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concentrations

the notion

important
regulators
mammalian
embryo.

for Developmental

(RPTPa).

Subsequent

replating

of these aggregates
leads to neuronal differentiation.
P19-EC cells expressing
constitutively
active RPTPa
(PI9-RPTPa)
show extensive
neuronal differentiation
upon RA treatment
in monolayer.
PI9-RPTPa
cells thus
provide a suitable in vitro model for studying neuronal
differentiation.
We used P19-RPTPa
cells to study the
effects of activin and basic fibroblast
growth factor
(bFGF)
on neurogenesis.
We show that PI9-RPTPa
cells express mRNA for types I and II activin receptors.
RA addition causes an up-regulation
of receptor type
IIA expression.
Complexes
of type I and II receptors
were detectable
by cross-linking
assays both before
and after RA treatment.
Receptor
complexes
were

functional

as determined

by transient

process.

These

results

and bFGF are

of neurogenesis

in the

Introduction

Abstract
Murine P19 embryonal
carcinoma
(EC) cells can be
differentiated
into various germ layer derivatives.
The
addition of retinoic acid (RA) to P19-EC cell aggregates
results in a transient
activation
of receptor
protein

phosphatase-a

this

that activin
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transfection

the vertebrate
poorly
activins

underlying
nervous

the induction

system

and patterning

are very complex

of

and only

understood,
but a number
of studies
have implicated
and bFGF3
as candidate
signaling
molecules
in

these processes.

Activins

are members

of the transforming

growth factor /3 superfamily
and are dirneric disulfide-linked
proteins consisting
of two A subunits (activin A; Ref. i), two

B

subunits (activin B; Ref. 2), or one A and one B subunit

(activin

AB; Ref. 3). A natural

antagonist

for activin

function

is

the activin-binding
protein follistatin (4). This rnonorneric
protom has been shown to bind activin through
the activin
/3-subunit,

thereby

forming

an inactive

complex.

For activin, two different types of serine/threonine
kinase
receptors
(types I and II) have been identified,
each of which
has two subtypes.
Activin
type II receptors
[IIA (5) and IIB (6)]

have a high affinity
erodirnerize

for activin,

and these receptors

with type I receptors

upon activin

binding

het[IA (7)

and lB (8)], which cannot bind the ligand on their own. The
type II receptor subsequently
phosphorylates
and activates
the type
signaling

I receptor,
(9).

which

induces

additional

intracellular

assays with activin responsive
reporter
constructs.
Undifferentiated
as well as differentiated
P19-RPTPa
cells express also the FGF receptors
(FGFRs) FGFR-I
and FGFR-2 but not FGFR-3 and FGFR-4. Their
functionality
was established
by bFGF induced

To date, nine different FGF genes have been reported (10).
Receptors
for FGFs are transrnernbrane
tyrosine kinase receptors.
Upon binding of the ligand, they dirnerize and become autophosphorylated,
leading to an intracellular
signal
transduction
cascade (1 1). Four different FGFR genes have

mitogen-activated

been identified
thus far: FGFR-1 (also known as fig), FGFR-2
(also known as bek), and FGFR-3 and FGFR-4 (reviewed
in

protein

kinase

phosphorylation.

Activin and bFGF appeared
to exert differential
actions
on RA-induced
neuronal differentiation.
Although
activin irreversibly
changes the differentiation
fate into
nonneuronal
directions,
bFGF does not affect initial
neurogenesis
but regulates
axonal outgrowth
in a
concentration-dependent

bFGF

enhance

way-, low

axonal

outgrowth,

concentrations

whereas

of

high

Ref. 12).
The notion that activin and bFGF play important
roles in
rnesoderrnal
and neuronal
induction
and patterning
in the
vertebrate
embryo is in particular derived from studies using
the experimental
features
of the Xenopus
laevis embryo.
Inhibition of activin signal transduction
by overexpression
of
a truncated
activin type II receptor
in Xenopus
embryos
caused
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shown

inhibition

of rnesoderm

that expression

caused

neuralization

marker

protein

neural

induction

of the same

mutant

and the concornitant
cell adhesion

rnolecule

(13).

Later,

activin

it was

receptor

expression
(1 4). This

of the
neu-
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Activin

and bFGF

ralization

Control

process

Neuronal

takes

Differentiation

place

in the absence

able mesoderm,
suggesting
that
inhibitor.
In addition,
overexpression

of any detect-

activin
acts as a neural
of rnRNA
coding
for

cells,

when

it was

present

during

the

aggregation

phase

(27-29). bFGF was not able to inhibit neuronal differentiation
when administered during aggregation but interfered
in me-

absence of detectable
rnesoderrnal
structures
(15).
Like activin, bFGF is also capable of inducing mesodermal
structures
in Xenopus (1 6, 1 7). In addition to this observation,

soderrnal differentiation
(29).
P1 9-EC cells as well as ES cells have to be aggregated
for
2-4 days in the presence of RA to become neuronal (30, 31),
and this aggregation
phase hampers the study of the exact

it was

effects

follistatin

caused

neuralization

demonstrated

tive FGFRs

that

caused

of ectodermal

the expression

severe

explants

of dorninant-nega-

impairments

in mesodermal

struc-

tures (1 8). As shown by Kengaku
and Okamoto
concentrations
of bFGF are able to induce gastrula
and subsequent
induction of central nervous systern
in embryonic
cells of Xenopus.
Recently,
Kengaku
rnoto (20) showed
that bFGF directly
neuralized
ectodermal

explants,

markers.

without

Together,

these

Much

less is known

in early

mammalian

function,

knock-out

it could

during

early

that

bind

the involvement

that

in Xe-

lacking

respect

activin

mutants

be

that

activin

development;

by maternally
were

activin

/3A and B subunits
showed a normal

has

Although
develop-

important

mutant

mice

effects

might

have

derived activin or other factors

receptors.

knock-outs

factors

to

but died within 24 h after birth.
to a minor role of activin
in early

mouse

activin

of these

With

(21). These

to activin

receptor

Xenopus

Besides

also

ligand

generated

knock-outs,

in which

ActRIIA

was deleted (22). These mutant mice developed
normally
and reached adulthood
but showed significant
suppression
of serurn follicle-stirnulating
hormone levels. Like the ligand
knock-outs,

these

mutants

development.

Receptor

for a rescue

of the mice

development.
insight

in receptor

Targeted

subtype

showed

no defects

redundancy

severe

knock-outs

ligand

mutations

also

from

Double

in early

could

impairments

will probably

account

during

early

give

more

interaction.

in fgf-3,

the possible

effects

of FGFs

mode

is up-regulated

up-regulation

is a key determinant

undergo
upon

enhanced

addition

aggregation

step.
model

was

and fgf-5

ligands

did not

during

early

murine

devel-

Yarnaguchi

aberrant,

stressing

the

irnpor-

tance of FGFR-1 in mesodermal
patterning.
To get additional
insight into the possible roles of activin
and bFGF during early mammalian
emblyogenesis,
in particular at the cellular level, the use of appropriate
in vitro
model systems will definitively
be of help. Murine EC and ES
cell lines provide such model systems, because these pluripotent cells resemble
inner cell mass cells and can be differentiated
in vitro to derivatives
of the various germ layers,
including neuronal cells (26). Pi9-EC cells, for example, can

be differentiated

with RA to neuronal cells by replating 3-day-

old cell aggregates.
Recently, it has been shown that activin
as well as bFGF are able to affect the differentiation
of
Pi9-EC
cells. Activin was found to have an inhibiting effect
on the

rnesoderrnal

and

neuronal

signaling

this phase,

mol-

and that this

for subsequent

neuronal

the complete

absence

dose-dependent
RA-induced

cells

for

neuronal
differentiation
cells (32).
We have now used
effects of activin and
detail. We demonstrate

action

differentiation

neuronal

provide

the

as compared

an advan-

regulation

of early

to the wild-type

P19

P1 9-RPTPa
cells to investigate
the
bFGF on neuronal
differentiation
in
that the addition of activin leads to
of a neuronal

neurogenesis

population

effect.

in a timeto this

a quite different

In contrast

and

only the initial phase of

is susceptible

bFGF shows

dose-dependent

the need for the

thus

studying

way. Importantly,

of activin.

in monolayer

overcoming

Pi9-RPTPa
system

to activin,

inhibitory

and biphasic
bFGF

does

not

interfere
with early neuronal
differentiation.
However,
low
concentrations
of bFGF (0.1-i .0 ng/rnl) enhance subsequent
neunte outgrowth,
whereas higher concentrations
(50-100
ng/rnI)

result

in inhibition

of neurite

outgrowth.

These

results

indicate that activin and bFGF can serve as differential
regulators of neuronal differentiation
as well as in early rnurine
development.

Neuronal
Differentiation
of P19-EC
and P19-RPTPa
Cells. Previously,
we demonstrated
that the transmernbrane
RPTPa is transiently
up-regulated
in RA-treated
P19-EC cell
aggregates,

which

cells

patterning

during

of RA, thereby

mesodermal

level,

potential

differentiation
(32). We could show that P1 9-EC cells and ES
cells (El 4-ES, 33) stably transfected
with RPTPa are able to

tant determinant

at the receptor

of other

brane RPTPa

et a!. (25) knockedout the FGFR- 1 gene. It was concluded
from this study that
although gastrulation
and rnesoderm
induction were normal,
oprnent

of action

Results

fgf-4,

result in defects in early gastrulation
(23, 24), probably due to
redundant
effects by other FGF family members.
To investigate

and

ecules, such as activin and bFGF. Recent studies from this
laboratory have, however, established
that the transrnem-

tageous

mice

well

been rescued

and Oka-

of neurogenesis

development.

early development
this study pointed

(i 9), low
ectoderm
neurons

of rnesoderrnal

indicate

regulators

about

have been generated

ment,

the expression

observations

and bFGF are prominent
nopus development.

in the

differentiation

in P1 9-EC

tion
pathway
strengthened
by

while cultured
tive

activity

that

RPTPa

activity

is an impor-

of the neuronal

differentia-

during
cell aggregation.
This
notion
by the observation
that stably transfected

expressing

induced

indicates

in the selection

RPTPa

(P1 9-RPTPa

RA to differentiate

in a monolayer
of RPTPa

into

cells)

(32). Apparently,

overrides

tion phase to obtain neuronal
rnent. Pi9-RPTPa
cells thus

are

a neuronal

the need

was
P19

selectively
population

the constitu-

for a pre-aggrega-

differentiation
upon RA treatconstitute
a more convenient

model system than wild-type P1 9-EC cells to study
cesses involved in neuronal
differentiation.

pro-

In an initial set of experiments,
we studied the neuronal
differentiation
of P1 9-RPTPa cell cultures by monitoring
the
expression
of two neurospecific
proteins,
GAP-43 and NF1 65 by immunofluorescent

staining.

GAP-43

is a widely

stud-

ied determinant
in neuronal cells and is up-regulated
proceding the process of neurite outgrowth
and plasticity
(34).
NF proteins are specifically
localized in the axonal extensions
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Fig. 2. Activinand FGFR mRNA expression.
Expression
of activin receptor
and FGFR mRNA
in undifferentiated
(-RA)
and differentiated
(+RA) Pi9-RPTPa
cell cultures.
Northern
blotting
was done as described
in “Materials
and Methods.”
ActR-lA
and ActR-lB
are activin type I receptor subtypes;
ActR-IIA
and ActR-IIB
are activin type II receptor
subtypes; FGFR-i
and FGFR-2 are FGFR subtypes.
At the bottom,
glyceraldehyde-3-phosphate
dehydrogenase
(GAPDI-1) is shown
as a loading
control.
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Fig. 1 . Neuronal
differentiation
of P1 9-RPTPa
cells. Immunofluorescent
detection
of GAP-43
(left panels) and NF-i65
expression
(right panels) in
Pi9-RPTR
cell cultures
in the presence
or absence
of i x iO 6 M RA.
Undifferentiated
cells do not express
the neuronal
marker proteins
(a).
Already
1 day after addition
of RA (b), the expression
of GAP-43
is
up-regulated,
and after 5 days (d), cells with neurites
can be detected.
GAP-43
staining
is localized
inside somata and neurites.
The expression
of NF-i65
can be detected
from day 3 (c) onwards,
when the neurite
sprouting
is initiated.
Later on in the differentiation
(e), dense networks
of
neurites can be detected.
NF-i65
expression
is localized
in neurites. Bar,
pm.

the

of neuronal
cells and exist in different
165,000,
and 200,000
(35, 36).
P1 9-RPTPa

cells

show

forms,

neuronal

Mr

68,000,

differentiation

RA treatment
when
cultured
in monolayer,
the initiation
of neuronal
differentiation
is not physically
obscured
as in
P1 9-EC aggregates.
RA induces
an up-regulation
of GAP-43
upon

can

and

and

that

activin

mal

and

Cells

bFGF.

65 expression

can

and

only

tion”).

Prior

bFGF

on neurogenesis

mRNA

subtypes
EGER-3,

in Pi9-RPTPa

thus

performed

with

are important
and

the

Receptors
regulators

patterning

possible

for

in the literature

of mesoder(see

effects
cells,

Ac-

indicate
“Introduc-

of activin

and

we determined

levels

of different

activin

receptor
,

EGER-2,
blotting

experiments
on undifferentiated
and differentiated
P19RPTPa
cells (Fig. 2). All activin receptor
subtypes
appeared
to be expressed
in undifferentiated
cells. Upon RA-induced
neuronal
receptor

differentiation,
mRNAs
and

FGFRs,

only

neurite

data

in P19-RPTP

expression

detectable

before

were

(IA, IB, IIA, and IIB) and EGFRs (EGFR-i
and FGFR-4)
were assessed
by Northern

lIB receptor

i.e.,

distinguished

3
is
of

the mRNA and protein expression
of the respective
receptors
for these ligands,
as well as their functional
signaling.

the type

of RA treatment,

after

when neurite sprouting
that various
phases

Functional

induction

to studying

is restricted

be detected

model.
Have

bFGF

neuronal

type

1 day

readily

Accumulating

and NE-i 65, but clearly GAP-43
expression
precedes
that of
NF-165
(Fig. 1). Abundant
GAP-43
expression
is already
within

NE-i
and

experiments

in vitro

Pi9-RPTPa
tivin

be

additional

use of this

The

Because

appear,

neurite

days of differentiation,
at the time
initiated
(Fig. ic). This comparison

s_#{149}

ioO

GA PD H

“1

.

“.

.

.

u’

IIA expression

a slight
a 4-fold

up-regulation
of both type
increase
in activin
receptor

was observed,

FGFR-i

is not
and

whereas

affected
FGER-2,

(Fig.
but

the expression

I
of

2). Of the various
not

FGER-3

or

1

Activin and bFGF Control

Neuronal

Differentiation

PAIluc

3TPIux
5000

Fig. 3. Induction
of activin
constructs in undifferentiated

responsive
reporter
P1 9-RPTPa
cells. Undifferentiated
P1 9-RPTPa
cells
were
transiently
transfected
with the 3TP-bux or the PAI-luc reporter
construct in combination
with a lac-Z reporter
construct.
Luciferase
activity
was measured
and corrested for Iac-Z activity. Activin was able to induce
luciferase
activity
from both constructs,
indicating

.
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Fig. 4. MAP kinase mobility shift by bFGF. Undifferentiated (0 days R4) and differentiated
(5 days RA) Pi9-RPTPa
cells were treated with increasing
concentrations
of bFGFfor 10 mm. Subsequently, cells were lysed, and whole-cell lysates were submitted to SOS-PAGE. MAP kinase protein was detected
with a rabbit polyclonal antibody. bFGF caused a MAP kinase mobility shift, characteristic for MAP kinase phosphorylation
and activation, in undifferentiated
as well as differentiated cells, indicating the presence of functional receptors for bFGF.

FGFR-4

(data not shown),

and their mRNA expression

are expressed

in P1 9-RPTPa

levels remain unchanged

cells,

during

neuronal differentiation
(Fig. 2). These rnRNA expression
patterns are essentially
similar to those reported
before for
Pi 9-EC cells (29, 37).
Activin

receptor

determined

protein

by cross-linking

presence

in P1 9-RPTPa

experiments

with

cells

iodinated

was
ac-

tivin A, using the displacement
of binding of radiolabeled
activin by excess unlabeled
ligand as a control. Activin type
I and type II receptor proteins are expressed
at similar levels
in undifferentiated
and differentiated
P1 9-RPTPa cells (data
not shown). The functioning
of the activin receptor
cornplexes was tested in undifferentiated
P1 9-RPTPa cells, transiently transfected
with two different Iuciferase reporter con-

From these experiments,
we conclude that P1 9-RPTPa
cells express functional receptors for activin and bFGF,
which allows the study of the possible effects of these signaling
Activin

molecules
on neurogenesis
in these cells.
Acts as an Early Inhibitor of the Neuronal

ferentiation.

Activin

is known

for its ability

Dif-

to induce

rnes-

oderm

in the Xenopus animal cap assay (40, 41). Furthermore, it has been shown that inhibition of activin signaling in
Xenopus leads to direct neuralization of ectodermal cells in
the absence of detectable rnesoderm (1 4). Recently,
it has
been demonstrated that activin inhibits RA-induced neuronal
differentiation

of P1 9-EC

cell

aggregates

(27, 29),

and

that

structs
coupled
to activin
responsive
elements,
3TP-lux
(38)
and PAI-luc (39). Activin induced a significant increase of the
luciferase activity (Fig. 3).
FGFRs belong to the tyrosine kinase receptor family, and

this effect of activin can be prevented by the expression of a
truncated,
dominant-negative
activin receptor (42). These
data indicate that activin counteracts neurogenic signaling in
vivo as well as in vitro.
Here we have used RA-induced neuronal differentiation
of
P1 9-RPTPa in monolayer cultures to substantiate
this po-

their signaling
involves activation
of MAP kinase (1 1). The
functioning
of the receptors
for bFGF in Pi9-RPTPa
cells

tentially important
action of activin. The inhibitory
action of
activin on neurogenesis
was confirmed
by exposing
P19-

was,

RPTPa cells to different

therefore,

assessed

by assaying

the

mobility

shift

of

MAP kinase, which is characteristic
for MAP kinase activation and reflects
MAP kinase phosphorylation.
Increasing
concentrations
of bFGF induced
a mobility
shift of MAP
kinase in both undifferentiated
and differentiated
cells, demonstrating
that FGFR signaling
leads to activation
of MAP
kinase in these cells (Fig. 4).

concentrations

RA treatment

and quantifying

munoblotting

of the

days

of treatment

neurofilament

(Fig.

of activin during the

neuronal

5). Clearly,

differentiation

protein

NF-i65

activin

is capable

by imafter

5

of in-

hibiting the neurogenic signaling of RA in Pi9-RPTPa cells in
a concentration-dependent
way. Activin concentrations
of 5
ng/mI

and higher

result

in a complete

inhibition

of NF-i65
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Fig. 5. Effect of activin and bFGF on NF-165
expression.
Pi9-RPTPa
cell cultures
were treated with 1 x 1 06
M RA and increasing
concentrations of activin (A) or bFGF (B)for S days. Cells were lysed, and whole-cell
lysates
were submitted
to SOS-PAGE
(equal amounts
of protein
were
loaded).
NF-165
expression
was detected
by immunobbotting
as doscribed
in “Materials
and Methods.”
Activin
inhibits NF-165 expression.
Low concentrations
(0.1-i
ng/mI) of bFGF were able to increase
NF-i65
expression,
whereas
high concentrations
(50-100
ng/mb) inhibited
the
expression.

0

100

0
,

+

+

+

>

>

>

).

+

+

0

expression,
0.1 ng/ml)

whereas
lower concentrations
give rise to a dose-dependent

expression.
The expression
nal changes
We,

studied

cells

before

When challenged
will respond
with
tration

[Ca2],,

Using

this

which

protocol,

of neuronal

excitability

cells.
of

P19-

differentiation.

excitability
but

show

cultures

exposed

to

rise in [Ca2],,

cells

of activin
was

(1 0 ng/mI),

suppressed

nearly

the
corn-

results demonstrate
that activin coundifferentiation
of P19-RPTPa
cells, as

both

tional criteria.
Finally, we wished

cells.

cells

Effect of activin
and bFGF on depolarization-evoked
calcium
P1 9-RPTPa
cell cultures
were tested for electrical
excitability
by

measuring

depolarization-induced

the absence

of RA (control),

ulation with SO mM KCI. Intracellular

based

on phenotypical

to pinpoint

the time

and

frame

on func-

during

which

of neurite
marked

extensions,
contrast,

that the susceptibility
inhibiting
action

period

days

between

tures

into

of neuronal

differentiation

sualized
by immunofluorescence
staining
of the cultures
after 6 days of RA treatment.
nuclei.

used

As shown

as an indicator
in Fig.

during the initial 3 days of RA treatment
inhibition
of the expression
of NF-165

vi-

with anti-NF-165
Parallel Hoechst

for the

7, application

was

presence

of 10 ng/ml

2 and 3 after

results

were meas-

6 days

(Fig.

nonneuronal

action

is confined

Clearly,

complete

activin

pendent
involves

control.
GAP-43

dose-dependent

The initial
expression
way,

the onset

earliest

from day
intervals,

4
it

of RA treatment

that

activin

of Pi9-RPTPa

directions,

to the

In

corn-

of P19-RPTPa
cells to
of activin
is limited
to a

fate

neurogenesis

7c).

proceeded

demonstrate

the differentiation

of cell

results in a complete
and of the appearance

after

differentiation

could be shown
the differentiation

changes

was

concentrations

pletely
normally
when activin
was administered
onwards
(Fig. 7d). Using more narrow
exposure

ibly

staining

free Ca2

as detected
neuronal

exposure,

extent

in

ured spectrophotometricabby,
using Indo-1 -AM. A, on-line
registration
of
individual
experiments
of KCL-induced
[Ca2],
influx under the indicated
experimental conditions. B, averaged results (n = 4) of the same experimentab conditions;
bars, SO. Activin and bFGF significantly reduced the
depolarization-induced
rise in intracellular
calcium,
indicating
that neuronab differentiation
was greatly reduced.

(data not shown).
Together,
these

the

influx. Cells were cultured

of RA for 5 days (RA), in the
presence of RA and activin for 5 days (RA + activin), or in the presence of
RA and bFGF for 5 days (RA + bFGF). Concentrations:
RA, 1 x i06
M;
activin,
10 ng/mb; bFGF, 100 ng/ml. Depolarization
was induced
by stim-

activin
is capable
of exerting
its modulatory
action.
To that
end, activin
was added
for different
time intervals
during
RA
and

calcium

in the presence

of excitable
neuronal
cells. When
for 5 days with RA in the pres-

concentrations

(Fig. 6). These
the neuronal

of the

P19-RPTPa

with a clear transient

of excitable

by RA,

the

of excitability,

the presence
were differentiated

of moderate

induced

RA-induced

reflects

respond

pletely
teracts

the

after

undifferentiated

signs

appearance

<

influx.

neuro-

with a depolarizing
stimulus,
neuronal
cells
a rise in the intracellular
calcium
concen-

RA for 5 days

once

state

in parallel
and

no significant
indicating
cultures

for phenotypical

but not for the functional

therefore,

RPTPa

of activin (1 .0 and
decrease
of NF-i 65
Fig. 6.

of NF is indicative

-n
C)
n

.

and
phases
is under

that

its

irreverscell

cul-

regulatory

of neurogenesis.
multiple,

time-de-

phase
of neurogenic
selection
and is activin
inhibitable
in a

whereas

the

subsequent

phase

of
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Activin

and bFGF

Control

Neuronal

Differentiation

,

a

Fig. 7. Time-dependent
effects
of activin on neuronal
differentiation.
P19RPTPC cell cultures
were treated
for 6
days with 1 x 10 6 M RA (a). Activin (10
ng/ml) was present
the entire time (b),
during the first 3 days (c), or during the
last 3 days (C). Cultures
were fixed and
labeled with an antibody
against NF-165
(red labeling) and with Hoechst
(blue Iabeling). Activin was only able to inhibit
neuronal
differentiation
when
it was
present
during the first 3 days of RAinduced
differentiation
or when present
during all 6 days. Bar, 100 pm.

b

-

-

I

c

#{149}

neurite

extension,

excitability,
presence
activin

NF-165

d

.

expression,

and the generation

once reached,
appears
of activin.
On first sight,
does

expression

not

seem

pattern,

sary to exclude
differences

the

in

to be related

but

to the

additional

possibility

expression

activin

experiments

that

occur

of

to be unaffected
by the
this restricted
action
of
receptor
are

subtle,

cell

these

Pi9-RPTPa

in

effects

type-related
cub-

Neuronal
Outgrowth
in a Dualistic
and
Way. Like activin,
bFGF is known
for its

on mesoderm

addition,

formation

Kengaku

centrations

and

of bFGF

in Xenopus

Okamoto

embryos

(19) showed

are abbe to induce

bFGF

is able

derivatives

bFGF

by

differentiation

substantiated
effects

of Pi9-RPTPa

cells.

enhanced
RA, but

bFGF),

possible

RA-induced

Using
of bFGF
these

a similar

the

(Fig. 5B).
of activin.
expression

as compared
at 1 0 ng/ml,
concentrations

of

NF-i

65 was

at

(50

and

100

ng/ml),

the

NF-i65

to
at
ex-

pression
was completely
inhibited.
More detailed
analysis
by
immunofluorescent
staining
showed
that still a small per-

bFGF

con-

is enhanced,

process

is completely

effects

of P19-RPTPa
the generation

differentiating

in the capacity
stimulus.

Subsequently,

of bFGF
are

more

(Fig.

of low

excitable

of bFGF.

a

bFGF

concentration
that

bFGF

1 00

con-

of the cultures
were
the dualistic
mode of
8). Cultures

control

of
has

As

to a depo-

of different

concentrations

than

on

further
excit-

by high conwith a drastic

to respond

the effects

on neurogenesis

presence

of bFGF

cells were
of electrical

in the presence

of bFGF on the excitability
and the results
confirmed

demonstrate

significantly

these

formation

cultures;

ng/mI.

dualistic

differenti-

of bFGF
at

diate concentrations
(i .0 and i 0 ng/mt) no effect
a pronounced
decrease
in electrical
excitability

were quite
(0.1 and 1

to cultures
that were only exposed
no effect
was observed,
whereas

this

concentration-dependent
differentiation
by monitoring

in the

ng/mb)

on neurogenesis
cells to different

The observed
effects
At bow concentrations

neurite

of the cells

ated

strategy

to high

of neurite
formation
ng/mb) is associated

action

action
neuronal

are exposed

concentration,

in cultures

larizing

of bFGF during
RA treatment
and determinof neuronal
differentiation
by immunoblotting

of NE-i 65 protein
opposite
to those
ng/ml

this

on

the cells

shown
in Fig. 6, inhibition
centrations
of bFGF (100

centrations
measured,

its

under

Clearly,
bFGF
affects
neurogenesis
in P19in a dualistic
mode, depending
on its concen-

The dualistic,

a possible
positive
in vivo and in vitro.

we have

when

the neuronal
investigated

these data indicate
role for bFGF, both

studying

was detectable

inhibited.

ability

of central nervcells. In Pi9-EC

cells

(Fig. 8b), but that this limited
NF-165
stainto cell somata,
and that no neurite outgrowth

at high

reduction

as for activin,
the possible
effects
were first determined
by exposing
concentrations
ing the degree

bow conectoderm

65 positive

at bow concentrations,

toward
mesoderthe aggregation

phase (29). Together,
neurogenic
signaling

higher

tration;

to inhibit differentiation
administered
during

when

As for activin,

(13). In

that

gastruba

and, subsequently,
to promote
the formation
ous system
neurons
in embryonic
Xenopus

of

place

centrations.
RPTPa
cells
whereas

bFGF Affects
Dose-dependent

mal

of NE-i

latter conditions
ing is restricted
takes

neces-

tures.

cells,

centage

is seen,

but

is observed

These

effects

(0.1

interme-

on

results
neuronal

differentiation,
depending
on its dose, which
makes
it to a
candidate
signaling
molecule
for the spatial
control
of neurogenesis
Finally,
which

in vivo.

we also determined

it is effective

in Pi9-RPTP
bFGF were
tures

for bFGF

as an inhibitor

the time

of neuronal

cells. To this end, inhibiting
administered
to differentiating

for different

intervals,

and

neuronal

frame

during

differentiation

concentrations
P1 9-RPTP
differentiation

of
cubwas
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Fig. 8. Time-dependent
effects
of
bFGF on neuronal
differentiation.
P19RPTR
cell cultures
were treated
for 6
days with 1 . 10 6 M RA (a). bFGF (100
ng/ml) was present
the entire time (b),
during the first 3 days (C), or during the
last 3 days (d). Cultures
were fixed and
labeled with an antibody
against NF-165
(red labeling) and with Hoechst
(blue Iabeling). bFGF was able to inhibit neurite
outgrowth
when present during the entire 6-day differentiating
period or when
present during the last 3 days. Bar, 100
pm.

esis.

Our

inhibitor

results

thus

of neural

as dualistic

indicate

inductive

modulator

that

activin

signaling,

may

whereas

of subsequent

neurite

serve as an
bFGF may act

maturation.

Discussion
In this

study,

fected

with

vitro
I I H)

()

() I
ngInl

I

model

ronal

differentiation.

stem

cells

germ

layers,

they

hIGI

upon

subsequent
a transient
for their

culture
neuronal

1 00 ng/ml

When

RA treatment,
abbe

(Fig.

caused

8c).

under

completely

amount

to

inhibition
that

these

appeared

of neurite

seen

in continuously

conditions,

the

during

was

detect-

the last 3 days

outgrowth
exposed

expression

of

(Fig. 8d),
cultures,
NE

is not

absent.

This contrasts
to be limited

action of bFGF
and thus does
with

on

tors

of neurogenesis

cells

are pluripotent
of all three

concentration

and

occurs

in these

these

aggregates

RA-treated

culture

cells

when

for 2-4

days,

is detectable

P1 9-EC

aggregates

which
seems
to be
because
monolayer

is an essential
cells (35).

Iaevis

embryos

(19) as negative

in vivo,

respectively.

trigger
have

and
For

for evoking

implicated

ac-

positive

regula-

activin,

a sim-

ilar neurogenic
suppressing
effect was found in P1 9-EC cells
(27, 28, 29). We have extended
these observations
by demonstrating
and type

that Pi9-RPTP
cells express
functional
II receptors
for activin
and FGFR-i
and

receptors

for bFGF,
of these

and that

cells

these factors.
In accordance

of activin,

which

and P19-EC
cells,
ronal differentiation

of neurogen-

in

neu-

cells differentiate
directly
toward
a
upon addition
of RA. Apparently,
the

bFGF

to the
early

phases

trans-

underlying

cell aggregation

from

Xenopus

(13, 14) and

stably

a convenient

to derivatives

activation
of RPTPa,
neuronal
specification,

is confined
not include

the action

to the earliest

to RA during
replating.

tivin

tiation

Apparently,
the inhibitory
phase of neurite
extension
neurogenesis.

6 days of culture.
the first 3 days of

of neurons

of bFGF

Administration

a severe

comparable

but

a substantial

after
during

RA

specification

RPTPa activity
potency
in these

constitutive

Studies

65 immunostaining
bFGF were present

on

of Pi9-RPTP
phenotype

neuronal
by NE-i

P1 9-EC

outgrowth

show
crucial

as

Wild-type
differentiate

Neuronal

cells

cells)

mechanisms

can

are exposed

P19-EC

regulatory

depending

and neuronab

Fig. 9. Effect of increasing
concentrations
of bFGF on depolarizationevoked calcium
influx. P1 9-RPTP
cells were cultured with 1 x 1 0 6 M RA
in the presence
of increasing
concentrations
of bFGF. Electrical
excitability was assessed
by measuring
depolarization-induced
(50 mM KCI) rises
in the intracellular
calcium
concentration.
Low concentrations
of bFGF
were able to increase the excitability,
indicating
an increased
presence
of
voltage-sensitive
channels
in the cultures.
Higher concentrations
of bFGF
reduced
the excitability.

visualized

that

exploited
(P19-RPTRi

a

to study

conditions.

I))

we have
RPTP

with

is subject

RA-induced

the observations

activin
acts
in Pi9-RPTP

neuronab

to a complex

type I
EGFR-2
differen-

regulation

in Xenopus

by

embryos

as a potent
inhibitor
of neucells. Activin
suppresses
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Activin

and bFGF

not only

Control

Neuronab

the appearance

rite extensions

but

Differentiation

of rnorphologically

also

suppresses

detectable

the

neurite

neu-

expression

ronal marker proteins, such as NF-i 65, and the generation
of
electrical
excitability.
Importantly,
this inhibitory
action is
dose dependent,
with a maximally
effective dose at 5 ng/rnI
and above,

and confined

esis,

i.e., between

when

in control

to the earliest

the second
cultures

phases

and third

neurite

has not yet corn-

menced.
Extrapolation
of these findings to the in vivo regulation of neurogenesis
would imply that activin could serve as
a negative signal for competent
neurectodermal
cells, which
suppresses
their neurogenic
potency,
and thus has been
implicated

in neuronal

addition

to

effects
also

its

on specific
been

genes

patterning.

inhibitory
subsets

shown

that

in cultured

is able

sympathetic

is as yet obscure.

rogenesis

cannot

sion.

Undifferentiated
receptors,

upon

differentiation.

directly

with

cells

their

cells

that

with

signaling

ac-

interferes

pathway,

such

cells, or that it acts
intercellular

sig-

expression

level,

in cultured

ported

neurocompetent

for mouse

knock-out
adults
severe
levels,

has

born

and

receptor

impairments

without

to await

effects
cells

thus far. Activin

do not show

are

this

mammalian

embryos

mice

bryogenesis,

but

antibodies.
between
the observed

during

defects,

and

the

of activin
those

re-

type IIA
early

em-

develop

into

(22). The main deficiency
in these
knock-outs
is a
suppression
of serum
follicle-stimulating
hormone
resulting

Early

embryonal

could,

however,

in a defective
processes
have

reproductive
mediated

been

rescued

by

performance.
activin

by receptor

receptors
redundancy,

a possibility
that can only be excluded
by multiple knock-out
experiments.
Also, mutant mice lacking both activin subunits
showed normal early development
and were born but died
within
results
rived

the first 24 h after
is difficult,
because
activin

regulates

birth (21). Interpretation
of these
it is possible
that maternally
de-

important

processes

during

early

do-

velopment.
Whether our in vitro results on Pi9-RPTPa
cells
can indeed be extrapolated
to the mammalian
embryo has
thus to await validation
by future experiments.
Besides activin, we studied the possible effects of bFGF
on RA-induced
neuronal differentiation
of Pi 9-RPTPa cells,
and the results
role for bFGF
differs

from

are indicative

that

enhance

of neuronal

yet complex,

maturation,

which

the expression

of NE-i

esis,

during

which

neuronal

selection

bFGF

has

occurs

and early

neu-

Similar

effects

of bFGF

were

not observed

in P1 9-EC

cells

(29), most likely because

bFGF was present only during the
aggregation
phase in this study. Our finding, that low concentrations of bFGF can stimulate
neuronal
differentiation,
is, however, in accordance
with observations
on Xenopus
embryonic
cells (1 9) and strikingly similar to the results obtained with bFGF
on neurite outgrowth
in rat cerebellar neurons (44).
the time dependency

of the action

of bFGF

seems not be related to the expression levels of its receptors.
Its relatively late effects make it, however,
unlikely
that a

65 and the level

the dose-dependent

nature

of

electrical
excitability,
which is indicative
for a stimulating
effect on neurite sprouting,
whereas bFGF effectively
inhibits

of bFGF

on neurite

sprout-

ing. An explanation
could be that FGFR activation
is a prerequisite for neurite formation
and neuronal maturation,
and
that the continuous
exposure to high concentrations
of bFGF
results in receptor down-regulation
and thus in inhibition of
these processes.
Thus far, evidence obtained from in vivo studies on Xenopus embryos (18, 45) and mice (25) has stressed the importance of FGFR signaling in mesoderm
patterning.
Our results
suggest that concentration
gradients
of bFGF could be operative in neuronal
patterning
in vivo as well. Of particular
importance
for speculation
on such a role could be the recent
finding
of Williams
et a!. (46), that FGF receptors
can be
activated

via certain

domains

of cellular

adhesion

molecules,

N-cadherin
or Li (46). This raises the possibility
that neural
cell adhesion molecules
interfere with bFGF signaling, or vice
versa, and that they serve as substrate
regulators of neuronal
differentiation
in a position-dependent
manner, both in the
early vertebrate
embryo as well as in in vitro models such as
the Pi9-RPTPa
cultures used in this study.

Materials

and Methods

Materials.

Recombinant
bovine activin A was obtained
from Innogenetics, S.A. (Ghent, Belgium).
bFGF (146 amino acids) was obtained
from
Boehringer
Mannheim.
The monocbonab
anti-GAP-43
antibody
was pur-

chased from Sigma Chemical

Co., the monocbonab anti-NF-1 65 antibody

from

the Developmental
Studies
Hybridoma
Bank, and the rabbit polyclonal anti-MAP-kinase
antibody
was a kind gift of Or. B. Burgering.
The
transforming
growth
factor
(3 and activin-responsive
3TP-lux
reporter
construct,
containing
three 12-O-tetradecanoylphorbol-1
3-acetate
response elements and the -740 to -636 region of the plasminogen
activator inhibitor 1 promoter
in front of the luciferase
gene, was a gift of

Or. J. Massagu#{233}.
A reporter construct

(a) we demonstrated
that bFGF
effect on neurite outgrowth,
depending
Low concentrations
of bFGF (0.1 and

of activin:

has a clearly dualistic
on its concentration.
1 .0 ng/mI)

for an important,

in the regulation

activin.

phase of neurogen-

lying

as yet unknown

single-cell

than

activin

functional

of cells in the culture. To relike to determine activin receptor

at the

differentiation

(b) bFGF

phase of the

down-regulated

of neuexpres-

naling between subpopulations
solve this question, one would
availability
of specific
There is a contrast

neuronal

1 0 ng/ml;

direct interaction
with RA signaling is involved and indicate
that the cells have to acquire a neuronal predisposition
before bFGF signaling renders any effect. At this moment, one
can only speculate
about the molecular
mechanisms
under-

express

it likely

above

in a different

no effects on the early activin-sensitive

As for activin,

of neural

of receptor

is not

or inductive

by interference

it has

sets

to the initiation

as RA signaling in the case of Pi9-RPTPa
indirectly

because

(43).

on the basis

renders

a permissive

in

other

underlying the inhibitory action of

expression

This

that,

have

to induce

Its restriction

Pi9-RPTPa

and

could

neurons

be explained

tivin

be noted

activin

of neurogenic

activin

The molecular mechanisms
activin

It should

action,

RA-induced

at concentrations

to exert these actions

ronal markers are detectable,
but rather serves as a dualistic
modulator
of subsequent
neurite formation
and neuronal
maturation.

of neurogen-

day of RA treatment,

formation

formation

appeared

of neu-

of the plasminogen

activator

containing

the -800 to +75 region

inhibitor
1 promoter
in front of the luciferase
gene (PAI-buc) was obtained from Or. 0. J. Loskutoff.
Cell Culture. Pi9-EC cells and P19 cells stably transfected
with
RPTPcC (Pi9-RPTPa)
were cultured
in OMEM/Ham’s-F12
(1:1) medium
supplemented
with 7.5% FCS on gelatin-coated
substrates.
For monolayer experiments,
cells were seeded at a density of 1 0 x 1 0 cells/cm2.
P1 9-EC cells were first aggregated
on a bacteriological
dish in the pres-

Cell Growth

ence of RA for 3 days, after which they were replated on a gelatin-coated
substrate
in the absence
of RA. All used substrates
were coated
with
0.1 % gelatin.
Nunc culture
plastics
were used, except
for immunofluorescence
and calcium
measurements,
in which case glass substrates
were used.
Differentiation
was induced by the addition of 1 x 1 06 M RA to the culture
medium.
RA was present during the whole period of differentiation.
Culture
medium with RA and additional
growth factors was replaced after 3 days.
Calcium Measurements.
P1 9-RPTPa cells, differentiated
for at least
5 days with 106 M RA, were incubated in HEPES buffered saline [140 mri
NaCI, 5 mM KCI, 1 mM MgCI2, 2 m CaCI2, 10 m HEPES, and 10 m
glucose
(pH 7.3) at 33”C] with 10 M
lndo-i-AM
(Molecular
Probes,
Eugene,
OR) for 45 mm. Coverslips,
mounted
in a quartz cuvette,
were
placed
in a Perkin-Elmer
model 3000 fluorescence
spectrometer.
The
excitation
wavelength
was 355 nm (slit, 5 nm), and the emission
wavelength was 405 nm (slit, 10 nm; Ref. 47).
Calibration
of the internal calcium
bevel was determined
using S jig/mI
ionomycin.
The maximal and minimal fluorescence
was determined
by the
addition
of 4 mM CaCI2 and 6 m MnCI2, respectively.
Absolute
values
were calculated
according
to Grynkiewitcz
et al. (48).
Immunoblotting
Experiments.
After culturing,
dishes with the cells
were washed twice with ice-cold
PBS, scraped
into radioimmunoprecipitation buffer containing
200 M orthovanadate,
2 mpi phenybmethylsulfonyl
fluoride,
and 3 nb/mI aprotinin
and passed several times through
a 21gauge needle. A small amount
of the cell lysate was used to determine
protein contents;
to the rest, appropriate
amounts
of Sx sample buffer
were added, after which the samples
were boiled for 5 mm.
Equal amounts of protein were loaded on a 8% SOS-polyacrylamide
gel. After running,
the proteins
were blotted to Immobibon
polyvmnylidene
difluoride
(Miblipore,
Bedford,
MA). Subsequently,
the blot was blocked
with Bbotto (PBS with 4% milk and 0.05% Tween-20)
and incubated
with
antibodies
for 1 h. After washing,
the blots were incubated
with horseradish
peroxidase-conjugated
secondary
antibodies
for another
hour.
Immune
complexes
were detected
by ECL (Amersham
International,
Buckinghamshire,
United Kingdom).

Immunofluorescence.
After culturing, the cells were washed with
PBS and fixed with 2% paraformaldehyde
in PBS for at beast 30 mm.
Antibody
incubation
was preceded
by appropriate
washing and blocking.
Finally, the coverslips
were mounted
in Moviol. The detection
of immune
complexes
was performed
by photographing
the cells using a Zeiss
fluorescence
microscope.
Luciferase
Assay
with Activin
Reporters.
P19-RPTPa
cells were
cultured
in six-webb plates (Nunc) and transiently
transfected
with the
3TP-bux reporter
construct
or the PAI-buc reporter construct
in combination with a Iac-Z reporter
construct
by a standard
calcium
phosphate
precipitation
method.
After transfection,
cells were cultured
for 1 8 h in the
presence
or absence
of SO ng of activin A or 50 ng of BMP-7 per milliliter
of culture
medium.
Cells were then lysed in 500 b of lysis buffer (1 %
Triton, 25 mM glycylglycmn,
iS m MgSO4, 4 mit EGTA, and 1 mri OTT).
Luciferase
activity
was measured
in a Lumac
3 M biocounter
by the
addition
of 265 .d of assay buffer(3.8
mi AlP, 34 mi glycylglycin,
and 20
mM MgSO4)
and 1 00 I of 0.2 m luciferine
(Boehringer
Mannheim)
to 75
z1of lysate. Iac-Z activity was determined
by measuring
the conversion
of
o-nitrophenyb
3-o-galactopyranoside
(Sigma Chemical
Co.) in a Bio-Rad
microplate
reader at 420 nm. Luciferase
activity was corrected
for lac-Z
activity.
The induction
comparing
luciferase
of activin.

of buciferase activity
by activin was calculated
by
activity in cells cultured
in the presence
or absence

RNA Isolation and Northern Blotting. RNA was extracted from undifferentiated
and differentiated
(5 days of 10_6 M RA) Pi9-RPTPa
cells
cultured
on 150-cm2
tissue culture dishes (Nunc). The cells were bysed
with 4 M guanidine
thiocyanate,
and total RNA was isolated as described
by Chirgwmn et al. (49). PoIy(A)
RNA was isolated
by oligo(dT)
chromatography
and quantified
by measuring
the absorbance
at 260 nm. Abiquots
of 10 g of poly(A)
RNA were denatured
in 50% formamide
containing
2.2 M formaldehyde
and MEN buffer(20
m 3-[N-morphobino]propanesubtonic acid, 1 mM EDTA, and S m sodium acetate,
pH 7.0) for 15 mm at
68”C and ebectrophoresed
in a 0.8% agarose gel containing
2.2 M formaldehyde. After electrophoresis,
RNA was stained with ethidium
bromide
and transferred
to nitrocelbubose
filters in 20x SSC (1 x SSC = 150 m
NaCI and 1 5 mM sodium citrate, pH 7.0). Following
transfer, the filters were
rinsed in 2x SSC and baked at 80”C for 2 h under vacuum.

Filters

were

prehybridized

at 42”C

in 5x

SSC,

2x
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Oenhardt’s
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(0.04%

BSA, 0.04%
Ficobb 400, and 0.04% pobyvinybpyrrobidon
360), 50 mi sodium phosphate(pH
6.8), 10 m EOTA, 0.1 % SOS, and 0.1 mg/mb sheared
herring sperm DNA containing
50% formamide
and hybridized
in the same
buffer with 32P-labeled
probe for 24 h at 42#{176}C.
Probes were labeled using
the Rediprime
random
primer labeling
kit (Amersham
Intemational)
and
[2P]dCW
(>3000 CVmmob; Amersham International). Following hybridization, filters were washed
in 2x SSC/0.i
% SOS, and labeled products
were visualized
by autoradiography.
The following
probes were used for Northern
blot hybridization:
mouse
actMn receptor IA, a 629-bp fragment encoding the extraceblular domain, the
transmembrane
domain,
and a small part of the juxtamembrane
domain;
mouse activin receptor type IB, a 560-bp fragment encoding the extracelbular
domain, the transrnembrane domain, and a small part of the juxtamembrane
domain; mouse activin receptor type IbA, a 448-bp fragment
encoding
the
extracellubar
domain and part of the transmembrane
domain; mouse activin
receptor
type IIB, a 410-bp
fragment
encoding
the extracelbubar
domain;
FGFR1, a 1 .2-kb fragment encoding
the entire extracelbubar domain; FGFR2,
a 1.2-kb fragment encoding the entire extracelbubar domain; FGFR3, a 2.4-kb
fragment
encoding
the extracellubar
domain; and FGFR4, a 2.5-kb fragment
encoding
the extracelbular domain.
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