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Bone morphogenetic proteins (BMPs) have multiple functions in the developing 
nervous system. A member of this family, BMP-9, was found to be highly 
expressed in the embryonic mouse septum and spinal cord, indicating a possible 
role in regulating the ;holinergic phen-otype. In cultured neurons, BMP-9 directly 
induced the expression of the cholinergic gene locus encoding choline acetyl- 
transferase and the vesicular acetylcholine transporter and up-regulated ace- 
tylcholine synthesis. The effect was reversed upon withdrawal of BMP-9. In- 
tracerebroventricular injection of BMP-9 increased acetylcholine levels in vivo. 
Although certain other BMPs also up-regulated the cholinergic phenotype in 
vitro, they were less effective than BMP-9. These data indicate that BMP-9 is 
a differentiating factor for cholinergic central nervous system neurons. 

The signals that determine and maintain spe- 1A). The resemblance of this expression 
cific neurotransmitter phenotypes are poorly pattern to that of mature cholinergic neu- 
understood. BMPs-members of the trans- rons suggested that BMP-9 may influence 
forming growth factor-p (TGF-P) superfam- the development of these cells. We thus 
ily of growth and differentiation factors (1)- treated primary cells derived from the sep- 
play critical roles in the regulation of neuru- tal area of E l 4  mice with human recombi- 
lation and dorsoventral patterning during gas- nant BMP-9 and measured acetylcholine 
trulation and of neurogenesis (2-7) and (ACh) in the cultures (24) (Fig. 1, B and 
forebrain formation (8) during later develop- C). BMP-9 increased ACh content of these 
mental stages. BMPs promote the survival cells in a time- (Fig. 1B) and concentration- 
and phenotypic maturation of neurons in the dependent (Fig. 1C) fashion [median effec- 
peripheral nervous system and of lineage- tive concentration (EC,,) = 3 ngiml]. After 
restricted neuronal progenitor cells in the an initial 24-hour lag period after the addi- 
central nervous system (CNS) (9-19). Here tion of BMP-9 (10 ngiml), ACh levels rose 
we show that BMP-9, a relatively uncharac- monotonically until 72 hours and then tend- 
terized member of the BMP family, with ed to level off. Untreated cultures main- 
hepatogenic, osteogenic, and hemopoietic tained low levels of ACh throughout the 
properties (20-22), is a potent inducer of the study, indicating that cholinergic neurons 
cholinergic phenotype in the CNS. initially present in the cultures did not de- 

We determined the expression of generate in the absence of BMP-9. To de- 
BMP-9 in the CNS during mouse develop- termine the specificity of BMP-9 action, we 
ment (23). On embryonic day 14 (E14), the treated the cells for 96 hours with other 
highest abundance of BMP-9 mRNA was members of the BMP family of proteins. In 
found in the septum and spinal cord (Fig. the absence of BMPs, ACh levels were low 

(6.4 + 1.3 pmoliplate), and the addition of 
BMPs (10 ngiml) increased the levels of 
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the most effective among the factors tested, 
increasing the cellular ACh content 20-
fold. Moreover, this effect of BMPs was 
not shared by TGF-P,, which did not sub- 
stantially affect the levels of ACh. 

BMP-9 also altered the morphology of 
neural cultures. Whereas untreated cells grew 
in uniformly dispersed monolayers, cells ex- 
posed to BMP-9 tended to grow in character- 
istic round clusters and extended long and 
numerous processes (Fig. ID). These neuro- 
nal clusters were positive for PIII-tubulin (an 
early marker for neurons during develop- 
ment) and concurrently also expressed cho- 
line acetyltransferase (CUT) ,  the ACh-syn- 
thesizing enzyme (25) (Fig. 1E). Although 
we also observed neuronal markers in un- 
treated cells, ChAT imrnunofluorescence was 
almost completely absent (Fig. 1E). We then 
repeated double-label experiments with anti- 
bodies against 6111-tubulin and the vesicular 
acetylcholine transporter (VAChT) protein, 
another cholinergic marker. In most cases, 
the PIII-tubulin-positive neurons in these 
clusters were also stained for VAChT (Fig. IF). 
Experiments with antibodies against tyrosine 
hydroxylase (TH) and glutamic acid decarbox- 
ylase (GADbmarkers for catecholaminergic 
and y-aminobutyric acid-ergic neurons, re- 
spectively-revealed no positive staining for 
these proteins in cells treated with BMP-9, 
and only a slight increase in TH immunore- 
activity was observed by Western blot (26). 
The greatest responsiveness to BMP-9 oc-
curred in cells derived from brain regions that 
most abundantly express BMP-9 (Fig. 1A) 
and contain high numbers of cholinergic neu- 
rons (Fig. 2A). 

Determination of cell fate by extrinsic fac- 
tors, including BMPs, is typically dependent on 
the stage of development (27). Cholinergic 
neurons are among the fxst to leave the mitotic 
cycle in the mouse basal forebrain (28), and 
cholinergic neurogenesis begins in a caudo-
rostra1 progression from El  1 until El8 (28,29). 
We studied the effects of BMP-9 on ACh 
content in septa1 cultures obtained at E l l ,  
E14. and E18. The amount of ACh in the 
control cultures increased with the gestational 
age between E l  1 and El8 (Fig. 2B). BMP-9 
increased ACh levels in all of these cultures. 
However, the response to BMP-9 was the 
highest in cells originating from El4  embry- 
os, precisely the time during embryogenesis 
when cholinergic differentiation peaks (28) 
(Fig. 2B). 
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Mouse embryos were injected with a sin- the forebrain by 70 and 30% measured on mRNA levels of ChAT and VAChT were 
gle dose of BMP-9 (6 ng) into the cerebral El6 and E18, respectively (Fig. 2C). Howev- measured in septal cultures by Northern blot. 
ventricles on El4 and E16, and brain ACh er, BMP-9 had no significant effect in older The ChAT and VAChT genes reside in an 
levels were analyzed 2 days later (24). animals (i.e., mice treated on El8 or El9 or evolutionarily conserved single genomic lo- 
BMP-9 significantly increased ACh levels in on postnatal days 1 to 3). cus (Fig. 3A), an organization that is thought 

to permit coordinated regulation of their ex- 
pression (30). In the absence of BMP-9, lev- 

A B C els of both ChAT and VAChT mRNA (31) 
were very low or undetectable in cells de- 
rived from El4 embryos after 4 days in cul- 
ture. Addition of BMP-9 substantially in- 

conex 1 5  creased the expression of ChAT and VAChT 

Midbrain mRNA (Fig. 3B), indicating that BMP-9 in- 
duced the expression of the cholinergic gene 

Spinal Vehicle 
cord 

locus. 
To determine if BMP-9 up-regulates the 

BMP-9 I GAPDH ratio Time, hours [BMP-91, nglml cholinergicphenotypebyactingdirectlybn 
resvonsive cells, we determined the effect of 

Fig. 1. Expression of D 
BMP-9 in the mouse Control (4 davs) A A ~ V C  BMP-9 7 A S V ~  - - . . . . - . , - --a -, 7 .."," 
embryonic CNS and 
induction of the cho- r-'- 
forebrain neurons bv 

measured by real-time 
quantitative RT-PCR 
in the indicated El4 
brain regions. Total 
RNA was prepared 
from a pool of at least 
10 animals in each age 
group. (B and C) El4 
septal cultures were 
treated with BMP-9 
for varied time periods 
(0) or for 3 days with 
varied concentrations 
of BMP-9 (C), and ACh 
was measured. Values 
are means + SEM (n 
= 31 fBI and means F 

Control BMP-9 

Phase VAChT 

phase contrast (D and 
F) and double immunofluorescence staining with antibodies to BIII-tubulin (E and F) combined with 
antibodies to ChAT (E) or antibodies to VAChT (F). Scale bars: 100 Fm (D) and (E); 50 k m  (F). 

thiH BMP on C ~ A T  and VAChT expression 
in a murine septal cell line, SN56T17 (30,32, 
33). BMP-9 increased the expression of 
ChAT and VAChT mRNA in these cells (31) 
(Fig. 3B). This action of BMP-9 was quanti- 
tatively smaller in SN56T17 cells than in 
primary neurons, presumably because the 
former are already committed cholinergic 
cells with high basal expression of ChAT and 
VAChT. Moreover, BMP-9 increased the 
abundance of endogenous ChAT mRNA 
originating from the M promoter (Fig. 3C) 
and stimulated the expression of a luciferase 
reporter gene driven by a 4.8-kb fragment of 
the ChAT gene containing this promoter (Fig. 
3, A and D) (30, 33). These results show that 
up-regulation of the cholinergic phenotype by 
BMP-9 occurs in a homogenous population 
of competent cells, supporting the notion that 
in primary brain cultures BMP-9 also acts 
directly on cholinergic precursor cells and not 
by inducing difisible factors originating 
from other cell types. Moreover, the data 
point to the presence of a BMP-9-responsive 
region within the cholinergic gene locus. 

Studies in animals have shown that when 
cholinergic neurons are deprived of their tar- 
gets andlor trophic factors, they lose their 
ChAT marker but do not die (34). This sug- 
gests that expression of the cholinergic phe- 

Fig. 2. In vitro and in vivo induction 
of the cholinergic phenotype by A B 
BMP-9. (A) Brain region specificity 

Septal in El4 cultures from the CNS re- area gions indicated. N.D., not detected. 
(B) Developmental stage specificity Coflex 
in septal area cultures obtained at 
E l l ,  E14, and E18. (C) Advanced 
maturation of the cholinergic phe- Midbrain 
notype in vivo. (A and B) Primary 
cultures were treated for 3 days Spinal 
with BMP-9 (10 nglml) and ACh cord 
was measured. (C) Mouse embryos 
were injected intracerebroventricu- Acetylcholine, nmollmg protein E l l  El4 El8  larly with 6 ng of BMP-9, and brain 
tissue was processed for ACh con- 
tent 2 days after (24). Values are means + SEM (n = 5). BMP-9 significantly increased the levels of ACh at El6 and 
with Fisher's post hoc test, P < 0.01 and P < 0.05, respectively). 

a El6 E l  8 

El8 (two-way analysis of variance 
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notype is not a fully intrinsic property of uously with BMP-9 maintained their high 
these neurons but rather that its maintenance ACh content, whereas in cells deprived of 
continues to depend on extrinsic signals. BMP-9, ACh levels were reduced by SO%, 
Cells were cultured for 3 days in the presence indicating that BMP-9 was necessary for the 
of BMP-9 and subsequently grown in the maintenance of the induced cholinergic phe- 
presence or absence of this BMP for another notype. A 3-day treatment of the cells with 
3-day period (Fig. 4A). Cells treated contin- BMP-9 after a deprivation period resulted in 

A 
ChAT exon R ChAT exon N ChAT exon M 

..,...,. 1 3 more ChAT 
.... ...... ," Hind"' coding exons 

B O~c*8$ b P ,  P.~P' C .Cp' QP, D 

C h A T m R N A m  
60- d 

Control 

A m  I] ... 
*,8 SN56T17 

I R N A ~  @ 0 Luciferase 0 2 activity, 0 arbiirary 4 0.6 units 

Pnmary SN56T17 
cells cells 

Fig. 3. Induction of the cholinergic gene locus expression by BMP-9. (A) Organization of the 
cholinergic gene locus and the reporter gene construct used in (D). The noncoding exons R, N, and 
M are shown as black boxes and the coding sequences are in gray. The intronless open reading 
frame (ORF) of VAChT resides between exons R and N of ChAT. For the reporter gene assays, the 
4857-base pair Xho I-Hind Ill fragment of the murine gene was inserted into the pCL3-Basic 
luciferase plasmid. (B) El4 septal cultures or SN56T17 cells (32) were treated with BMP-9 (10 
ng/ml) for 3 days, and ChAT and VAChT mRNA was determined by Northern blotting. (C) BMP-9 
up-regulates the expression of the M exon of ChAT. SN56T17 cells were treated for 2 days with 
BMP-9 (10 ng/ml), and the expression of the M exon was determined by RT-PCR. Adult mouse 
septum is also shown as positive control. (D) Up-regulation of luciferase expression driven by the 
ChAT promoter in SN56T17 cells treated for 2 days with BMP-9 (10 nglml). 

3 6 9 
Time in vitro, days BMP8 - + - + 

bFGF - - + + [bFGF], nglml 

Fig. 4. Requirement of BMP-9 for the maintenance of the induced cholinergic phenotype and 
potentiation by bFCF of the induction of the cholinergic phenotype evoked by BMP-9. (A) ACh was 
measured in septal cultures from El4 mice treated with BMP-9 (10 ng/ml) (A) for 3,6, and 9 days 
or for 3 days followed by a 3-day withdrawal of BMP-9 (A) and then an additional 3-day period 
with BMP-9 (B). Controls received no BMP-9 (0). (B and C) El4 septal cultures were treated for 
3 days with (B) BMP-9 (10 ng/ml) and/or bFCF (10 ng/ml) or (C) in the presence of BMP-9 with 
varying concentrations of bFCF, and ACh was measured. The values are means + SEM (n = 4). 

a twofold up-regulation of ACh synthesis, 
indicating that they retain their responsive- 
ness to BMP-9. 

There is evidence for an interaction be- 
tween basic fibroblast growth factor 
(bFGF) and BMP signaling in the develop- 
ing nervous system (35,36). FGF promotes 
the proliferation of progenitor cells, pre- 
venting their exit from the cell cycle and 
contributing to the specification of progen- 
itor cell identity (37). BMPs, in contrast, 
tend to reduce cell proliferation, promoting 
cell differentiation and cell lineage restric- 
tion. During development, these apparently 
opposing effects may contribute to a spe- 
cific cell fate (38). We measured the re- 
sponse of septal cells to BMP-9 in the 
presence and absence of bFGF. Whereas 
bFGF had no effect on ACh synthesis by 
itself, BMP-9 alone was sufficient to in- 
crease ACh levels by more than fourfold 
as compared with controls (Fig. 4B). How- 
ever, in the presence of bFGF, the effect 
of BMP-9 on ACh content was potentiated, 
and the extent of potentiation by bFGF 
was concentration-dependent (Fig. 4C). 
These data are consistent with the no- 
tion that bFGF stimulates proliferation of 
cholinergic progenitor cells that are in- 
duced by BMP-9 to express the cholinergic 
phenotype. 

Our results suggest that the rate of matura- 
tion of cholinergic neurons may be enhanced by 
BMP-9 and that BMP-9 most likely acts on 
cells committed to become cholinergic or on 
cells with restricted fates. Alternatively, cells 
from E 1 1 and E 18 cultures or those in older 
animals, in vivo, that are less responsive to 
BMP-9 may produce antagonists that bind, and 
thereby inactivate, BMP-9, a mode of regula- 
tion that has been observed for other BMPs 
(6-8, 35, 39). 

It is likely that, depending on brain re- 
gion and developmental stage, various 
BMPs will regulate the expression of other 
neurotransmitter phenotypes. Indeed, there 
is evidence that BMPs modulate neuro- 
transmitter expression in sympathetic (16- 
19, 40), spinal cord (41), mesencephalic 
(42, 43), and striatal (44) neurons in vitro. 
However, in contrast to the current study, 
some of these effects of BMPs were either 
indirect and mediated by diffusible factors 
released by glial cells (42, 45) or due to 
their action as survival factors (45). 

Our results point to a developmental 
function for BMP-9 and suggest a model in 
which BMP-9, synthesized locally in the 
vicinity of the developing cholinergic neu- 
rons, acts to induce the expression of the 
cholinergic gene locus in these cells. This 
action of BMP-9 as a cholinergic differen- 
tiation factor suggests its potential use in 
the treatment of diseases that affect cholin- 
ergic neurons. 
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