

compromising their potential to give rise to the three major cell types of the
CNS, making this auseful system in which to study the influence of extrinsic
signals on precursor cells in the vertebrate CNS.
Preliminary analysis of the EGF-responsive stem cell progeny indicated
the presence of trkB neurotrophin receptor.

Treatment of these cells with

BDNF (long/ml) for 10 days in vitro (
DIV), resulted in a significant increase
in the numbers of neurons relative to control and had a striking effect on
neuronal process outgrowth.

However, a gradual decline in numbers of

neurons occurred by 27 DIV in both the absence and presence of BDNF.

A

continuous supplementation of BDNF, did not yield a further increase in
neuronal numbers nor was it sufficient for preventing neuronal loss over
time.

Neurite outgrowth, however, was clearly dependent on BDNF and a

continuous supply of BDNF produced an even greater number of neuronal
processes. Delaying the addition of BDNF as long as 10 DIV still resulted in
an increase in the numbers of neurons, compared to controls, with a pattern
of neurite outgrowth that was indistinguishable from that observed in
cultures receiving BDNF at the start of the experiment.
Taken together these data argue against the role of BDNF in promoting
neuronal survival and strongly suggest that BDNF acts as a differentiation
factor for neuronal precursors arising from the EGF-responsive stem cell.
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1. INTRODUCTION
The mammalian central nervous system (CNS) develops from a small
number of precursor cells in the neural ectoderm.

The genetic program of

these precursors, influenced by the extracellular environment, gives rise to
all the neurons and glia of the CNS.

In vitro lineage analysis studies have

demonstrated the existence of such multipotent progenitor cells.

Thus,

progenitor cells that can give rise to both neurons and astrocytes (Temple,
1989; Kilpatrick and Bartlett, 1993) or neurons and oligodendrocytes
(Williams et al., 1991) have been identified. In addition, the O-2A progenitor
cell is capable of differentiating into oligodendrocytes and type-2 astrocytes
(Raff, 1989).

In vivo, as well, seveFal studies have demonstrated the

multipotency of cells in the developing nervous system (Turner and Cepko,
1987; Frederiksen et al., 1988; Galileo et al., 1990).
While the existence of precursors for both neurons and glia has been
documented, the signals that regulate their proliferation, differentiation and
survival are less well understood.

Growth factors are one of the many

classes of extrinsic signals that influence neural development.

A variety of

growth factors have been reported to influence the proliferation of
neuroepithelial precursors.

For example, basic fibroblast growth factor

(bFGF) enhances the proliferation of neural precursors (Gensburger et al.,
1987; Murphy et al., 1990) and embryonic retinal neuroepithelial cells
(Anchan et al., 1991; Lillien and Cepko, 1992). Recently, Ray and Gage (1994)
have demonstrated that neuroblasts in the spinal cord proliferate in
response to FGF. In the embryonic retina epidermal growth factor (EGF) and
transforming growth factor-alpha (TGF-a) have also been shown to enhance
mitosis of retinal neuroepithelial cells (Anchan et al., 1991; Lillien and
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Cepko, 1992).

Cattaneo and McKay ( 1990) have shown that nerve growth

factor (NGF) can induce striatal neuroblasts to proliferate but only after they
have been primed with bFGF, suggesting asequential role of growth factors
in neuronal development.

In addition to regulating proliferation of

precursor cells, growth factors also act to control the fate of differentiating
cells.

Nevertheless, the sequence of events involved in the generation of

CNS cells from their most primitive precursors remains to be elucidated.

1.1 Stem cells
It has been widely believed that mammalian neurogenesis is an
embryonic event and that no new neurons are produced in the brains of
adults.

Hence, the CNS has been classified as a tissue consisting of a static

cellular population with little or no cell turnover.

This is in contrast to

other tissues of the body where cells are continually replaced in response to
signals from the environment.
The concept of stem cells originated from tissues that undergo self
maintenance or repair after injury, such as blood, intestine, and skin (Potten
and Loeffler, 1990).
attributes.

Stem cells are defined by virtue of their functional

They are undifferentiated cells capable of proliferation, self-

maintenance, the production of a large number of differentiated functional
progeny and the regeneration of the tissue after injury (Potten and Loeffler,
1990).

As an example, the process of haemopoiesis, which gives rise to all

the differentiated cells of the blood, begins with the proliferation of a stem
cell.

This cell, in addition to renewing itself, gives rise to a series of

progenitor cells which themselves undergo proliferation and, in response to
several extrinsic signals, differentiate into mature blood cells (Metcalf, 1989).

3

1.2 Isolation of EGF-responsive stem cells
Recently, Reynolds and Weiss (1992) have isolated a cell from the
murine striatum which possesses characteristics of stem cells identified in
other tissues (Reynolds and Weiss, 1994). In both the adult and embryonic
striatum (Reynolds and Weiss ,1992; Reynolds et al., 1992), these cells
proliferate in response to EGF. The proliferating EGF-responsive cells form
small clusters (spheres), which lift off the substrate and float in suspension
where they continue to proliferate.

At 6-7 days in vitro (
Dlv), the majority

of the cells exhibit immunoreactivity for nestin, an intermediate filament
found in undifferentiated cells of the CNS.

At this time, cells within the

spheres do not express any of the antigens characteristic of neurons or
astrocytes.

The EGF-responsive cells are rare, making up less than 0.1% of

the total cells isolated from the embryonic day 14 (E14) striatum.

Clonal

analysis of individual cells within the spheres reveals that in the presence of
EGF the stem cells not only produce more stem cells but also generate alarge
number of progenitor cells (Reynolds and Weiss, 1994).

When given a

suitable substrate (such as poly-ornithine), in the presence of EGF and
serum-free medium, cells within the spheres continue to proliferate,
generating progenitor cells that remain undifferentiated for up to three
weeks. However, by 21 DIV, cells with the morphology and antigenicity of
neurons and glia can be identified in these cultures (Reynolds and Weiss,
1992). The differentiation of these cells can be accelerated by removing EGF
and adding serum (Reynolds and Weiss, 1992).
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1.3 Influences of other growth factors on the EGF-responsive stem cell
progeny
That the presence of EGF is required for the proliferation of the newly
identified embryonic (Reynolds et al., 1992) and adult (Reynolds and Weiss,
1992) CNS stem cells in vitro

provides evidence in support of the

importance of signals from the environment.

Although EGF has been

shown to be the primary factor which influences the proliferation of the
stem cell, some of the progenitor cells within the spheres have been reported
to respond to bFGF by extending their proliferative potential (Vescovi et al.,
1993). At least two types of progenitor cells proliferate in response to bFGF: a
neuroblast that gives rise to neurons and abipotent progenitor that produces
astrocytes and neurons.

The presence of serum was required for the

differentiation of neurons from both these progenitors, suggesting that
additional, as yet unidentified factors may be required for the terminal
differentiation of neurons.

1.4 Neurotrophic factors
Much progress has been made in our understanding of factors which
affect neuronal development.

During development of the CNS and

peripheral nervous system (PNS) in vertebrates, many more neurons are
generated than ultimately survive and make functional connections with
their targets. In some structures up to 85% of certain neuronal populations
under go cell death (Oppenheim, 1992). The molecular mechanisms that are
responsible for this process are based on the theory of trophic support (Barde,
1989; Oppenheim, 1992; Korsching, 1993). In early experiments the extent of
cell death in neurons innervating a certain target was demonstrated to
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depend on the size of target.

Addition of an extra target resulted in the

decrease of naturally occurring cell death while a dramatic increase in
neuronal death was observed upon removal of target tissue (reviewed by
Barde, 1989).

These experiments suggested that the fate of neurons can be

influenced by epigenetic factors. Neuronal survival appeared to be regulated
by target-derived factors, a concept referred to as the neurotrophic
hypothesis.

Simply put, the neurotrophic hypothesis states that trophic

factor, released by the target, binds to the receptors on axons of innervating
neurons, and is retrogradely transported back to the soma where it prevents
the death of the cell. Neurons which receive the most trophic factor live and
those which receive less die (Barde, 1989; Snider and Johnson, 1989).
Evidence in support of this theory comes from experiments involving NGF
and its survival promoting effects on dorsal root ganglia (DRG) and
sympathetic ganglion neurons (Barde, 1989).

Sympathetic ganglion neurons

can be maintained in vitro by the addition of NGF while the administration
of antibodies against NGF can produce neuronal death in vitro and in vivo
(Barde, 1989).

In addition to target-derived support, more recent studies

indicate that neurons may derive trophic support from neighboring cells
(paracrine) or by the neurons themselves (autocrine) (Korsching, 1993).
Although a number of trophic factors have been reported to enhance
neuronal survival, little is known about the mechanisms by which they
prevent cell death.

Evidence suggests that in naturally occurring cell death

all neurons generated are programmed to die unless they acquire trophic
support (Johnson and Deckwerth, 1993).

Deprivation of trophic support

(NGF) leads to death of sympathetic ganglion cells in vitro as well.
However, if protein synthesis inhibitors are added at this time, cell death in

6

vitro can be prevented, indicating that this process is dependent on protein
synthesis and possibly gene transcription (Johnson and Deckwerth, 1993).
These

experiments

suggest

that

the

trophic

factor

may

be

suppressing/ regulating transcription of genes and/or synthesis of proteins
required for initiating the death program. In fact, recently, aproto-oncogene
Bcl-2 has been identified in mammals, the product of which can prevent the
death of sympathetic neurons if these cells are deprived of NGF (Garcia et al.,
1992).
In addition to survival-promoting factors, some polypeptide factors
play arole in neuronal differentiation without affecting the survival of these
cells (Yamamori, 1992). The actions of aneuronal differentiation factor may
be that of directing undifferentiated cells towards a neuronal fate,
influencing transmitter phenotype, and promoting neurite extension--all of
which lead towards the functional maturation of neurons.

Since it is often

difficult to separate survival enhancing versus differentiation promoting
effects of such factors in neural development (Korsching, 1993; Yamamori,
1992), the majority of evidence with respect to the actions of these factors has
been grouped under an extended definition of a neurotrophic factor, that
which enhances neuronal differentiation and survival.
One major group of neurotrophic factors are four structurally and
functionally

related

molecules,

the

neurotrophins.

NGF,

BDNF,

neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) are all members of
the neurotrophin family and have been shown to regulate proliferation of
neuronal precursors and to affect survival and differentiation of neurons.
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1.5 The neurotrophins
The discovery of NGF dates back about four decades when a mouse
sarcoma was transplanted into the body wall of a chick embryo with
surprising results.

Sensory and sympathetic ganglia markedly increased in

size and neural processes from the ganglia invaded the tumor.

This

observation suggested that afactor diffusing from the tumor was responsible
for the neural outgrowth, and this substance came to be known as NGF
(Levi-Montalcini and Hamburger, 1953).

NGF is produced in the mouse

salivary gland in large quantities (Cohen, 1960), an observation that allowed
for purification and subsequent study of its biological significance in
neuronal survival and development.

In 1982 the isolation of a second

neurotrophic factor was reported (Barde et al., 1982). Originally isolated from
pig brain, this protein was designated as BDNF and was shown to be capable
of inducing neurite outgrowth and supporting survival of chick embryonic
sensory

neurons.

Molecular

cloning

of BDNF

revealed that this

neurotrophic factor was closely related to NGF (Leibrock et al., 1989).

A

search utilizing the polymerase chain reaction resulted in the discovery of
the other closely, related factors, NT-3 (Hohn et al., 1990), NT-4 (Hallbook et
al., 1991) and NT-5 (Berkemeier et al., 1991).

Recent evidence suggests that

NT-4 and NT-5 are homologues of the same factor expressed in different
species (Ip et al., 1992). The neurotrophins are small (13 kDa) highly basic (p1
9-10.5) proteins which exist naturally as homodimers of 115-130 amino acid
residues and share at least 50% sequence homology with each other,
including six cysteine residues.

These trophic factors are synthesized as

polypeptide precursors which are subsequently cleaved to yield the mature
neurotrophins.

Neurotrophins bind to receptor tyrosine kinases and
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mediate

signal

transduction

through

pathways

involving

the

phosphorylation of intracellular proteins on tyrosine residues (Kaplan et al.,
1991).

Putative intracellular proteins involved in signal transduction events

include phospholipase C, phosphatidylinositol-3-kinase, microtubuleassociated protein-2kinase and the proto-oncogenes src and ras as mediators
of intracellular signaling (reviewed in Maness et al., 1994).

1.6 Receptors for neurotrophins
Receptors for neurotrophin growth factors consist of two general
types, the high-affinity receptors (Kd 10
(Kd 10

9M).

11 M)

and the low-affinity receptors

High-affinity receptors distinguish between members of the

neurotrophin family and appear to be responsible for signal transduction
mediating biological function. As with the neurotrophins, the identification
of the receptors for these molecules originated with studies on the
components to which NGF binds. Expression cloning led to the isolation of
a 75 kDa glycoprotein NGF receptor (p75) containing a short cytoplasmic
region that lacked atyrosine kinase consensus sequence. Transfection of p7'5
into non-neuronal cells, however, only resulted in low-affinity interactions
with NGF (Johnson et al., 1986a; Radeke et al., 1987).
Although, chemical cross-linking studies suggested the existence of
two complexes which bound NGF (Meakin and Shooter, 1991), the trk gene
was originally detected as an oncogene from a colon carcinoma (MartinZanca

et al.,

1989)

independent of studies

with NGF.

Molecular

characterization showed that the oncogene was composed of two fused
sequences, coding for both anon-muscle tropomyosin protein and atyrosine
kinase receptor (Martin-Zanca et al., 1989).

The oncogene was therefore
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designated trk to indicate its molecular structure (tropomyosin-eceptorkinase).

Although the original discovery was made in the colon, the trk

protooncogene product was subsequently shown to be primarily restricted to
neural tissues, specifically in a subset of NGF-responsive neurons (MartinZanca et al., 1990).

A possible relationship between the trk proto-oncogene

product and NGF was first suggested by an experiment describing NGFinduced tyrosine phosphorylation of trk in PC12 cells (Kaplan et al., 1991).
Studies aimed at obtaining information about the role of the trk protooncogene in normal development in the mouse not only resulted in
revealing the pattern of trk expression during development but also in
identifying arelated gene, designated as trkB (
Klein et al., 1989).
Hybridization experiments leading to the isolation of trkB (
Klein et al.,
1991b), were followed by the detection of yet another related gene, trkC
(Lamballe et al., 1991). trkB encodes afunctional receptor for BDNF (Klein et
al., 1991b; Soppet et al., 1991; Squinto et al., 1991) while trkC is the receptor
for NT-3 (Lamballe et al., 1991).

Although each receptor has ahigh affinity

for binding with its respective ligand, multiple interactions exist between the
trks and the neurotrophins such that NT-3 also binds to trkB and NT-4/5
binds to trkB (
Klein et al., 1992) as well as to trk (
Ip et al., 1992).

These

receptors fall into afamily of protein tyrosine kinase receptors, consisting of
an extracellular binding

domain,

a transmembrane

region and

an

intracellular catalytic kinase. domain (Klein et.al, 1989, Lamballe et al., 1991).
The kinase domains of trk, trk B and trk C share approximately 85%
sequence homology, and 50% homology between binding domains (Chao,
1992). Each trk gene is capable of producing multiple transcripts. In addition
to proteins that display variants in their kinase domains, trkB and trkC
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receptors also exist as truncated proteins which lack intracellular kinase
domains (Jing et al., 1992).

1.7 p75 and truncated neurotrophin receptors
A distinctive feature of the NGF-trk interaction is the co-existence of
the transmembrane p7'5 nerve growth factor receptor (NGFR).

The p75

NGFR gene encodes a transmembrane glycoprotein that does not possess a
tyrosine kinase domain and is expressed in most NGF-responsive cells
(Johnson et al., 1986a; Radeke et al., 1987). Although in anumber of studies
with various cell lines, trk alone has been reported to be capable of binding
NGF with high affinity, and of evoking a biological response (Klein et al.,
1991a; Nebreda et al., 1991; Weskamp and Reichardt, 1991), a more
controversial role has been suggested for the p7'5 NGFR, such that it is
required in complexing with trk in the generation of high-affinity binding
site for NGF (Hempstead et al., 1991; Kaplan et al., 1991).

Although not

related at all to the trk receptor family, the lack of a catalytic cytoplasmic
domain has grouped p75 with the truncated isoforms of trkB and trkC in
terms of the functional roles of these receptors.

Functions that have been

suggested for the p75 receptor and the truncated isoforms of trk receptors
include controlling the local concentration of the neurotrophins and acting
as presentation molecules (Tanuichi et al., 1988; Jing et al., 1992). The lack of
acatalytic cytoplasmic domain does not necessarily mean that these receptors
are non-transducing, since they may be acting through a different signaling
mechanism,

for

example,

one

utilizing

G-proteins (Feinstein

and

Larhammer, 1990). Recently, Dobrowsky et al. (
1994) have demonstrated that
p7'5 is capable of signal transduction independent of the trk receptor by
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activating the sphingomyelin cycle.

In vitro studies with chick embryonic

sensory neurons and fibroblast cell lines transfected with p75 NGFR gene
have demonstrated that all neurotrophins bind to p75 with similar 'affinity,
but with different dissociation rates (Rodriguez-Tebar et al., 1990, 1992). Gene
knockouts in transgenic animals have indicated an important role for p75 in
the development of sensory neurons but also suggest that this receptor is not
required for general neuron survival (Lee et al., 1992).

1.8 Neurotrophin receptor expression
Transcripts for trk mRNA are localized to only avery few neuronal
types in the PNS and CNS.

Peripherally, trk mRNA is expressed in

trigeminal ganglia, dorsal root ganglia, and paravertebral sympathetic
ganglia, all of which contain NGF-responsive neurons of neural crest origin
(Martin-Zanca

et al., 1990).

In the CNS trk is expressed in cholinergic

neurons of the striatum and basal forebrain.

Other forebrain regions

including cortex, hippocampus, and thalamus do not exhibit trk expression
(Holtzman et al., 1992).
In marked contrast to trk, transcripts for trkB and trkC are widely
distributed throughout the brain (Klein et al., 1990). Expression of the trkB
gene has been detected in forebrain, caudal midbrain, spinal cord, and
differentiating neural crest cells that form dorsal root ganglia. Specifically in.
the CNS, expression of trkB has been demonstrated in cortex, thalamus,
hippocampus and in Purkinje cells of the cerebellum (Klein et al., 1990).
Truncated forms of trkB lacking the cytoplasmic domain, (p95 kDa trkB)
(Middlemas et al., 1991) have also been detected in ependymal cells found in
ventricular linings and the choroid plexus (Klein et al., 1990).

The
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expression profile of trkC parallels that of trkB, with highest levels of
expression in the hippocampus (Lamballe et al., 1991).

Co-expression of

neurotrophins and neurotrophin receptors in the same cell population has
also been demonstrated.

For example, neurons of the pyramidal layer and

dentate gyrus in the hippocampus express trkB and trk C (Klein et al., 1990;
Lamballe et al., 1991), as well as BDNF and NT-3 (Phillips et al., 1990). This
observation has suggested an autoèrine mechanism of action of the
neurotrophins in addition to the target-derived trophic support model
(Schecterson and Bothwell, 1992).

1.9 Distribution of neurotrophins
NGF, NT-3, and NT-4/5 mRNA are found in the brain and in
peripheral tissues (Ernfors et al., 1990; I-Iohn et al., 1990; Maisonpierre et al.,
1990).

In the CNS, the levels of NGF and its mRNA are highest in the

hippocampal formation and neocortex, which are regions that receive
projections from the cholinergic neurons of the basal forebrain (Shelton and
Reichardt, 1986).

NGF mRNA has also been detected in the cholinergic

neurons of the olfactory bulb and the interneurons of the striatum
(Korsching

et al., 1985).

While BDNF mRNA expression has been

demonstrated in a limited number of peripheral tissues, organs, and cells
including skeletal muscle, heart, lung, (Maisonpierre et al., 1990), and
Schwann cells (Acheson et al., 1991), it is relatively restricted to the brain and
is more abundant there than any of the other neurotrophins (Ernfors et al.,
1990; Hofer et al., 1990; Klein et al., 1990; Berkemeier et al., 1991; Ip et al.,
1992).
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NT-3, BDNF and NGF are all widely distributed in the phase of
embryonic development that coincides with the onset of neurogenesis in the
PNS and CNS (Ernfors et al., 1990; Maisonpierre et al., 1990). A comparison
of the levels of expression through development and into adulthood reveals
that NT-3 mRNA is by far the most abundant in the early embryo while
BDNF mRNA is the least abundant and NGF mRNA is detected at
intermediate levels. Immature regions of the CNS, in which neurogenesis is
ongoing, express the highest levels of NT-3 (Ernfors et al., 1990; Maisonpierre
et al., 1990).

As these regions mature the initially high levels of NT-3

decrease, and there is a concomitant rise in BDNF mRNA levels while NGF
mRNA remains at constant levels during this period. This temporal pattern
of neurotrophins is also evident in the cerebellum and hippocampus, where
most neurons develop after birth.

Transient peaks of NT-3 mRNA are

observed at this time while levels of mRNA for BDNF and NGF in the same
structures have been reported to increase more steadily. NGF expression in
these regions reaches a peak at 2-4 weeks postnatally (Maisonpierre et al.,
1990).

All three factors exhibit uniformly high levels of expression in the

adult hippocampus (Maisonpierre et al., 1990).

The spatio-temporal

expression of the different neurotrophins, as well as their receptors, in the
embryo, the newborn, and the adult CNS suggests that these molecules have
specific roles through all stages of development.

1.10 Neurotrophin actions
The ability to enhance neuronal survival and differentiation appear to
be characteristics that are shared between the different members of the
neurotrophin family.

Peripheral neurons originating from the neural crest
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which respond to NGF include adrenergic sympathetic neurons and primary
sensory neurons.

These cells respond to NGF with differentiation, neuritic

extension,

stimulation

and

of

production

of

catecholamine

neuropeptide-synthesizing enzymes (Maness et al., 1994).

and

BDNF has been

shown to promote survival and neurite outgrowth of neural crest derived
and placode-derived sensory neurons and parasympathetic nodose ganglion
neurons (Lindsay et al., 1985; Davies et. al., 1986) but not sympathetic neurons
(Lindsay and Rohrer, 1985).
In the CNS, NGF has been shown to target select groups of cholinergic
neurons.

Since both BDNF and NGF have common targets in the PNS, it

was hypothesized that BDNF may affect these central neurons as well.
predicted,

in

vitro

experiments

have

demonstrated

that

As

BDNF

administration supports the survival and phenotypic differentiation of basal
forebrain cholinergic neurons (Alderson et al., 1990; Knusel et al., 1991). The
fact that BDNF is retrogradely transported from the hippocampus to
forebrain

cholinergic

neurons

in vivo

underscores

this

observation

(DiStefano et al., 1992). Consistent with the localization of BDNF, NT-3, and
NT-4/5 mRNAs in the substantia nigra in both adult (Gall et al., 1992) and
developing rat (Friedman et al., 1991; Hyman et al., 1993), BDNF has been
shown to support the survival of cultured dopaminergic neurons (Hyman et
al., 1991, 1994; Knusel et al., 1991). Included in the spectrum of neurons that
are responsive to BDNF in terms of survival and/or differentiation are
GABA-ergic and calbindin-containing neurons of the striatum (Ventimiglia
et al., 1993), hippocampal neurons (Collazo et al., 1992; Ip et al., 1993),
cerebellar granule cells (Segal et al., 1992; Wright et al., 1992; Lindholm et al.,
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1993) and retinal ganglion tells (Turner et al., 1983; Johnson et al., 1986b;
Rodriguez-Tebar et al., 1989).
In vivo experiments have demonstrated that the administration of
BDNF protected fetal dopaminergic neurons from the toxic effects of 6hydroxydopamine ( 6-OHDA)

and

1-methyl-4-phenylpyridinium ions

(MPP+), thought to be due to adecrease in oxidative stress (Spina et al., 1992).
In addition to the survival-promoting effects of BDNF in the presence of
environmental toxins, intraparenchymal administration of BDNF following
fimbrial transection has been shown to prevent the degeneration of
cholinergic septal and diagonal band neurons (Morse et al., 1993). In other
studies, however, while in vivo administration of BDNF protected basal
forebrain cholinergic neurons, it was not effective in preventing nigral
dopaminergic neurons from axotomy-induced degenerative changes (Knusel
et al., 1992).

Recent experiments have demonstrated that in neonatal rat,

local applications of BDNF prevent axotomy-induced death of spinal and
facial motoneurons (Sendtner et al., 1992; Ian et al., 1992). In the developing
chick, BDNF administration has been shown to rescue motor neurons from
naturally occurring cell death (Oppenheim et al., 1992).

Consistent with its

role in supporting survival of motor neurons, BDNF is expressed by
developing muscle and is retrogradely transported in spinal motoneurons
(Schecterson and Bothwell, 1992).
The high degree of homology between NT-3, BDNF, and NGF.
suggested that NT-3 may also have similar effects on neuronal populations.
In the PNS, NT-3 has been demonstrated to promote neurite outgrowth
from cultured nodose ganglion and neural crest-derived DRG neurons
(Maisonpierre et al., 1990).

In avian embryos, NT-3 was shown to affect
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proliferation and differentiation of early neural crest cells (Pinco et al., 1993).
DiCicco-Bloom et al. (
1993) have recently reported, that NT-3 increased
proliferation by promoting survival of cultured sympathetic precursors
containing dividing neuroblasts.

Motor neurons have also been shown to

respond to NT-3 (
Wong et al., 1993).

In the CNS, NT-3 increases survival

and/or differentiation of calbindin cultured neurons in the

hippocampus

(Collazo et al. 1992), cerebellar granule neurons (Segal et al., 1992) and
noradrenergic neurons in the locus coeruleus (Friedman et al., 1993).
The most recently discovered neurotrophins are NT-4 and NT-5.
NT-4, isolated from Xenopus

,

displays neurotrophic activity similar to that

of BDNF (Halibook et al., 1991).

NT-5 originally found in human and rat

(Berkemeier et al., 1991) possesses an amino acid sequence which is very
similar to NT-4, and although it has slightly different neurotrophic activity,
such that it supports survival and differentiation of sympathetic neurons, it
has been grouped with NT-4. Together these factors are referred to as NT4/5. NT-4/5 bind to both trk and trkl3 and can support the survival of select
cholinergic and noradrenergic neurons (Friedman et al., 1993). Since NT-4/5
can bind trkB, it is not surprising to find that neuronal populations that are
responsive to BDNF also show responsiveness to NT-4/5.

Neuronal

populations that display increased survival in vitro, in the presence of NT/5 include spinal motor neurons, nigral dopaminergic and GABAergic
neurons, striatal GABAergic.neurons (Hyman .
et al., 1994), septal cholinergic
neurons, and neurons in the hippocampus (Ip et al., 1993).
Although there is a vast amount of information with regards to
trophic factors and their general effects on various neuronal populations, a
clear understanding of their specific actions on these cells is lacking.

The
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isolation of the EGF-responsive stem cell and the its ability to be perpetuated
in vitro have, for the first time, provided amodel system in which to study
the effects of extrinsic influences on undifferentiated cells throughout
development. Towards understanding neurogenesis, in particular, it is now
possible to systematically study the effects of different molecules on the
regulation of proliferation of neuronal precursors, as well as neuronal
differentiation and long-term survival.
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1.11 Experimental objectives
The overall objective of this project was to further our understanding
of the effects of extrinsic signaling molecules on EGF-responsive CNS stem
cell progeny.

Undifferentiated cells with in the EGF-generated sphere

express trkB, the receptor for BDNF (E. Baetge and J.P. Hammang,
Cytotherapeutics, RI). The presence of these receptors on the EGF-responsive
stem cell progeny suggest that BDNF may play a role in the proliferation,
differentiation, or survival of these cells.

Hypothesis
BDNF, the functional ligand for trkB, will influence the proliferation,
survival, or differentiation of EGF-generated stem cell progeny.

Specific questions
Does BDNF enhance the generation, differentiation, and survival of
neurons from the EGF-responsive stem cell progeny?
(i)

Is BDNF amitogen for neuronal progenitors?

(ii)

Does BDNF regulate neuronal cell survival?

(iii)

Is BDNF adifferentiation factor for immature neurons?
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2. MATERIALS AND METHODS
2.1 Materials
The tissue culture reagents, Dulbecco's Modified Minimal Essential
Medium (DMEM), F12 nutrient mixture, glutamine, phosphate-buffered
saline (PBS), and penicillin/streptomycin were obtained from Gibco/BRL
Canada (Burlington, ON).

Heat inactivated fetal bovine serum (FBS), was

purchased from two sources; Gibco/BRL Canada and UBI (Lake Placid, NY).
Poly-L-ornithine, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid
(HEPES),

transferrin,

insulin,

putrescine,

selenium

chloride,

and

progesterone were obtained from Sigma Chemical Company (St. Louis, MO).
EGF, purified from mouse submaxillary gland, was obtained from
Collaborative Research (Chicago, IL) and human-recombinant BDNF was
generously supplied by Dr. M. Barbacid, Bristol Meyers Squibb (Princeton,
NJ).
Mouse monoclonal antibodies and rabbit polyclonal antisera directed
against neuronal and glial antigens and neurotransmitter phenotypes were
used as primary antibodies for indirect immunofluorescence. Polyclonal
anti-neuron specific enolase (anti-NSE) (1:1000) was kindly provided by Dr.
R. Hawkes (University of Calgary, Calgary, AB).

Polyclonal anti-glial

fibrillary acidic protein (GFAP, 1:1000) was a gift from Dr. L. Eng (Stanford
University School of Medicine, Palo Alto, CA). Polyclonal antisera directed
against substance-P (SP, 1:500), serotonin (5-HT, 1:1000), met-enkephalin (mENK, 1:1000), somatostatin (SS, 1:100), and neuropeptide-Y (NPY, 1:100) were
purchased from Incstar (Stillwater, MN).

Polyclonal anti-gamma amino

butyric acid (anti-GABA, 1:5000) and monoclonal anti-E-tubulin (1:1000) were
purchased from Sigma.

Polyclonal antisera directed against tyrosine

20
hydroxylase (TH, 1:750) and glutamate (Glu, 1:5000) were purchased from
Eugene Technicals (Richfield, NJ) and Pelfreez (Rogers, AK) respectively.
Monoclonal antibodies against GFAP, (1:100), microtubule associated
protein-2 (MAP-2, 1:400), galactocerebroside (GC, 1:100) and 04 (1:10) were
obtained from Boehringer Mannheim (Lava!, QC).

Anti-bromodeoxyuridine

(anti-BrdU, 1:5), used in proliferation assays was obtained from Amersham
(Oakville, ON) and polyc!onal antiserum to the immediate-early gene
product c-fos (clone TF6; 1:100), was a gift from Dr. K. Riabowa! (University
of Calgary, Calgary, AB).
Secondary antibodies raised in goat against mouse and rabbit
immunoglobulins, conjugated to the fluorophore rhodamine isothiocyanate
(RITC, 1:200) or fluorescein isothiocyanate (FITC, 1:100), were purchased
from Jackson Immunochemicals (Westgrove, PA).

Alkaline phosphatase

conjugated goat-anti-rabbit IgG (1:100) was purchased from Gibco/BRL.
Nunclon plastic tissue culture plates and 35 mm petri dishes were
purchased from Gibco/BRL. Glass coverslips used for plating spheres were
obtained from Canlab (Mississuaga, ON).

Fluorsave mounting agent was

obtained from Calbiochem (La Jolla, CA).

2.2 Methods
2.2.1

Primary cell culture
Striata were removed from 14-day-old CD1 albino mouse embryos

(Charles River) and mechanically dissociated in culture medium with afirenarrowed Pasteur pipette.

The

culture medium was composed of

DMEM/F12 ( 1:1), glucose (0.6%), glutamine (2 mM), sodium bicarbonate (3
mM), and HEPES buffer. A hormone and salt mixture including insulin (25
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gig/ml), transferrin ( 100 tg/ml), progesterone (20 nM), putrescine (60 nM),
and selenium chloride (30 nM) was used as supplement (defined medium).
Cells were plated at adensity of 200,000 cells/nil in Corning T75 (Gibco/BRL)
culture flasks in the above medium in the presence of 20 ng/ml EGF.

2.2.2

Passaging of EGF-generated spheres
After 7-8 days in vitro (
Dlv), floating clusters of cells (spheres) were

centrifuged (400 rpm) and the EGF-containing defined medium removed.
The pellet was mechanically dissociated and re-seeded in fresh EGF-defined
medium at 50,000 cells/ml, until secondary spheres were generated.

All

spheres used for examining the actions of BDNF were passaged at least once.

2.2.3

Immunocytochemistry
After the appropriate number of DIV (depending on the experiment),

spheres were fixed with 4% paraformaldehyde (plus 0.1% glutaraldehyde for
GABA immunostaining) for 20 minutes, rinsed three times in PBS ( 10
minutes each), and incubated with primary antibodies in PBS containing
10% normal goat serum for two hours at 37°C.

Permeabilization for

intracellular antigens was achieved by adding 0.3% Triton-X-100 (BDH,
Toronto, ON) to primary antibody solutions. For dual-labeling experiments,
primary antibodies generated from different . species were added together.
Following incubation coverslips were rinsed three times ( 10 minutes each)
with PBS and incubated in secondary antibodies for 30 minutes in the dark at
room temperature.

Again, for dual-labeling, appropriate secondary

antibodies were added together. Species specificity of aparticular secondary
antibody was demonstrated by a lack of immunoreactivity to primary
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antibody from an inappropriate species.

After three final washes in PBS,

coverslips were rinsed with double-distilled water (dd

H20)

and mounted

with FluorSave on glass slides. Fluorescence was detected and photographed
with aNikon Optiphot photomicroscope.
For some experiments, neuronal cell numbers were quantified by
using indirect immunocytochemistry with enzyme-linked, rather than
fluorescence-linked, secondary antibody. The NSE antibody was recognized
by incubating the coverslips with goat-anti-rabbit IgG linked to alkaline
phosphatase for 30 minutesutes at room temperature.

Staining was

developed with a0.1 M Tris buffer (pH 9.5) containing NaCl (0.1 M), MgCl2 (5
mM), nitro blue tetrazolium (NBT; 0.3 mg/ml), and bromochioroindolyl
phosphate (BCIP; 0.15 mg/ml). The reaction was terminated by rinsing with
tap water.

2.2.4

Quantification of cell numbers
Quantification of neuron numbers was performed double blind, such

that the reader was blind to the experimental protocol, by counting neuronal
cell bodies resulting from differentiation within each sphere at time
intervals designated by the particular experiment.

Neuronal cells were

identified by morphology and their immunoreactivity for neuron specific
enolase. Gamma or neuron-specific enolase is used routinely as amarker for
cells of neuronal origin.

This isoform of the glycolytic enzyme enolase is a.

homodimer composed of two gamma subunits and is located exclusively in
neurons in the mammalian CNS (Marangos and Schmechel, 1987).

Another

neuron specific marker used was microtubule associated protein-2, which is
involved in microtubule assembly in the brain and is found intracellularly
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in neuronal cell bodies and dendrites (Jacobson, 1991).
identified with anti-13-tubulin.

Neurons were also

Tubulin is the major building block of

microtubules and exists in virtually all eukaryotic cells.

Although several

isoforms of B-tubulin exist the type III isoform of 2-tubulin is expressed
exclusively in neurons and labels neurons of the CNS very early, during, or
immediately after the last mitotic cycle (Lee et al., 1990).
were detected by using antibodies against 04 and GC.

Oligodendrocytes
0-antigens are

sulfatides, which function as differentiation markers on the surface of
oligodendrocytes (Sommer and Schachner, 1981), and GC is a major
glycolipid constituent of myelin and a cell surface component of cultured
oligodendrocytes (Raff

et al., 1978).

Astrocytes were identified by

immunoreactivity to glial fibrillary acidic protein (GFAP), an intermediate
filament protein typically found in these cells (Jacobson, 1991).

A complete

profile of antigenicity and morphology expressed by the cells arising from the
EGF-generated spheres is described in the Results section and outlined in
Table 1.

Counts were pooled within each condition and divided by the

number of spheres counted in each condition.

The mean number of

neurons per sphere resulting in each condition was used in comparisons.
Statistical analysis of each set of experiments was carried out and the
significance of differences was determined across all conditions (as described
below).

2.2.5 Plating spheres to examine the actions of BDNF
Sterile glass coverslips were placed into 24-well tissue culture plates
and incubated overnight at 37°C in a solution of poly-ornithine (15 gg/ml)
in dd

H20.

The next day, poly-ornithine was aspirated from within the
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wells, followed by three 5 minutes rinses with PBS.

Defined medium was

added to culture plates and the plates were incubated at 37°C to allow the
media to equilibrate before the EGF-generated spheres were plated onto the
coverslips. EGF-generated spheres were rinsed free of EGF by centrifuging at
400 rpm for 5 minutes, aspirating the EGF-containing supernatant, and
replacing quickly with defined medium.

Resuspended spheres were then

transferred into 35-mm petri dishes and also allowed to equilibrate at 37°C
before plating.

Four-to-five individual spheres of similar size (50-60p.m)

were transferred by micromanipulation onto the poly-ornithine-coated
coverslips.

The spheres were cultured in 1 ml of defined medium

containing 1% serum in the absence or presence of BDNF (10 ng/ml). BDNF
was added to the culture medium only at the time of initial plating unless
otherwise indicated.
depending

on

Spheres were cultured for different lengths of time

the

oligodendrocytes,

experiment;

and

astrocytes

however,
were

by

clearly

10

DIV

neurons,

distinguishable

morphological and immunocytochemical characteristics.

by

Hence, this was

the time point chosen to make a quantitative comparison between the
numbers of neurons generated from a sphere grown in the presence or
absence of BDNF.

2.2.6

Bromodeoxyuridine (BrdU) labeling and detection.
To determine if cells were dividing in the absence or presence of

BDNF, BrdU (1 jiM) was added to each of the wells containing spheres (in
defined medium with 1% FBS) at the time of plating. Incorporation of BrdU
has been shown to be areliable assay for cellular proliferation and does not
have any toxic effects in culture at this ( 1jiM) concentration (Reynolds and
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Weiss, 1992; Reynolds et al., 1992; Vescovi et al., 1993). BrdU remained in the
medium for the duration of the culture.

Neuronal and glial proliferation

was visualized by dual-label immunocytochemistry for BrdU and the
neuronal/glial antigen NSE or MAP 2/GFAP.

The identity of the BrdU-

incorporating cells was confirmed by morphological examination.

2.2.7 Growth factor-induced expression of c-fos
EGF-generated spheres were rinsed free of EGF as described above and
resuspended in defined medium containing 1% serum. A few of these were
then transferred onto poly-ornithine-coated glass coverslips in culture plates.
Spheres were allowed to differentiate in this way for three days. At 3DW the
cultures were exposed to EGF (20 ng/ml) or BDNF (100 ng/ml), for 30-180
minutes.

These coverslips were transferred into 4% paraformaldehyde for

fixation, rinsed in PBS three times, and incubated for 45 minutes at 37°C
with c-fos antiserum and the neuronal antigen f-tubulin or the glial antigen
GFAP. Following incubation in the primary antibodies, the coverslips were
then rinsed three times with PBS and incubated with the appropriate
secondary antibodies for 30 minutes
with dd

H20,

response

to

After three rinses with PBS and one

the coverslips were mounted on glass slides, and the cellular
EGF/BDNF

stimulation was , examined by looking for

immunoreactivity for c-fos and 13-tubulin or GFAP.

2.3 Statistical Analysis
There is an intrinsic heterogeneity amongst the EGF-generated
spheres. Four different kinds of spheres have been identified: those that give
rise to i) neurons, oligodendrocytes and astrocytes; ii) neurons and astrocytes;
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iii) astrocytes and oligodendrocytes; or iv) astrocytes only. Since, there is no
way of identifying the differences amongst the spheres at the time of plating,
this heterogeneity between the spheres existed across all conditions in which
they were examined. This was probably the cause of the large variance in
neuronal counts within each condition.

Assuming that the sample of

spheres plated is sufficiently similar between conditions at the start of the
experiment (before the addition of BDNF), a Poisson distribution of the
numbers of neurons resulting from spheres was expected. Each set of
experiments used for quantitation of neuronal numbers was repeated at least
four times. For each experiment, pass-2spheres were generated from anew
primary culture.

Four-to-five spheres were plated in each condition and

neurons resulting from each sphere were counted in all the different
conditions within each experiment. The numbers of neurons counted in all
the experiments were pooled within each condition and divided by the total
number of spheres in that condition.

The resultant mean number of

neurons per sphere in each condition was used in data illustration and
analysis. For statistical analysis of the data, the dependent measure was the
number of neurons per sphere and the null hypothesis was that the number
of neurons per sphere in the different conditions would be the same.

CM

square analyses were carried out to determine significance across entire
experiments and to further determine which difference between conditions
were significant.
***P<0.001.

Levels of significance were *p<o.05, **p<•fl and
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3. RESULTS
3.1 Cells within the EGF-generated spheres respond to BDNF
To determine if cells within the sphere respond to BDNF, spheres
were rinsed free of EGF and plated on poly-ornithine-coated glass coverslips
in defined medium (containing 1% serum), in the absence or presence of
BDNF (10 ng/ml).

Soon after plating, cells migrated away from the sphere

and began to differentiate into neurons and glia.

As early as 3 DIV1

differences were apparent between spheres grown in the absence of BDNF
and those that were exposed to BDNF.

In the presence of BDNF, there

appeared to be more cells migrating out of the sphere. Under phase-contrast,
by 10 DW, some of the cells had acquired different cellular morphology
typical of neuronal and glial cells in culture. When fixed and processed for
immunocytochemistry these cells were not only morphologically distinct
from each other, they also expressed combinations of antigens characteristic
of their cell types.

In both control and BDNF-treated cultures three major

types of cells were observed.

Cells with a small rounded or pyramidal cell

body extending long thin processes expressed MAP-2, NSE, or 14-tubulin, and
were classified as neurons while cells with numerous short processes,
immunoreactive for 04 and GC were classified as oligodendrocytes.

The

majority of flat cells expressed GFAP indicative of astrocytes in culture
(Figure 1).
Other types of cells were also found in both BDNF and control
cultures (Table 1) which did not fall into the categories described above. For
example, two populations of cells exhibited NSE-immunoreactivity.

Dual-

label immunocytochemical analysis with antiserum against NSE and an
antibody against another neuronal antigen, MAP-2, helped distinguished
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Figure 1. The three principal cell types produced from the EGF-responsive
stem cell progeny.
EGF-generated spheres were cultured on poly-ornithine-coated glass
coverslips in defined medium with 1% FBS.

At 10 DIV, indirect

immunocytochemistry, with antibodies against neuronal or glial antigens,
demonstrates that both control and BDNF-treated spheres have the capacity
to produce cells that are morphologically and antigeriically identifiable. Cells
with neuronal morphology exhibit immunoreactivity for NSE (A), cells with
numerous short processes typical of oligodendroglia are immunoreactive for
04 (B), and flat cells of protoplasmic and stellate types, indicative of
astrocytes in culture, exhibit immunoreactivity for GFAP (C). (Data shown
for spheres grown in the presence of BDNF.) Calibration bar, 30.tm.
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Figure 2. NSE-immunoreactive cells also express MAP-2immunoreactivity.
Dual-label indirect immunocytochemistry of cells resulting from spheres (10
DIV) cultured in the ' absence or presence of BDNF in defined medium with
1% FBS.

Cells which exhibit neuronal morphology are immunoreactive for

NSE (A). The same cells label with another neuronal antigen, MAP-2 (B),
confirming their identity as neurons. (Data shown for BDNF-treated
spheres.) Calibration bar, 30tm.
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these two populations, confirming that only NSE-immunoreactive cells that
exhibited neuronal morphology were immunoreactive for MAP-2 as well
(Figure 2).

Cells within the other NSE-immunoreactive population had

large cell bodies which extended thick processes terminating in a diffuse
meshwork.

Although positive (+ve) for NSE, these cells were negative for

the

neuronal

other

immunoreactivity

antigens

with

the

MAP-2 or

1-tubulin

oligodendroglial

markers

and
04

exhibited
and

GC.

Surprisingly, this group of cells were also immunoreactive for SP.
Although, these cells possessed bizarre characteristics in terms of the known
categories of CNS cells in culture, they were classified as one type of
oligodendrocyte based on their immunoreactivity with myelin basic protein
(MOP).

There

was

a second

immunoreactivity for 04 and GC.

population

of

cells

that

exhibited

In contrast to the former group of

04/GC+ve cells these cells possessed a small rounded cell body which
extended numerous short processes, typical of oligodendrocytes.

When

processed for immunocytochemistry with antibodies to the neuronal
antigens these cells were negative for NSE, MAP-2, 2-tubulin and SP (Table
1).

Neither of these populations of oligodendroglia were immunoreactive

for GFAP. In addition to oligodendroglia, there were two groups of flat cells.
Some of these flat cells were immunoreactive for GFAP while others did not
exhibit immunoreactivity for GFAP or for antigens characteristic of
oligodendroglia or

neurons.

Morphologically both groups appeared to be

astrocytes (see Table 1for a summary of antigenic profiles of cells generated
from spheres).
For quantification of neurons in subsequent experiments, only the
cells that were immunoreactive for NSE and MAP-2and possessed adistinct
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Table 1: Antigenic profile of cells produced from the EGF-rsponsive stem cell progeny

Antigu
13-tubulin,

NEE

MAP-Z

04/CC

GFAP

CABA/SP

Defined as

Morphology
Small

+

+

Small
Large
Flat
Flat

+
+

Neuron
Oligodendrocyte

only SP+

•
+

Oligodendrocyte
astrocyte
astrocyte

EGF-generated spheres plated on poly-ornithine in defined medium plus 1% serum give rise to cells
with different morphological and antigenic properties ( 10 DIV). The same repertoire of cellular
differentiation is observed in both the absence or presence of BDNF.
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Figure 3.

BDNF increases the number of neurons derived from EGF-

generated spheres.
Phase contrast micrographs of a sphere ( 10 DIV) cultured in EGF-free
medium plus 1% FBS in the absence (A) and in the presence of (B) BDNF.
The same spheres fixed and processed for indirect immunocytochemistry for
the neuronal antigen NSE, illustrate that, compared to control (C), more
NSE-immunoreactive cells are observed in the presence of BDNF (D).
Calibration Bar, 100 pm for (A) and (B); 40 tm for (C) and (D).

35

6

37

Figure 4.

Quantification of neuronal numbers in BDNF versus control

spheres.
EGF-generated spheres were rinsed free of EGF and cultured in the absence
or presence of BDNF in defined medium with 1% FBS.

At 10 DIV, these

spheres were fixed and processed for immunocytochemistry with antiserum
towards NSE.

Neurons were identified by their morphology and their

immunoreactivity for NSE and quantified.

In the absence of BDNF, 11.4 ±

1.2 neurons/sphere were counted (n=125 spheres). In contrast, when BDNF
(long/ml) is present in the culture medium, a significantly greater number
of neurons are generated (22.3 ± 2.3 neurons/sphere, n=113 spheres).
(p<O.00l, Chi square analysis).
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EDNF
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small cell body extending thin processes were counted. After 10 DIV, in the
presence of BDNF the numbers of cells immunoreactive for NSE/MAP-2
was almost twice that in control (Figure 3).

Significantly more cells were

found to be immunoreactive for NSE in BDNF-treated spheres (22.3 ± 2.3
neurons/sphere, n=113 spheres; p<O.00l,) as compared to
(11.4 ± 1.2 neurons/sphere, n=125 spheres) (Figure 4).

control cultures

Qualitatively, there

was no difference in the numbers of NSE/04+ve, 04+ve, and GFAP+ve cells
(see examination of non-neuronal cells in section 3.5).

3.2 BDNF enhances neurite extension and process branching of neurons
In addition to an increase in neuronal numbers, the most prominent
characteristic of EGF-generated spheres cultured in the presence of BDNF
was

an increase in process outgrowth from neuronal

cells.

This

phenomenon was observed starting as early as seven days after plating
spheres on poly-ornithine in defined medium with 1% serum.

Neurite

extension and branching observed at 10 DIV was maintained up to 21 DIV
without the addition of fresh culture medium.

In previous studies,

Reynolds ( 1992a) demonstrated that the majority of neurons in EGFgenerated spheres contain y-amino butyric acid (GABA), and due to the
presence

of

this

neurotransmitter

throughout

the

entire

cell,

immunostaining with GABA-antiserum provides an excellent illustration
of process extension from neuronal cell bodies (B.A. Reynolds, personal
communication).

When spheres at 10 DIV in the absence (Figure 5A) or

presence (Figure

5B)

of

BDNF

were

processed

for

indirect

immunocytochemistry using antiserum to GABA, in control spheres, the
majority of neuronal cell bodies were observed on top of the underlying glial
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Figure 5. BDNF enhances neuronal process outgrowth.
EGF-generated spheres were rinsed free of EGF and cultured with or without
BDNF in defined medium with 1% FBS.

Phase contrast micrographs

illustrating process outgrowth in spheres at 10 DIV, in the absence (A) or
presence (B) of BDNF. The same spheres were then fixed and processed for
indirect immunocytochemistry with antiserum to GABA.

Fluorescence

micrographs of these spheres illustrates the simplicity of process outgrowth
in control spheres (C), while demonstrating that the majority of neurons in
the presence of BDNF (D) extend long neurites in an extensively branched
and complex fashion. Calibration bar, 100 p.m for (A) and (B); 30 p.m for (C)
and (D).
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bed (Figure 5C). Some neurites of the GABA-ergic neurons extended to 150
gm.

In contrast, in the presence of BDNF, several neuronal cell bodies

migrated distances of 200 gm or more from the core of the sphere and
primary neurites from almost all neurons extended over 300 gm.

Primary

processes branched off into long secondary and tertiary processes with dense
sprouting between major branch points (Figure 5D).

Quantification of

process growth is described in Section 8.2.

3.3 BDNF-induced c-fos expression in neuronal cells
In numerous tissues it has been found that the expression of
protooncogenes c-fos and c-jun could be induced within minutes of growth
factor stimulation (Sheng and Greenberg, 1990).

The relatively rapid and

transient activation of c-fos expression in cells has been used to distinguish
between those cells which respond directly to atrophic factor from those that
may exhibit an indirect response (Collazo et al., 1992).

Therefore, Iused

immunocytochemical staining for c-fos protein to determine whether BDNF
was selectively and directly acting on the neuronal population versus the
glial population within the EGF-generated spheres.
EGF-generated spheres were rinsed free of EGF and transferred onto
poly-ornithine coated glass coverslips in defined medium plus 1% serum.
EGF, a powerful mitogen for many, if not all, cells within the sphere, was
used to determine the suitability of the c-fos assay in our system and as a
reference to which the response to BDNF could be compared. At 3 DW, the
EGF-free cultures were re-exposed to EGF (20 ng/ml), for 30, 60, 90, 120, and
180 minutes (n=3; experiments from three cultures)

These spheres were

fixed by transferring the coverslips into 4% paraformaldehyde and then
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Figure 6. Cellular targets for the actions of BDNF and EGF.
Spheres plated in EGF-free medium plus 1% FBS for 3 DIV were exposed to
EGF or BDNF for 60 minutes and subsequently processed for dual-label
immunocytochemistry with antiserum to the immediate-early gene product
c-fos and with antibody directed against the neuronal antigen 13-tubulin.
Exposure of spheres to BDNF results in the expression of c-fos (A, arrows)
primarily in the neuronal population, identified with 2-tubulin (B, arrows).
In contrast to the BDNF response, c-fos expression in response to EGF (C,
closed and open arrows) is clearly not restricted to the neuronal population
(D, closed arrow indicates neurons; open arrows indicate non-neuronal
cells). Calibration bar, 30 M.
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processed for dual-label immunocytochemistry using c-fos antiserum and a
monoclonal antibody to the neuronal antigen R-tubulin.

Immunoreactivity

to c-fos was detected in spheres exposed to EGF for 30 minutes but cellular
nuclei were most intensely and clearly labeled after a 60-minutes exposure.
By 120 minutes diffuse c-fos staining was observed throughout the cell and
with no nuclear specific staining.

When spheres had been exposed to EGF

for 180 minutes little to no c-fos expression was observed.

The

immunoreactivity to c-fos in spheres exposed to EGF for 60 minutes was
observed in both neuronal and non-neuronal cells (Figure 6C, D).
Inext sought to determine if the actions of BDNF were selective for
the neuronal cells versus the non-neuronal cells in the spheres. Spheres at 3
DIV were exposed to BDNF (100 ng/ml as per Collazo et al., 1992) or EGF (20
ng/ml)

for

60

minutes,

fixed,

and

processed

for

dual-label

immunocytochemistry with c-fos antiserum and the antibody to E-tubulin.
In contrast to the spheres exposed to EGF, in response to BDNF, c-fos
immunoreactivity

was evident only in cells with a neuronal morphology

and immunoreactivity to 1-tubulin (Figure 6A, B). These results suggest that
BDNF acts directly on the neuronal cells within the sphere.

3.4 BDNF does not induce proliferation of neuronal precursors within the
sphere
In examining the role of BDNF in producing an increase in neuronal
numbers, Iinvestigated the possibility of a mitogenic action of BDNF on
neuronal precursors in EGF-generated spheres.

Spheres were rinsed free of

EGF and transferred with a micropipette onto poly-ornithine-coated
coverslips in defined medium (containing 1% serum) and 1 pM BrdU,

in

47

Figure 7. BDNF does not induce proliferation of EGF-generated neuronal
precursors.
(A-C) Spheres plated in defined medium plus 1% FBS and 1p.M BrdU and
grown in the absence or presence of BDNF exhibit proliferation only in some
cells.

Both in the control and BDNF-treated spheres, cells with neuronal

morphology (A, arrows) in phase contrast are immunoreactive for the
neuronal antigen, NSE (B, arrows) but do not incorporate BrdU into their
nuclei (C, arrows) (data shown for BDNF-treated spheres.)
(D-F)

However, some cells both in and surrounding the spheres exhibit

BrdU immunoreactivity in both control and BDNF-treated spheres (data
shown for BDNF-treated spheres). Under phase contrast, these cells (D, open
and closed arrows) appear to be flat and possess large nuclei, characteristic of
cultured glial cells. Some of these cells are immunoreactive for the glial
antigen, GFAF (E, open arrow), while others are not (E, closed arrow), but
both incorporate BrdU (F, open and closed arrows). Not all glial cells
incorporate BrdU (see BrdU quantification in Figure 8.)
Calibration bar, 30 gm (A-F).
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the absence or presence of BDNF.

BrdU incorporates into the DNA of

dividing cells and has been used by our laboratory as a reliable assay for
newly generated neurons (Reynolds et al., 1992; Reynolds and Weiss, 1992;
Vescovi et al., 1993).

At 10 DW, dual-label indirect immunocytochemistry

with antibodies directed against NSE and BrdU revealed that almost all
NSE/MAP-2-immunoreactive cells, arising from control or BDNF-treated
spheres, were not BrdU-immunoreactive (n=4; experiments from four
cultures) (Figure 7A-C).

This finding suggested that the increase in the

numbers of neurons observed in the presence of BDNF was not due to
proliferation.

Although neuronal precursors were not dividing, BrdU

incorporation was observed in non-neuronal cells in control and in BDNFtreated spheres.

3.5 Increase in BrdU incorporation in non-neuronal cells in the periphery
of spheres cultured in the presence of BDNF
Immunocytochemistry with antibodies to 04 and GC demonstrated
that there was no significant difference in the numbers of oligodendrocytes
present in BDNF-treated spheres compared to those in control spheres (data
not shown). However, BDNF-treated spheres appeared to exhibit an increase
in the number of cells in the periphery of the plated spheres.

These cells

possessed aflat cytoplasm around alarge nucleus, a morphology indicative
of

astrocytes

in

culture,

and

some

of these

cells

were

indeed

immunoreactive for GFAP.
To determine if these non-neuronal cells were proliferating when
cultured in the presence of BDNF, the BrdU incorporation assay was
employed as described above. Cultures grown with or without BDNF for 10
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DIV were fixed and processed for dual-label immunocytochemistry with
antiserum directed against GFAP and the antibody to BrdU. In both
conditions some of the BrdU-incorporating cells were astrocytes as
determined by the presence of immunoreactivity to GFAP (Figure 7D-F).
Immunostaining for GFAP in flat cells with astrocyte morphology varied
from intense to little or no staining.
incorporated BrdU.

Both GFAP+ve and GFAP-ve cells

Given the previous observation that the neuronal

population of cells was not incorporating BrdU and the presence of BrdUlabeled cells that could not be identified antigenically, I quantified nonneuronal BrdU incorporation by counting the total number of cells
incorporating BrdU in spheres cultured with or without BDNF (Figure 8),
BrdU incorporation was most clearly visible in the area surrounding the core
of the sphere. The sphere core itself contained BrdU staining but could not
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Figure 8. Quantification of total BrdU incorporation into cells resulting from
EGF-generated spheres in BDNF versus control.
Spheres were cultured in defined medium plus 1% FBS and 1 RM BrdU,
both in the absence and the presence of BDNF, for 10 DIV.

Indirect

immunocytochemistry with antibody to BrdU was utilized to identify
dividing cells and the total number of cells that exhibited nuclear
immunoreactivity was quantified in the area surrounding the core of the
sphere.

There was a significant increase in the numbers of peripheral cells

incorporating BrdU in the presence of BDNF (23.8±1.3 BrdU+ve nuclei,
n=156 spheres;

p<O.O1,

Chi square analysis) relative to that observed in

control conditions (16.8±1.3 BrdU+ve nuclei, n=95 spheres).
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be reliably quantified due to the fact that this area contained amultiple layers
of cells.

Outside of this core the cells were spread out in a monolayer and

BrdU immunoreactivity in the nuclei of individual cells could be quantified.
There appeared to be a significant (p<O.Ol) increase in the numbers of nonneuronal cells incorporating BrdU, outside the core of the sphere, in the
presence of BDNF (23.8 ± 1.3 cells/sphere, n=156) relative to control (16.8 ±
1.3 cells/sphere, n=95). These data suggest that there is an increase in nonneuronal cells in the periphery of the sphere in the presence of BDNF.

3.6 Influence of BDNF on neuronal phenotype
It has been previously reported that when EGF-generated spheres are
allowed to differentiate the principal neurotransmitter phenotypes of newly
generated neurons are GABA and SP (Reynolds et al., 1992). To determine if
the BDNF-induced increase in neuronal numbers was associated with the
induction of a novel neurotransmitter phenotype, spheres were rinsed free
of EGF and plated in defined medium (with 1% serum) and in the presence
of BDNF (10 ng/ml).

At 10 DIV the spheres were fixed and processed for

indirect dual-label immunocytochemistry with monoclonal

antibody

directed towards either of the neuronal antigens 1-tubulin or MAP-2 and
antisera raised against a variety of neurotransmitters or synthesizing
enzymes. The antisera for neurotransmitters or synthesizing enzymes tested
included: GABA, substance-P, somatostatin, neuropeptide-Y, tyrosine
hydroxylase, serotonin, met-enkephalin, and glutamate.

All of these

antisera have been used successfully by our lab to identify neuronal
populations

in

primary

embryonic

mouse

CNS

cultures.
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Figure 9. Neurons are immunoreactive for GABA or SP in both BDNF and
control cultures.
EGF-generated spheres were rinsed free of EGF and cultured in defined
medium with 1% FBS for 10 DIV in the absence or presence of BDNF. These
spheres were subsequently fixed and processed for immunocytochemistry
with antisera against the neurotransmitters GABA or SP.

Phase contrast

micrographs of single cells (A) and (D) generated from asphere labeled with
the

neuronal

markers

13-tubulin ( B)

and

MAP- 2 ( E)

exhibit

immunoreactivity to the neurotransmitters GABA (C) and SP (F). (Data
shown for BDNF-treated spheres.) Calibration Bar, 30 gm (A-F).
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The presence of BDNF did not induce the expression of any new
neurotransmitter phenotypes in neuronal cells within the spheres.

Cells

with neuronal morphology (Figure 9A, D), immunoreactive for the
neuronal antigen E-tubulin (Figure 9B) or MAP-2 (Figure 9E), expressed only
GABA (Figure 9C) and SP (Figure 9F), respectively.
Although there were no new phenotypes of neurons induced by the
presence of BDNF, Iexamined the possibility that BDNF was enhancing the
survival and/or differentiation of one of the two subpopulations of neurons
described above.

Spheres in defined medium (with 1% serum) plated on

poly-ornithine were cultured for 10 DIV with or without BDNF (10 ng/ml).
Following indirect

immunocytochemistry,

the

numbers

of neurons

expressing GABA or SP were counted in both BDNF and control cultures
(Figure 10). In the presence of BDNF there were more GABA+ve (29.5 ± 2.5
neurons, n=49 spheres) and more SP+ve (28.1 ± 2.8 neurons, n=52 spheres)
neurons than there were in control cultures (18.0 ± 2.8 GABA+ve neurons,
n=38 spheres; 19.7 ± 2.8 SP+ve neurons, n=45 spheres).

The results also

indicated no significant difference in the numbers of GABA+ve and SP+ve
neurons within either the BDNF-treated cultures or the untreated cultures,
suggesting co-localization of the two neurotransmitters.

Subsequent dual-

label immunocytochemistry with antibody towards GABA and antiserum to
SP confirmed that 96% of the GABA+ve neurons (n=316 neurons) contained
SP (Figure 11).

3.7 The influence of BDNF on neuronal numbers over time
The findings detailed above demonstrated that there was a significant
increase in the number of neurons in spheres cultured for 10 DIV in the
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Figure 10.

Quantification of neurons containing GABA or SP in BDNF-

treated versus control spheres.
EGF-generated spheres were rinsed free of EGF and cultured in defined
medium with 1% FBS, for 10 DIV, in the absence or presence of BDNF.
These

spheres

were

subsequently

fixed

and

processed

for

immunocytochemistry with antisera against the neurotransmitters GABA or
SP.

There were significantly more neurons exhibiting immunoreactivity to

GABA (29.5 ± 2.5 neurons, n=49 spheres; p<O.001. Chi square analysis) or to
SP (28.2 ± 2.8 neurons, n=52 spheres; p<O.00l) in the presence of BDNF,
relative to control ( 18.0 ± 2.8 GABA+ve neurons, n=38 spheres; 19.7 ± 2.8
SP+ve neurons, n=45 spheres). However, the number of GABA+ve neurons
was not significantly different from the number of SP+ve neurons in either
BDNF or control.
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Figure 11. GABA and SP are co-localized in neurons differentiating in BDNF
and control.
EGF-generated spheres were rinsed free of EGF and cultured in defined
medium with 1% FBS for 10 DIV in the absence or presence of BDNF. These
spheres

were

subsequently

fixed

and

processed

for

dual-label

immunocytochemistry with a monoclonal antibody towards GABA and
antiserum directed against SP. Ninety-six percent of all GABA-ergic neurons
(n=316 neurons) (A) exhibit immunoreactivity for SP also (B) (data shown
for BDNF-treated spheres). Calibration bar, 30.tm.
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presence of BDNF, and that this increase in neuronal number was not due to
the proliferation of neural precursors. Inext designed experiments directed
towards determining if BDNF was a survival and/or differentiation factor
for neuronal precursors.

In preliminary experiments, removal of BDNF 24

hours after plating resulted in spheres that were not much different than
control spheres when examined at 10 DIV. Additional experiments revealed
that BDNF was required for at least 5 DIV or more to yield the significant
increase in the numbers of neurons that morphologically and antigenically
reached maturation by 10 DIV.
To examine the effect of BDNF over atime period extending beyond 510 DIV, EGF-generated spheres were rinsed free of EGF as described above.
Four-to-five spheres of similar size were plated by micromanipulation onto
poly-ornithine-coated glass coverslips in each of the 24 wells of the culture
plate (in 1ml of defined medium containing 1% serum). BDNF (10 ng/ml)
was added to 12 of the 24 wells only at plating. At 5, 10, 21, and 27 DIV
coverslips were transferred from the culture plate, using sterile technique, to
another plate containing 4% paraformaldehyde for fixation and subsequent
indirect immunocytochemistry for neuronal antigens. At each time interval
the neurons were identified by immunoreactivity with NSE and by neuronal
morphology. Numbers of neuronal cell bodies per sphere were quantified in
both BDNF and control conditions at all four time intervals. As illustrated
in Figure 12, at 5DIV there was no significant difference between the
numbers of neurons in control (20.6 ± 3.5 neurons/sphere, n=32 spheres)
versus the BDNF-treated spheres (25.2 ± 2.7 neurons/sphere, n=47 spheres).
At 10 DIV, 18.8 ± 4.7 neurons/sphere (n=107 spheres) were observed in
control, whereas in BDNF-treated cultures 36.1 ± 2.6 neurons/sphere (n=159
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Figure 12. The effects of BDNF on neuronal numbers over time.
EGF-generated spheres were rinsed free of EGF and cultured with or without
BDNF in defined medium with 1% FBS.

These spheres were fixed and

processed for immunocytochemistry at 5, 10, 21, and 27 DIV. Neurons were
identified by the presence of immunoreactivity for NSE and by morphology.
At 10 DIV, 18.8 ± 4.7 neurons/sphere (n=107 spheres) were observed in the
absence of BDNF.
(n=159 spheres,

In BDNF-treated cultures 36.1 ± 2.6 neurons/sphere

p<O.00l

Chi square analysis) were quantified. Over time the

difference between the numbers of neurons generated from the sphere in the
absence or presence of BDNF becomes less significant (p<O.05 at 21 DIV and
27 DPI).
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spheres; p<O.00l) were generated.

Over time the difference between the

numbers of neurons generated from the sphere in the absence or presence of
BDNF became less significant. Only 21.3 ± 2.2 neurons/sphere were observed
in BDNF-treated cultures while in control spheres there were 13.8 ± 1.7
neurons/sphere at 21 DIV (p<O.05). By 27 DIV afurther decline in neuronal
number was observed in BDNF-treated cultures (17.3 ± 2.6 neurons/sphere)
whereas the numbers of neurons counted in control spheres did not change
from those at 21 DIV (14.4 ± 2.0 neurons/sphere).

These findings also

indicated that over time a decline in neuronal numbers occurs in spheres
cultured with or without BDNF,

3.8 Determining

if BDNF is asurvival and/or differentiation factor

If BDNF is a survival factor the numbers of neurons observed at 10
DIV in the presence of BDNF should be maintained over time. The decrease
in neuronal numbers by 27 DIV suggests that BDNF is not a survival factor
over time for these neurons and that perhaps BDNF influences neuronal
differentiation.

Alternatively, BDNF could be a survival factor, and the

decrease in neuronal numbers over time, could be the result of depletion of
BDNF in culture medium.

To distinguish between the actions of BDNF in

promoting survival versus differentiation, a series of experiments were
designed in which (1) the number of neurons and (ii) neuronal process
outgrowth was quantified in conditions varying with respect to the
administration of BDNF. EGF-generated spheres were rinsed free of EGF as
described above and four-to-five spheres of similar size were plated by micromanipulation, directly into poly-ornithine-coated plastic wells of the culture
plate in 1ml of defined medium containing 1% serum (in these experiments
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glass coverslips were not used).

For each experiment, two culture plates

were prepared for quantification of neuronal numbers at 10 and 21 DIV.
Process outgrowth was quantified at 21 DIV only.

The different conditions

with respect to BDNF applications consisted of: one-time addition of BDNF
for the duration of 21 DIV, exposure to BDNF for 48 hours only,
supplementation of BDNF throughout 21 DIV, re-addition of BDNF at 10
DIV and delayed addition of BDNF at 10 DIV.

After 10 and 21 DIV these

spheres were processed for immunocytochemistry using NSE for labeling
and quantifying the numbers of neurons.

The secondary antibody used to

detect NSE in these experiments was conjugated to alkaline phosphatase and
the staining was developed with NBT and BCIP. Quantification of neuronal
numbers from four individual experiments was done such that the reader
was blind to the experimental conditions. The data obtained was statistically
analyzed by Chi square analysis.

3.8.1

Neuronal survival
In the first condition (1) (Table 2) spheres were grown in defined

medium plus 1% serum without the addition of BDNF, while spheres
growing in the second condition (2) received 10 ng/ml BDNF once only at
the time of plating.

As with the time-course study above, consistency in

neuronal

was

numbers

observed

at

two

levels

throughout

these

experiments: one corresponding to time and the other to treatment with
BDNF.

As illustrated in Table 2, there were consistently more neurons per

sphere at 10 DIV in control cultures (19.9 ± 1.5, n=93 spheres) as well as in the
presence of BDNF (34.3 ± 2.8 neurons, n=86 spheres) than there were at 21
DIV (15.3 ± 1.3 neurons, n=64 spheres) and (24.4 ± 2.1 neurons, n=53 spheres),

Assay
Condition

Number of Neurons (mean ± s.ein.)
10 DIV

21 DIV

19.9±1.5
(100)
n=93

15.3±1.3
(100)
n=64

-23

64.6±9.9
(100)
r5

34.3±2.8
(172)
n=86

24.4±2.1
(
159)
n=53

-29

239.2±28.2
(370)
n=5

22.7±1.9
(114)
n=90

19.4±1.5
(
125)
n=92

-15

58.0±8.5
(<100)

4. Control change media at 48 his.

20.3±2.4
(101)
n=79

15.7±1.5
(
103)
n=108

-23

5. BDNF (
lOng/mi) -at plating
(5nglmi)- every 48 his.

33.3±2.7
(167)
n=83

21.7±2.0
(142)
n=121

-35

1. Control

2. BDNF (long/ml)

-

at plating

3. BDNF (long/ml) -at plating
Change to control media at 48 his.

-

6. BDNF (long/ml) -at plating
BDNF (long/ml) -at 10 DIV

-

24.0±2.0
(157)

%change (10

Process outgrowth at 21 DIV
->

21 DIV).

334.6±48.6
(520)
n=5
215.0±33.2
(333)

11=97

7. Control no addition for first 10 DIV
BDNF (long/ml) at 10 DIV
-

-

-

23.7±2.1
(155)
n=103

166.2+72 0
(257)
I5

67
respectively. However, there were consistently more neurons counted in
BDNF (72% more at 10 DIV and 59% more at 21 DIV) relative to control
cultures at both time intervals.

At 21 DIV, neuronal numbers in control

cultures had decreased by 23% in comparison to a 29% decrease in the
presence of BDNF.

Again, these results indicated that over an extended

culture period loss of neuronal cells occurred both in the absence and
presence of BDNF.
To determine if the presence of BDNF was a requirement for
observing the significant increase in the numbers of neurons at 10 DIV.
BDNF (10 ng/ml) was added to the culture at the time of plating and
removed 48 hours later (condition 3). BDNF was removed by aspirating the
BDNF-containing medium and quickly replacing it with defined medium
(containing 1% serum).

To exclude the possibility that the medium change

itself was responsible for any differences in neuronal numbers a control
culture (4) was run for this condition, in which the medium was also
removed at 48 hours.

When spheres were exposed to BDNF for only 48

hours, the number of neurons counted at 10 DIV was not

significantly

different than that counted in parallel control spheres. In comparison, when
spheres were allowed to remain in the presence of BDNF, 72% more
neurons were counted with respect to control cultures. At 21 DIV, however,
there were 25% more neurons in spheres that received the 48 hour exposure
to BDNF than there were in the control spheres, versus 59% more neurons
in spheres cultured in the presence of BDNF.

It is worth noting that in

control cultures run to parallel the removal procedure for BDNF, the
number of neurons produced from spheres did not differ from that observed
in the control condition where there was no medium change.
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In the next two conditions presence of BDNF in the culture medium
was ensured by supplementation of BDNF (5 ng/ml) every 48 hours
(condition 5) or the re-addition of BDNF (10 ng/ml) at 10 DIV (condition 6)
after the initial addition of BDNF at the time of plating.

When neurons

were quantified at 10 DIV, there was no significant difference between
cultures that received BDNF only at the time of plating and those that
received BDNF every 48 hours. Similarly at 21 DIV, there was no significant
difference between neuronal numbers quantified in cultures receiving
BDNF only at the time of plating (24.4 ± 2.1 neurons, n=53 spheres) and those
that received BDNF continuously (21.7 ± 2.0 neurons, n=121 spheres) or ones
in which BDNF was re-added at 10 DIV (24.0 ± 2.0 neurons, n=97 spheres).
Hence a continuous supply of BDNF does not further increase the numbers
of neurons produced by 10 DIV nor does it prevent the subsequent loss of
neurons over time.
In the last condition (7) spheres were plated in culture wells in defined
medium plus 1% serum only.

At 10 DIV these cultures received their first

exposure to BDNF (10 ng/ml) and were left undisturbed for another 11 DIV.
The following observations were made at 21 DIV:

1) the numbers of

neurons (23.7 ± 2.1 neurons, n=155 spheres) were not significantly different
from those in cultures where BDNF was added only at the time of plating or
those in which BDNF was supplemented once (10 DIV) or every 48 hours,
and 2) the number of neurons produced from spheres at 21 DIV, even after
delayed addition of BDNF, was still significantly higher than neuronal
counts obtained from cultures that never received BDNF ( 15.3 ± 1.3
neurons).
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3.8.2 Process Outgrowth
Quantification of process outgrowth (Table 2) was achieved by
preparing composites of five spheres in each of the six conditions described
above for neuronal survival.

Process outgrowth was quantified 21 DIV and

in amanner such that the reader was blind to experimental conditions. Data
on process outgrowth was obtained from the same experiments that were
carried out. for the quantification of neuronal numbers in the previous
section.

Hence, rather than using immunostaining for GABA to detect

processes,

histochemical

immunostaining

for

NSE

was

utilized.

Photographing consecutive fields of view at high magnification, allowed me
to resolve and count processes extending out from cells around the core of
the sphere.

By constructing composites of each sphere, the number of

neurite intersections, at acircle drawn aconstant distance of 15 cm from the
center of the sphere (120 p.m, actual distance), was quantified.
In the absence of BDNF ( 1), neurons extended processes that were
short and possessed a relatively simple outgrowth pattern.

An average of

64.6 ± 9.9 neurites were counted in these spheres. In the presence of BDNF
(2), however, long processes extended out of neuronal cell bodies in an
intricate and dense network of branches. Process outgrowth in these cultures
relative to control was increased by 270% (239.2 ± 28.2 neurites/sphere).
When BDNF was removed after 48 hours (condition 4), there was no
significant difference in the numbers of neurites . counted in this condition
(58.0 ± 8.56 neurites /sphere) and in control cultures. The highest number of
neuritic extensions (334.6 ± 48.6 neurites /sphere) was observed in cultures
that were supplemented with BDNF every 48 hours (condition 5).

When

BDNF was re-added to cultures (10 DW) that had received BDNF at the time
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of plating, 215.0 ± 33.2 neurites/sphere were observed.

Although relatively

less dense process outgrowth quantified in cultures that received a delayed
addition of BDNF (condition 7) (166.2 ± 22.0 neurites/sphere), it was
significantly more (233%) than that observed in control cultures.

To

determine if a continuous supply of BDNF enhanced process outgrowth,
data from condition 5 was compared to that obtained in condition 2. When
neurons arising from the spheres received BDNF (5 ng/ml) every 48 hours
there was a 40% increase in process outgrowth relative to that observed in
cultures receiving BDNF only at the time of plating.

However when

cultures plated in BDNF receive additional BDNF ( 10 ng/ml) at 10 DIV no
significant difference in neurite outgrowth is observed over those that
receive BDNF only at the time of plating:

Of interest to note here is that

while the supplementation with BDNF once or continuously does not
produce an increase in the numbers of neurons over those that receive a
delayed addition of BDNF, it produces a significant increase in neuronal
process outgrowth.

Although neurite outgrowth was quantified only at 21

DIV, in cultures that received BDNF at the time of plating only, a similar
density of processes was observed at 10 DIV as well, while in control cultures
process outgrowth was minimal (illustrated qualitatively in Figure 5A-D).
These results demonstrate that the presence of BDNF promotes neuronal
process outgrowth and this effect appears to be further enhanced by
maintaining a continuous supply of BDNF in the medium.
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4. DISCUSSION
The dynamic expression of the neurotrophins and their receptors
during CNS development suggests an important role for these factors. In
view of the effects of the neurotrophins on neuronal differentiation and
survival, and the presence of trk B neurotrophin receptors on the EGFresponsive stem cell progeny, we hypothesized afunctional role of BDNF on
these precursor cells.

BDNF acted as a functional ligand at these receptor

sites and affected an increase in the numbers of neurons that differentiated
by 10 DIV.

This increase in neuronal numbers was not due to mitogenic

actions of BDNF.

The results of this study suggest that BDNF acts on

neuronal precursors by promoting their differentiation and that the presence
of BDNF does not prevent loss of differentiated neurons that occurs over
time.

4.1 trkB receptor expressionlBDNF distribution in development
When EGF-generated spheres were examined for the expression of
receptors for the neurotrophin family, only the expression of trkB was
detected (E. Baetge and J.P. Hammang, Cytotherapeutics, RI). In more recent
analysis of these spheres, only the full-length isoform of trkB has been
identified (M. Brown, personal communication). trkB is widely expressed in
the developing rat brain and has been observed as early as E9.5 in the newly
formed

forebrain,

caudal

midbrain,

hindbrain,

differentiating neural crest cells (Klein et al., 1990).

spinal

cord,

and

Postnatally, trkB is

strongly expressed in various brain regions including the thalamus, cerebral
cortex, and hippocampus (Masana et al., 1993).

In the adult brain, trkB

transcripts are detected in the olfactory system, cerebral cortex, hippocampal
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formation, amygdala, and cerebellum.

Similarly, transcripts for trkC are

abundant during development and in adult animals (Lamballe et al., 1991)
while the levels of trkA are extremely low in the CNS (Martin-Zanca et al.,
1990) and are mainly localized to basal forebrain cholinergic nuclei that are
dependent on NGF (Holtzman et al., 1992). Although all neurotrophins are
widely distributed in early development, in early CNS formation, NT-3
expression is the highest in immature regions, whereas BDNF is expressed
in higher levels in regions that are relatively mature (Ernfors et al., 1990;
Maisonpierre et al., 1990).

4.2 BDNF increases numbers of neurons generated from the EGFresponsive stein cell progeny.
When single EGF-generated spheres were rinsed free of EGF and
cultured in the presence of BDNF, after 10 DIV the BDNF-treated spheres
showed a 50-70% increase in the numbers of neurons.

Several in vitro

studies have demonstrated similar findings in primary cultures of neuronal
populations from various brain regions (Alderson et al., 1990; Hyman et al.,
1991; Knusel et al., 1991; Lindholm et al., 1993; Ventimiglia et al., 1993).
BDNF produced, a 3-5-fold increase in the numbers of mesencephalic
dopaminergic neurons (Hyman et al., 1991, 1994) and a2.4-fold increase in
the number of septal cholinergic neurons (Alderson et al., 1990).

Similar

increases in the numbers of neurons in the presence of BDNF have been
reported in the cholinergic and the calbindin-containing neurons of the•
hippocampus (Ip et al., 1993), cerebellar granule neurons (Segal et al., 1992;
Lindholm et al., 1993), GABA-ergic neurons and calbindin-containing
neurons of the striatum (Ventimiglia et al., 1993), and retinal ganglion
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neurons (Rodriguez-Tebar et al., 1989). In addition to neurons, the EGF-stem
cell progeny also give rise to astrocytes and oligodendrocytes, but no obvious
differences in the numbers of these cells were detected in control and BDNFtreated cultures.

In subsequent experiments involving the use of BrdU

incorporation to detect the presence of dividing cells, an increase in total
BrdU incorporation was observed and is discussed below.

4.3 Cellular targets of BDNF
Trophic factors such as bFGF are known to effect proliferation of
neuronal precursors and have been shown to support survival of neurons
from different brain regions. However, it is not always clear whether these
effects are direct or whether they are mediated through non-neuronal cells
present in most neuronal cultures.

The neurotrophins like many other

growth factors induce a rapid and transient expression of immediate early
genes in their target cells (Greenberg et at., 1985). In cerebellar cultures BDNF
and NT-3 have shown to induce c-fos expression in different subpopulations of granule cells (Segal et al., 1992), and Collazo et at. (
1992) have
demonstrated the direct effects of NT-3on hippocampal neurons. Since glial
cells are also generated as progenitor cells differentiate from the EGFgenerated sphere, it was important to examine if the actions of BDNF on
neurons were of a direct nature. EGF-generated spheres differentiated for as
little as three days were exposed to either BDNF or EGF and subsequently
analyzed for the expression of c-fos and either neuronal or glial antigens.
Spheres exposed to EGF induced c-fos expression in neuronal as well as nonneuronal cells, consistent with the known mitogenic actions of EGF on
virtually all precursor cells within the sphere (Reynolds et at., 1992). BDNF,

74
on the other hand, induced c-fos expression selectively in neuronal cells,
demonstrating the direct actions of this growth factor on neurons.

In

addition to being selective for neuronal cells, the response to BDNF was seen
on young neurons (3 DIV) suggesting actions of BDNF early in neuronal
development.

Although -fos induction in response to a growth factor is

used widely as a means of detecting a direct stimulus-response, the
possibility that BDNF acts on neuronal cells via non-neuronal cells within
the sphere can not be totally eliminated.

Since the cells within the spheres

are in close contact with each other it is possible that BDNF acts on nonneuronal cells which by utilizing arapid means of cell-cell communication,
such as gap junctions or the release of neurotransmitter-like chemicals,
mediate the actions of BDNF on the neuronal cells.

4.4 Neurotrophins and the proliferation of neuronal precursors and nonneuronal cells
Given that some progenitor cells within EGF-generated spheres with
the capacity to give rise to neurons can be induced to proliferate further in
response to bFGF (Vescovi et al., 1993), the possibility that BDNF was acting
as a mitogen for neural precursors was examined.

Although not a typical,

feature of neurotrophins, there has been some evidence supporting a
mitogenic role of these factors in the development of both the PNS and the
CNS.

NT-3 promotes the proliferation of cultured neural crest progenitor

cells (Kaicheim et al., 1992), and Cattaneo and McKay ( 1990) have
demonstrated proliferation of striatal neuronal precursor cells in response to
NGF having exposed these cells previously to bFGF.

When BrdU

incorporation in cells from the spheres was examined, those labeled with
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neuronal antigens did not exhibit incorporation of BrdU.

However, non-

neuronal cells appeared to be dividing in both control and BDNF-treated
cultures.

BrdU incorporation was observed both in the core of the sphere

and in peripheral cells.

Non-neuronal cells in the periphery displayed

varying degrees of GFAP expression, and in the presence of BDNF, more of
these cells exhibited BrdU-immunoreactive nuclei.
Keeping the results from the c-fos assay in mind, that is, nonneuronal cells did not respond to BDNF stimulation with the induction of cfos, the increase in BrdU incorporation in non-neuronal cells observed in
the presence of BDNF can be explained in a number of ways.

First, it is

possible that BDNF induces proliferation in non-neuronal cells and that this
response is mediated through a signal transduction pathway that does not
involve the expression of c-fos. For example, in PC12 cells, NGF can induce
a different immediate-early gene, c-jun (Wu et al., 1989). It is also possible
that proliferation of non-neuronal cells does occur but that it is an indirect
effect, mediated by the direct actions of BDNF on neuronal cells. Lastly, it is
possible that non-neuronal proliferation occurs to the same extent in both
the absence and presence of BDNF but that BDNF enhances migration of
non-neuronal cells from the core into the periphery making it easier to
identify BrdU+ve nuclei.
Proliferation of glial cells has been reported in the presence of NT-3
(McGuire et al., 1992).

In addition, trkB receptors have been identified on

astrocytes (Friesen et al., 1993), however, these receptors are the truncated
isoforms of trkB and are generally thought to be incapable of signal
transduction. The EGF-generated spheres do not express the truncated form
of trkB (
M. Brown, personal communication).
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4.5 BDNF and neuronal survival
Given that in the presence of BDNF there is an increase in the
numbers of neurons and that this was not due to proliferation of neural
precursors, the role of BDNF in enhancing neuronal survival was examined.
The time-course study demonstrated that in the presence of BDNF there was
a significant increase in the number of neurons by 10 DIV.

However, the

most important result from this study was that the presence of BDNF did not
prevent neuronal loss that occurred over time (27 Dlv) and that this loss was
virtually the same if not greater (29%) than that observed in control cultures
(23%).

In contrast to these results, significant evidence has accumulated in

support of a survival promoting role of BDNF on cultured neurons from
various embryonic brain regions (Johnson et at., 1986b; Rodriguez-Tebar et
al., 1989; Alderson et al., 1990; Hyman et at., 1991, 1994; Lindholm et al., 1993;
de la Rosa et al., 1994).

A possible explanation for the difference in

observations between other reports and this finding is that, in this study, I
have examined the actions of BDNF over a much longer culture period (27
Dlv as opposed to 6-12 DIV in other studies).

The results from the time-

course study in this investigation suggest that the length of culture may be a
crucial factor in revealing the actual actions of atrophic factor and prompted
me to examine an alternate role of BDNF.
An intriguing possibility that could explain the above observations
was that BDNF acts on neuroblasts or immature neurons by promoting their
differentiation and maturation.

Numerous studies strongly suggest that

BDNF has arole in commitment of
1988; Sieber-Blum,

krecursor

cells (Kaicheim and Gendreau,

1991), neurotransmitter

synthesis (Hyman et at.,
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1991,1994; Knusel et al., 1991; Ip et al., 1993; Mizuno et al., 1994; Ohsawa et al.,
1993), neuronal maturation (Wright et al., 1992) and process outgrowth
(Turner 1985; Alderson et al., 1990; Avila et al., 1993; Ventimiglia et al., 1993).
A simple yet systematic set of experiments with respect to administration of
BDNF, was undertaken to test the hypothesis that BDNF is a differentiation
factor for neuronal precursors in the EGF stem cell progeny, and does not
solely regulate survival of these cells.

Data from the addition/ removal

paradigms indicated the following: First, although more neurons are
observed in the presence of BDNF at 10 and 21 DIV, there is a29% decline in
neuronal numbers by 21 DIV, and second, supplementation with BDNF once
or on acontinuous basis did not further increase neuronal numbers at 10 or
21 DIV.

Moreover, a continuous supply of BDNF was not sufficient in

preventing neuronal loss over time. Third, delayed addition of BDNF as late
as 10 DIV, resulted in 55% more neurons at 21 DIV when compared to
controls at the same time.

Finally, when BDNF was removed from culture

medium after 48 hours no increase in neuronal numbers was observed.
Taken together these results argue against the role of BDNF in promoting
survival of neuronal precursors or that of mature neurons.

Rather, these

data support the hypothesis that BDNF is involved in the differentiation of
these cells.
In an attempt to distinguish between the effects of BDNF on survival
and differentiation, others have utilized experimental paradigms similar to
the ones described above.

For example, in cultures of dissociated retinal

ganglion cells from E17 rat retina, the presence of BDNF helped maintain
90% of this population over 4DIV. A 2-day delay in BDNF addition resulted
in neuronal loss such that the numbers of neurons observed at 4 DIV in this
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condition was no different than that in control (Johnson et al. 1986b).
Similarly

,

in nigral dopaminergic neurons cultured in the presence of

BDNF, the numbers of neurons counted at 8 Dlv was 5-fold higher relative
to controls.

However, if the addition of BDNF was delayed for 6 DIV, the

number of neurons counted two days later (8Dlv) was significantly reduced.
It is interesting to note here, that although aloss in neurons was observed in
these cultures relative to cultures grown in the presence of BDNF, these
numbers were still higher relative to controls (Hyman et al., 1991). In both of
these examples the difference between numbers of neurons counted in the
presence of BDNF and in cultures which received BDNF after a delay was
interpreted as aloss of neurons that required BDNF for survival. However,
if a longer culture period was observed, these experiments could have
yielded more information with respect to the nature of the actions of BDNF.
Perhaps the reported findings could have been explained equally well by
considering alternative roles of BDNF, such as in commitment towards a
neuronal fate or in biochemical and/or morphological differentiation of
neuronal precursors.
The survival and differentiation effects of BDNF do not always occur
together.

In cultures of E18 hippocampal neurons, Ip et al., (
1993) have

shown that the none of the neurotrophins had any effect on survival of
these cells.

Yet, BDNF, NT-3, and NT-4 produced amarked increase in the

number of neurons that expressed calbindin and acetyl-cholinesterase
(ACM).
BDNF

A number of other studies have also demonstrated the effects of
on

neurotransmitter

content,

activity

of

neurotransmitter-

synthesizing enzymes, and neurotransmitter uptake (Alderson et al., 1990;
Knusel et al., 1991; Henderson et al., 1993; Wong et al., 1993; Hyman et al.,
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1994). Recently Mizuno et al., (
1994) have demonstrated the effects of BDNF
on biochemical differentiation of striatal GABA-ergic neurons.

Therefore,

when taken together, there is little evidence to support a concrete role of
BDNF in neuronal survival.

4.6 BDNF neuronal process outgrowth
Although the promotion of neurite extension has been a distinctive
characteristic of all neurotrophins, only the action of NGF has been well
characterized.

Administration of NGF to developing mammals was shown

to lead to profuse branching of the axons of sympathetic ganglion cells and
expansion of their terminal arborization in the periphery (reviewed in
Thoenen and Barde, 1980).

NGF is also required for axonal collateral

sprouting

sensory

in nocioceptive

neurons (Diamond

et al., 1987).

Systemically administered NGF has been shown to promote the length of
dorsal root axons in the developing dorsal root funiculi and the length of
axon collaterals in the developing gray matter (Zhang et al., 1994).

The

surface area of growth cones of some of these dorsal root axons was increased
to twice that in control animals. In the CNS, NGF is able to, in the presence
of a depolarization stimulus, enhance the size of developing Purkinje cells
and to increase neurite number and branching per cell (Cohen-Cory et al.,
1991).

In vivo, NGF has been reported to promote collateral sprouting of

cholinergic neurons following axotomy (Hefti, .1986; Williams et al., 1986).
The neurite-promoting effects of BDNF have been studied less
extensively. Peripherally, BDNF has shown to elicit neurite outgrowth from
dissociated neurons form both nodose and dorsal root ganglia during
various stages of development and induced a significant increase in the
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number of primary dendrites and branch points of neurons from young
adult rats (Turner, 1985).

Recently, BDNF have been shown to promote

neurite outgrowth in explants and dissociated cultures of both cochlear and
vestibular ganglia in the avian embryo (Avila et al., 1993).

In the CNS,

cultures of septal cells have been reported to exhibit elaborate neurite
outgrowth in response to BDNF (Alderson et al., 1990).

BDNF also has a

pronounced effect on morphological differentiation of embryonic striatal
neurons (Ventimiglia et al., 1993).
The most convincing piece of evidence in support of the role of BDNF
in neuronal differentiation came from the observation that upon exposure
to BDNF at 10 DW, by far the most striking effect of BDNF on neuronal cells
differentiating from the spheres is that of process extension and elaboration.
Long neurites extend from virtually all the neurons and branch out at many
points from the primary processes, creating complex networks of neurites.
In the same set of experiments, where the effect of different BDNF
administrations was assessed in neuronal numbers, process outgrowth from
these cells was quantified as an independent assay of the effects of BDNF on
morphological differentiation.

Results indicated that in comparison to the

70% increase in neuronal numbers in the presence of BDNF, there was an
astounding 270% increase in process outgrowth at 21 DIV over that observed
in control cultures.

While no additional increase was observed in the

numbers of neurons in cultures which were supplemented with BDNF, if a
continuous supply of BDNF was maintained (every 48 hours) there was an
even further increase in the number of total neurites (420%) relative to
control.

Although, the number of neurites counted in the condition in

which addition of BDNF was delayed was 157% greater than that in control,
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it was significantly less than that in conditions in which BDNF was added at
the time of plating.

In contrast to neurite outgrowth, the numbers of

neurons observed after delayed addition of BDNF was not significantly
different than the other BDNF conditions (2, 5and 6), suggesting that BDNF
is most effective in process outgrowth at early stages in neuronal
differentiation and may even be acting on the differentiation of neuroblasts
that have survived up to 10 DIV in the absence of BDNF, hence increasing
the numbers of neurons that are observed over and above neuronal
numbers in control. Finally, in cultures exposed to BDNF for only 48 hours,
the numbers of neurites were not significantly different from those observed
in control.
Taken together, the results from these experiments strongly suggest
that BDNF increases the numbers of neurons produced from the EGFresponsive stem cell progeny and has a striking effect on the morphological
differentiation of these cells. BDNF may initiate the terminal differentiation
of committed neuroblasts and, in the presence of BDNF, more neuroblasts
may reach their potential as morphologically mature neurons. It is tempting
to speculate that, in addition to affecting morphological maturation, the
increase in neuronal numbers is due to the ability of BDNF to influence the
fate of uncommitted progenitors in this system towards choosing aneuronal
phenotype.

The data also indicate that BDNF alone is not capable of

maintaining neuronal survival over time.
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4.7 Possible explanation for the differential actions of BDNF on EGFgenerated neurospheres
A characteristic feature of cultures grown in the absence of BDNF is
that the spheres do not produce as many neurons as they can in the presence
of BDNF.

Moreover, the majority of neurons that differentiate in control

cultures do not exhibit such a complex pattern of neurite outgrowth.
Nevertheless, there are a number of neurons that differentiate even in the
absence of BDNF.
Neuronal differentiation occurring in the absence of BDNF may be a
consequence of i) the existence of asubpopulation of neurons of aparticular
phenotype or of neural precursors that are not BDNF responsive, ii) cell-cell
interactions, iii) cell-extracellular matrix interactions, or iv) simply because
some neural precursors may have been born before others in the same
sphere and these cells are no longer at the stage where they are capable of
responding to BDNF.

These cells would then develop almost by default.

The presence of 1% EBS in culture medium could also be asource of factors
which promote neuronal differentiation in the absence of BDNF.

In

addition to these, it is also possible that there is asmall supply of autocrine
BDNF that allows for differentiation in alimited number of neurons.

4.7.1

BDNF responsive versus non-responsive sub-populations
With respect to sub-populations, there are two neurotransmitter

phenotypes that are consistently expressed in neurons differentiating from
the EGF-generated neural precursors; GABA-containing neurons and SPcontaining neurons (Reynolds and Weiss, 1992).

These are also the only

phenotypes observed in spheres grown in the presence of BDNF. To exclude
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the possibility that BDNF may be influencing one of the above populations,
numbers of GABA-containing and numbers of SP-containing neurons were
quantified. Although in the presence of BDNF the total numbers of neurons
was higher than in control, the numbers of neurons that expressed GABA
was the same as the number of neurons containing SP. Since GABA and SP
have been reported to colocalize in a number of neurons (Jacobson, 1991),
this possibility was examined.

In spheres grown in the presence of BDNF

and in control, virtually all GABA-ergic neurons were found to also contain
SP, confirming that the neuronal population in both conditions is
homogeneous with regards to neuronal phenotype.
There is also the possibility that there might be apopulation of neural
precursors that are BDNF-responsive and another that does not require or
respond to BDNF. Vescovi et al., (1993) have demonstrated the existence of
at least two different types of EGF-generated progenitor cells that can
generate neurons. However, qualitative data with respect to morphological
differentiation suggests that a sub-population of BDNF-responsive neural
precursors does not exist; in response to BDNF the overwhelming majority
of neurons extend long primary processes which appear to be equally dense
in terms of neurite outgrowth.

Moreover, if BDNF is added to control

cultures as late as 10 Dlv, not only is there an increase in the numbers of
neurons (due to differentiation of neural precursors), but again all neurons
exhibit profound neurite extension and branching, hence BDNF does not
appear to act on aparticular subset of neuronal precursors either.
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4.7.2

Stage-dependent responsiveness to extrinsic signaling
There are numerous examples of neurons developing independent of

neurotrophic influences especially early on in their development.

Early

DRG neurons undergo a maturational change that takes place during the
first 24 hours in vitro and has shown to occur autonomously (Wright et al.,
1992).

Initially small, spindle-shaped phase-dark cell bodies, become

spherical and phase bright and extend long neurites.

The addition of

neurotrophins to these cultures increases the proportion of neurons
undergoing this change, while the addition of antisense oligonucleotides
that inhibit expression of p75 and the addition of antisense BDNF
oligonucleotides prevents this maturational change to a large extent.

Such

observations have suggested an autocrine role of neurotrophic factors in
early development of DRG neurons and in the absence of exogenous trophic
factors in vitro, providing a possible explanation for neuronal differentiation
observed in the absence of BDNF in EGF-generated spheres.
The survival of sensory neurons that differentiate from progenitor
cells of the DRG in culture (Ernsberger and Rohrer, 1988) and of early retinal
ganglion cells (Rodriguez-Tebar et al., 1989) is also initially independent of
neurotrophic factors. In addition to apossible role of other cells, landnin, an
extracellular matrix molecule, has been proposed to play a role in early
neuronal differentiation of these cells (Ernsberger and Rohrer, 1988;
Rodriguez-Tebar et al., 1989).
Studies on the development of trigeminal sensory neurons and their
contact with peripheral targets indicate that these early neurons are capable
of surviving and initiating axon outgrowth independent of neurotrophins
(Davies and Lumsden, 1984; Vogel and Davies, 1991). Moreover, as the axon
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reaches the target the neurons become responsive to BDNF and NT-3 and
NGF, followed by the loss of responsiveness to BDNF and NT-3, leaving the
neuron dependent on NGF for survival during the time of naturally
occurring cell death in the nervous system (Buchman et al., 1993).

It is

proposed that, like sensory neurons of the DRG (Lindsay, 1988), these
neurons lose their survival dependence on NGF at a later stage in
development.

These events are clearly reflected in vitro and the presence of

the neurotrophins at these stages is critical to normal development of these
neurons.

Therefore, although neurons can develop in the absence of the

trophic factors, the extent of their development and integration appears to be
restricted.
The responsiveness of a neuron to a particular signal appears to
depend on the developmental stage it is at.

Evidence supporting stage

specific responses to trophic factors have been reported in the CNS as well.
In basal forebrain cholinergic neurons, BDNF is particularly effective in
promoting differentiation of these cells during the first few days in vitro,
whereas the stimulatory action of NGF is. more pronounced later in the
development of the cultures (Knusel et al., 1991).

These observations not

only assist in providing an explanation for the limited development of
neurons in the absence of trophic factors, but they also suggest that a
sequential expression of growth factors may occur in development to
accommodate the changing developmental requirements of the neurons
themselves.
Expression of different growth factors to regulate stage-specific cellular
processes like proliferation, commitment to a particular fate, differentiation
and subsequent survival, seems to be a logical design for development of
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Figure 13.

The actions of BDNF on neurons are dependent on their

developmental stage.
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differentiated cell types from multipotent precursor cells.

In addition, the

actions of one particular growth factor may extend throughout the
continuum of development with the specificity of its actions being
determined by the stage-specific developmental potential of the cell. For
example, in the generation of neurons from the EGF-responsive stem cell
progeny (Figure 13), BDNF could participate in early cellular processes
influencing cellular commitment or

neurotransmitter phenotype.

As the

developmental potential of the cell becomes progressively restricted, BDNF
may participate in the initiation of neuronal morphological differentiation,
and in the later stages, BDNF may only participate in the maintenance of
neuronal arbor and hence in the maintenance of synaptic connectivity.

If

neuronal integration happens, as it does in viva, neurons may survive
irrespective of trophic support. Synaptic activity in conjunction with BDNF
or perhaps another as yet unidentified trophic factor may be responsible for
the long term survival of neurons in vitro and perhaps in vivo as well.
However, if synaptic connections are not made neurons may not be able to
be maintained--apossible explanation of why neuronal loss occurs in culture
even if neurons have reached biochemical and morphological maturation.
Ongoing, tetrodotoxin-blockable electrical activity has been shown to
play a major role in the survival of neurons in vitro (
Lipton, 1986; Johnson
and Deckwerth, 1993).

Recent results in cortical cultures have shown that

activity mediates survival-promoting influences via influx of Ca2+ through
voltage-gated calcium channels (Ghosh et al., 1994). It is of interest to note
that this influence appears to be mediated via increased synthesis of BDNF
by cortical neurons (Ghosh et al., 1994). There also appears to be aconnection
between levels of neural activity and the selective growth of certain brain
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regions in the postnatal period (Riddle et al., 1993).

Given the effects of

neurotrophins including elevation of neurotransmitter levels, elevation of
sodium channels, and promotion of axonal terminal sprouting, activityassociated changes in neurotrophin levels may play a role in regulating
neural connections in the adult as well as the developing nervous system
(Patterson et al., 1992).
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CONCLUSION
The ability of EGF-responsive stem cells to be perpetuated in vitro
without compromising their potential to give rise to the three major cell
types of the CNS make this a unique and invaluable system in which to
study the development of the CNS.

In studying the proliferation,

differentiation, and survival of these cells, it is necessary to understand the
effects of extrinsic molecules in the regulation of these processes.

The

objective of this study was to understand the effects of BDNF on the
progenitor cells arising from the EGF-responsive stem cells, which possess
receptors for this molecule. The presence of BDNF increases the numbers of
cells that express antigens characteristic of mature neurons and has dramatic
effects on the morphological differentiation of these cells. In addition, BDNF
does not support neuronal survival.

Although it is difficult to distinguish

between the survival-enhancing and differentiation-promoting actions of a
neurotrophic factor, a systematic, in-depth examination of two simple and
relatively independent assays, quantification of neuronal numbers and
neurite outgrowth, allowed for a clear distinction between the two effects.
The results of this study suggest that BDNF is a differentiation factor for
neural precursors in the EGF-generated spheres and that BDNF alone, is not
sufficient in promoting long term neuronal survival.
questions that remain to be answered.

However, there are

For example, does BDNF affect

neuronal differentiation by influencing cell fate. decisions in multipotent
progenitors or does it affect the initiation of differentiation in cells that are
already committed to a neuronal fate?

When neurons have reached their

mature state, how can their survival be ensured?

Do these cells gain

responsiveness for another factor for maintenance?

Can the influence of
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BDNF on neuronal differentiation with respect to numbers and transmitter
phenotype be enhanced by a combination of other growth factors or
extracellular matrix molecules?

Are the neurons that differentiate in

response to BDNF functional? Given that stem cells isolated from the adult
respond to EGF in away that is identical to the stem cells from embryonic
mice (Reynolds and Weiss, 1992; Reynolds et al., 1992), does BDNF act as a
differentiation factor for the EGF-responsive stem cell progeny that can be
isolated from the adult as well?
Answers to questions such as these and the identification of other
factors influencing the stage-specific responsiveness of neurons in vitro, will
provide abetter understanding of the potential of the EGF-stem cell progeny.
Uncovering such information can assist in the manipulation of the stem
cells towards generating a desired cellular phenotype.

In the long term,

direct stimulation of the EGF-responsive stem cell progeny in vivo with
such extrinsic signaling may help in regenerating the injured or diseased
CNS.
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