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BMP9 (Bone Morphogenetic Protein 9) Induces NGF as
an Autocrine/Paracrine Cholinergic Trophic Factor in
Developing Basal Forebrain Neurons
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Acetylcholine (ACh) synthesis and release from basal forebrain cholinergic neurons (BFCN) innervating the cerebral cortex and hip-
pocampus are essential processes for normal learning, memory and attention. Bone morphogenetic protein (BMP) 9 is a cholinergic
differentiation factor in the developing septum that increases ACh synthesis and choline acetyltransferase (Chat) gene expression both in
vivo and in vitro. We investigated the possible induction of cholinergic trophic factors by BMP9 in murine septal cells. Nerve growth factor
(NGF) protein expression and secretion into the medium was increased in cultured embryonic septal cells treated with BMP9, and
partially mediated BMP9-induced acetylcholine production and Chat gene expression. BMP9-induced Ngf gene expression was detected
in postmitotic cells, required new protein synthesis and was blocked by BMP type I receptor inhibition. Cholinergic neurons were isolated
by fluorescence-activated cell sorting based on either transgenic expression of green fluorescent protein driven by the Chat promoter or
NGF receptor (p75) immunostaining. Although both noncholinergic and cholinergic neurons in untreated cultures expressed similar low
levels of Ngf, increased Ngf gene expression was restricted to Chat-positive neurons in BMP9-treated cultures. Likewise, similar levels of
Ngf mRNA were detected in p75-negative and p75-postive septal cells, yet only p75-positive BECN increased their Ngf gene expression
when treated with BMP9, and only these cells expressed the AlkI BMP receptor. The data suggest an autocrine/paracrine role for NGF in
the development and/or maintenance of BFCN and imply that the stimulation of NGF production and release contributes to the

cholinergic-supportive properties of BMP9.

Introduction

Basal forebrain cholinergic neurons (BFCN) project to the hip-
pocampus and cerebral cortex where the release of their neuro-
transmitter, acetylcholine (ACh), is central for the processes of
attention, learning and memory throughout life. During devel-
opment, cholinergic innervation is necessary for the proper mor-
phogenesis of target regions, and its early modulation has a
lasting impact on adult behaviors (Leanza et al., 1996; Ricceri et
al., 2002). Moreover, decline in BFCN function and cholin-
ergic marker expression is apparent in Alzheimer’s disease
(AD) patients (Mufson et al., 2008), in aged animals and in
genetic animal models of AD (Koh et al., 1989; Greferath et al.,
2000; Cassel et al., 2008). Treatments for AD have focused on
increasing cholinergic tone by inhibiting acetylcholinesterase.
More recently, administration of trophic factors that support
the function and survival cholinergic neurons has been ex-
plored (Tuszynski et al., 2005).
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Neurotrophic factors are required for the development, main-
tenance and neuroprotection of BFCN. Nerve growth factor
(NGF) in particular supports multiple aspects of cholinergic de-
velopment and differentiation, including increasing the number
and soma size of choline acetyltransferase (ChAT)-positive neu-
rons and promoting neurite outgrowth and ChAT activity in
neonatal septum, hippocampus and neocortex (Mobley et al.,
1986; Hartikka and Hefti, 1988a; Sofroniew et al., 2001). Neona-
tal intraventricular administration of NGF increases the expres-
sion of Chat and Ntrkl, the gene that encodes the high-affinity
NGF receptor TrkA, whereas administration of anti-NGF de-
creases the expression of both genes (Li et al., 1995). Though the
primary source of NGF to BFCN is likely retrograde transport
from target areas, predominantly the cortex and hippocampus
(Sofroniew et al., 2001), NGF is also produced locally in the sep-
tum (Large et al., 1986; Saporito and Carswell, 1995). This source
of NGF may be especially important during development of
BFCN before they reach innervation targets.

Bone morphogenetic proteins (BMPs) play critical roles in
CNS patterning, predominantly during early development (Liu
and Niswander, 2005). BMPs bind to type I and type II TGF
family receptors that primarily transduce signals via the Smad
pathway (Liu and Niswander, 2005). BMP9 in particular is a
cholinergic differentiation factor for BFCN. Application of
BMP9 to both septal cell cultures and into the cerebral ventricles
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of developing mouse embryos significantly increases ACh pro-
duction (Lépez-Coviella et al., 2000). In various in vitro models
BMP9 increases the expression of BECN markers, in particular
ChAT and, interestingly the low affinity NGF receptor (p75)
(Lopez-Coviella et al., 2000, 2005; Schnitzler et al., 2008a). Be-
cause prolonged exposure (days) to BMP9 is required to achieve
its full effects on Chat expression and ACh production, we hy-
pothesized that BMP9 may—at least in part—function by mod-
ulating the neurotrophic factor environment in favor of
cholinergic development and maintenance. The data presented
herein are consistent with this hypothesis.

Materials and Methods

Timed-pregnant CD-1 mice were obtained from Charles River Labora-
tories. Chat-eGFP mice, which express a bacterial artificial chromosome
transgene containing eGFP at the Chat start site, were generated as pre-
viously described (Tallini et al., 2006). Recombinant human BMP9 was a
gift from Wyeth Research. All reagents and chemicals were obtained
from Sigma-Aldrich, unless otherwise noted.

Septal cell isolation and culture. Embryonic day 14 (E14) to E18 septa
were dissected and dissociated as previously described (Schnitzler et al.,
2008a,b). Cells were plated at a density of 1.25 X 10 cells per cm?” on
poly-p-lysine/laminin-coated tissue culture-ware in 10% FBS/DMEM
supplemented 20 ng/ml bFGF (PeproTech), 50 U/ml penicillin and 50
pg/ml streptomycin (pen/strep; Invitrogen), and cultured at 37°C in 5%
CO,. Sixteen hours after plating, culture medium was changed to Neu-
robasal medium (NB, Invitrogen) containing 2% B-27 (Invitrogen) sup-
plement, 250 uM L-glutamine, 250 um GlutaMax (Invitrogen), pen/strep,
20 ng/ml bFGF and 2 um cytosine arabinoside hydrochloride (AraC),
unless otherwise noted. Cells were treated every 24 h or as indicated with
BMP9, cycloheximide, Compound C, TrkA inhibitor (#648450, Calbio-
chem), or anti-NGF antibody (Millipore, clone 27/21). Half the volume
of media was exchanged every 48 h. Cultured cells to be analyzed by
fluorescence-activated cell sorting (FACS) were rinsed with PBS and
trypsinized for 5 min at 37°C. Cells were then briefly triturated through
fire-polished, siliconized glass pipettes in 1:2:4 v/v 4% BSA in PBS:10%
FBS in DMEM:Hibernate E medium containing 100 U/ml DNase. Fi-
nally, the cells were centrifuged through a 4% BSA/PBS cushion, and
immunostained as described below.

FACS. E18 septal cells were sorted as previously described (Schnitzler
et al., 2008b). Briefly, cells were stained at a concentration of 20 X 10°
cells per ml in 0.2% BSA/Hibernate E medium with 5 ug/ml anti-p75
affinity-purified antibody (Advanced Targeting Systems) for 35 min at
4°C. Cells were washed with 0.2% BSA, and incubated with an Alexa
488-conjugated anti-rabbit-IgG secondary antibody (Invitrogen, 1:500)
for 25 min at 4°C. Cells were washed, and resuspended in 0.2% BSA in
Hibernate E medium before sorting on a MoFlo cell sorter (Dako Cyto-
mation). Cells were collected into 20% FBS/Hibernate E medium. Data
were acquired and analyzed using Summit software (Dako Cytomation).
All FACS dot plot x- and y-axes indicate the fluorescence intensity.

Reverse transcriptase PCR. RNA for reverse transcriptase (RT)-PCR
was isolated using an RNAqueous-micro kit according to the manufac-
turer’s instructions (Ambion). RNA was quantified using the RiboGreen
reagent (Invitrogen). RT-PCR was performed using the SuperScript
One-Step with Platinum Tagq kit (Invitrogen). Each reaction included
1.2-2.2 mm MgSO, and 10-50 ng of RNA. Reaction conditions were
optimized for each primer set (see supplemental Figure S1, available at
www.jneurosci.org as supplemental material, for primer sequences) such
that product amplification fell within the linear range of both cycle num-
ber and RNA concentration. The RT-PCR products were electropho-
resed through 1.8% agarose or 10% acrylamide gels at 100 V, visualized
with ethidium bromide on an ImageStation 440CF (Kodak) and ana-
lyzed with Kodak 1D Image Analysis software.

Immunoblotting. Cells were lysed in buffer containing 50 mwm Tris pH
7.5, 150 mm NaCl, 1% NP-40, 0.2% SDS, 0.5% deoxycholic acid, 1 mm
Na;VO,, 25 mM NaF and 1% protease inhibitor cocktail (#P8340,
Sigma). Equal amounts (4-10 ug) of each sample was electrophoresed
through 10% Bis-Tris precast gels (Invitrogen) and transferred to blot-
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ting membrane using the iBlot system (Invitrogen). Membranes were
blocked with 4% milk in PBS/0.1% Tween (PBS-T), washed with PBS-T
and probed with anti-phospho-SMAD1/5/8 (1:1000, Santa Cruz Bio-
technology) or anti-B-actin (1:2000) followed by species-specific anti-
IgG-HRP (1:5000, Bio-Rad). Reactive bands were detected with
SuperSignal West Femto chemiluminescent substrate (Pierce), cap-
tured with an ImageStation 440CF and their intensities quantified
with Kodak 1D Image Analysis software.

ELISA. Whole-cell extracts were prepared in lysis buffer containing
137 mm NaCl, 20 mm Tris pH 8.0, 1% NP-40, 10% glycerol, 1% protease
inhibitor cocktail and 1 mm phenylmethylsulfonyl fluoride. Samples
were acidified to pH 2.6 for 15 min at room temperature, then neutral-
ized to pH 7.6. The medium from each culture dish was concentrated
tenfold before ELISA using Amicon Ultra centrifugal filter devices (5000
MWCO, Millipore). IGF-1 was assayed using the Quantikine sandwich
ELISA kit (R&D Systems), and NGF and NT-3 were assayed using the
Emax immunoassay system (Promega), according to manufacturer’s in-
structions. As the immunogen for the anti-NGF detection antibody is the
2.5S mNGF, this ELISA may also detect proNGF. The trophic factor
levels in the media are expressed as the original concentrations in culture.

Acetylcholine assay. Cellular acetylcholine levels were determined by
HPLC as previously detailed (Lopez-Coviella et al., 2000). Briefly, cells
were incubated in physiological salt solution containing 15 um choline
and 15 puM neostigmine for 1 h at 37°C. Cells were washed and collected
into 100% MeOH. Precipitated proteins were removed by centrifugation
and the supernatant was chloroform extracted. The aqueous layer was
lyophilized, then resuspended in diH,O and subject to analysis by HPLC.

Statistics. The statistical significance of changes in protein levels,
mRNA expression and ACh content was determined by one-way or
two-way ANOVA, as appropriate. All post hoc analysis were done
using Fisher’s least-significant-difference test, with p =< 0.05 deemed
as significant. Specific p values are noted in the figure legends. All
error bars indicate the SEM.

Results
BMP9 modulates the trophic factor profile of basal
forebrain cultures
Trophic factors known to play various roles in the development
and support of BFCN were examined in murine septal cell cul-
tures in response to BMP9. Cultures were established from cells
isolated at E14 (when Chat expression is very low in vivo), E16
and E18 (after many cholinergic neurons have developed in the
septum). After 4 d in vitro, cell lysates and culture media were
examined by ELISA for levels of NGF, NT-3 and IGF-1 protein.
The addition of BMP9 to the culture media significantly in-
creased the amount of NGF protein both within cells and released
into the culture medium at all developmental stages examined
(Fig. 1 A, B). Intracellular NT-3 levels were significantly decreased
by BMP9 treatment at later embryonic stages, while IGF-1 was
unaffected. The ELISA results were in agreement with the mod-
ulation of Ngf and N#f3 (encoding NT-3) gene expression by
BMP9 (Fig. 1C). As mRNA and protein levels were examined at
the same time point, the modest increase in IgfI gene expression
may not have been translated into detectable increases in protein.
To ensure that the expression of Ngfin septal cells shown here
is nota culture-specific phenomenon its expression was also eval-
uated in uncultured septal tissue over a range of developmental
stages, and was found to peak at or ~P8 (supplemental Fig. S2 A,
available at www.jneurosci.org as supplemental material). Vari-
ous early postnatal brain regions were also examined. Though
Ngf expression was markedly lower in the septum than in the
hippocampus, it was comparable to that measured in the frontal
cortex and cerebellum (supplemental Fig. S2 B, available at www.
jneurosci.org as supplemental material).
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Figure 1. BMP9 stimulates NGF production by embryonic septal cells. Septal cells from E14, E16, or E18 embryos were cultured  mRNA levels. BMP9-induced expression

for4 din the presence or absence of BMP9 (100 ng/ml). A, Cell lysates were analyzed by ELISA for protein levels of NGF, NT-3 and
IGF-1.%p < 0.05 compared with untreated samples, n = 3. B, Culture medium was analyzed by ELISA for secreted NGF. *p << 0.01
compared with untreated samples, n = 3. C, Corresponding changes in Ngf, Ntf3 (NT-3-encoding gene) and IgfT mRNA expression
were confirmed by RT-PCR in E14 samples. Fold change from the average value of untreated controls normalized to Actb (3-actin)
areindicated below each BMP9-treated sample. D, E14 septal cells were cultured with or without BMP9 (100 ng/ml) in the absence
of cytosine arabinoside for the indicated times followed by ELISA analysis for NGF protein levelsin cell lysates. *p << 0.01 compared

with untreated samples, n = 3.

BMP9-induced Ngf expression in postmitotic cells, requires
new protein synthesis and is mediated by the canonical BMP
signaling pathway

A delay in the increased production of NGF protein following
BMP9 treatment was observed when shorter duration cultures
were examined (Fig. 1D), which correlated with a delay in in-
creased Ngf mRNA levels (Fig. 2A, control). We hypothesized
that this delay was due to either the production of BMP9-induced
NGF by dividing cells that can accumulate in septal cultures over
time, or an intermediate factor that must accumulate to mediate
the effects of BMP9. Blocking the expansion of dividing cells with
the cytostatic agent AraC neither prevented the delay in BMP9-
induced Ngf expression nor affected the degree of its induction
ultimately achieved (Fig. 2 A, 2.2-fold at 96 h). As expected, the
inclusion of cytosine arabinoside (AraC) in the culture medium
yielded a more neuronal cell population as indicated by an ~2.5-
fold higher Tubb3 (3-3-tubulin) expression compared with con-
trol cultures (Fig. 2 B). Likewise, the relative levels of Ngf were
~2.5-fold higher in the presence of AraC compared with the
control cultures, independent of BMP9 treatment (Fig. 2 B). This
suggests that postmitotic cells are primarily responsible for the
production of NGF in septal cultures. Moreover, the expression
of a glial cell marker, glial fibrillary acidic protein (Gfap) was
abolished by the addition of AraC (supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental material), indicating
that glial cells are not responsible for the expression of Ngfin the
cultures. Conversely, the addition of the protein synthesis inhib-
itor cycloheximide (CHX) completely abolished the effect of
BMP9 on the expression of Ngf mRNA (Fig. 2A, B), demonstrat-
ing that the synthesis of an intermediate factor is necessary for
BMP9-induced Ngf gene expression. Although basal expression of

of both Id3 and Ngf genes was inhibited in
a concentration-dependent manner. BMP9-
induced Ngf expression was significantly
less in samples containing 1.0 and 2.5 um
compound C than in samples containing
no inhibitor. In addition, compound C at
0.1, 1.0 and 2.5 uM significantly inhibited
BMP9-induced Id3 expression (Fig. 3B).
These data indicate that BMP9 signaling through the BMP type I
receptor pathway is required for the induction of Ngf expression.

NGF contributes to BMP9-stimulated ACh production

The modulation of cholinergic properties of septal neurons by
BMP9 bears similarity to the actions of NGF in a variety of ways
including increased ACh production and Chat expression. We
therefore evaluated whether BMP9-induced NGF contributes to
the phenotypic effects of BMP9 by blocking NGF function in
BMP9-treated cultures. BMP9-induced ACh production was re-
duced by a TrkA kinase inhibitor (Calbiochem #648450) in a
concentration-dependent fashion by as much as 46% (Fig. 4A,
**p = 0.0001). The TrkA inhibitor also slightly decreased basal
levels of ACh in the absence of BMPY, though this reduction did
not achieve significance ( p = 0.15). To determine whether NGF
also contributes to BMP9-modulated gene expression, a highly
specific NGF neutralizing antibody (anti-NGF) was added to sep-
tal cultures before and during BMP9 treatment. This antibody
completely blocks NGF-induced TrkA phosphorylation in septal
cultures (data not shown). In the presence of anti-NGF the
BMP9-induced Chat expression was reduced by 45% (Fig. 4B,
**p = 0.006), similar to the magnitude of the decrease in ACh
content observed with the TrkA inhibitor. In contrast, anti-NGF
did not alter BMP9-induced changes in Ngfr (the gene encoding
P75), Id3 or Ntrkl mRNA expression.

BMP9-induced Ngf is restricted to cholinergic neurons

Studies performed in adult rats show that Ngf mRNA is expressed
atlow levels in the basal forebrain (Large et al., 1986; Shelton and
Reichardt, 1986; Lauterborn et al., 1991; Saporito et al., 1994;
Saporito and Carswell, 1995), and detected primarily in GABAergic
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Figure2.  BMP9-induced Ngfis detected in postmitotic cells and is dependent on new pro-

tein synthesis. Septal cells from E14 embryos were cultured in control medium or medium
containing AraC (2 pum) or CHX (1 eg/ml). A, BMP9-induced Ngf mRNA expression was evalu-
ated by RT-PCR at the indicated times. B, Ngf, Id3 and Tubb3 mRNA expression in untreated and
BMP9-treated cultures was evaluated after 4 d in vitro. *p << 0.01 compared with untreated
samples, n = 3.
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Figure3. BMPtype 1 receptor signaling is required for BMP9-induced Ngfexpression. 4, E14

septal cells were cultured for 2 d, then pretreated with Compound C (Comp C, 10 um) for 30 min,
at which time BMP9 (20 ng/ml) was added to the cultures for an additional 30 min. Phospho-
Smad1/5/8 levels were evaluated by immunoblot in whole-cell lysates of duplicate samples.
The blot was also probed for B-actin to confirm equal loading. Dashed lines indicate the re-
moval of unrelated sample lanes from the gelimages. B, E14 septal cultures were treated for 30
min with Compound C as indicated before the addition of BMP9 (10 ng/ml). Cultures were
re-treated every 24 h and harvested after 4 d in vitro. Ngfand /d3 mRNA levels were evaluated by
RT-PCR and expressed as fold change. *p << 0.02 compared with fold increase in samples with
no inhibitor, n = 3.

neurons (Lauterborn et al., 1995). The expression of Ngfis not well
characterized during development, but it has been detected in the
basal forebrain during both embryonic and postnatal periods (Large
etal., 1986; Liiesse et al., 1998; Formaggio et al., 2010).
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Figure 4.  BMP9-induced NGF is an autocrine/paracrine factor that stimulates ACh produc-
tion and Chat expression. 4, E14 septal cells were pretreated with a TrkA kinase inhibitor at the
indicated concentrations and cultured in the absence or presence of BMP9 (100 ng/ml) for4d,
followed by HPLC analysis of cellular ACh. *p =< 0.01 compared with BMP9-untreated samples,
n = 4.**p = 0.0001. B, E14 septal cell cultures were pretreated with a NGF neutralizing
antibody (Anti-NGF, 1 eg/ml) then treated with or without BMP9 (100 ng/ml) for 4 d. Samples
were analyzed by RT-PCR for expression of the indicated genes. *p << 0.05 compared with
BMP9-untreated samples, n = 3. **p = 0.006.

We hypothesized that embryonic septal cells induced to ex-
press Ngf by BMP9 in vitro would be restricted to either a cholin-
ergic or noncholinergic phenotype. To test this, E14 septal cells
from transgenic mice that express enhanced green fluorescent
protein (eGFP) under the control of the Chat promoter (Chat-
eGFP) (Tallini et al., 2006) were cultured with or without BMP9
in the presence of AraC for 4 d. Fluorescent and phase contrast
photomicrographs of the BMP9-treated culture revealed a highly
neuronal population of both cholinergic and noncholinergic
neurons that have elongated processes (Fig. 5A). Cultures were
further analyzed by flow cytometry. Although Chat expression is
minimal in septal neurons at E14, after 4 d in vitro we detected
fluorescence in 5.7% of the cultured cells (Fig. 5B, top). This
likely represents cells already set on a cholinergic differentiation
pathway at the time of isolation, or the differentiating influence
of endogenous factors or factors present in the basal culture me-
dium. Septal cells treated with BMP9 had almost twice as many
eGFP™ cholinergic neurons (9.2%; Fig. 5B, bottom). Interest-
ingly, the mean fluorescent intensity (MFI) of the cholinergic
neurons was similar in both samples (untreated: 143, BMP9: 156)
indicating that BMP9 is primarily inducing new cells to express
Chat rather than increasing its level of expression in already cho-
linergic neurons. These eGFP ~ and eGFP ™ cell populations ob-
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genes.

tained by FACS following a 4 d culture period in the presence and
absence of BMP9 were then examined by RT-PCR to measure
gene expression levels. As expected, the cholinergic neurons
were greatly enriched in Chat and Ngfr mRNA expression
compared with noncholinergic cells (Fig. 5B). Ngf expression
was detected at low levels in both the cholinergic and noncholin-
ergic populations collected from the untreated culture. Surprisingly,
increased Ngf expression in the BMP9-treated culture was re-
stricted to cholinergic neurons (fold changes in duplicate exper-
iments: e GFP ~ = 1.0 = 0.1,eGFP * = 9.5 *+ 1.2), suggesting that
these cells are the source of the functional NGF measured above.
Consistent with the similar MFIs of cholinergic neurons isolated
from untreated and BMP9-treated cultures, these two popula-
tions of cholinergic neurons expressed similar levels of Chat
mRNA (Fig. 5B). Gfap expression was not detectable in any sam-
ple (data not shown).

The expression of Ngf mRNA in cholinergic neurons from the
developing forebrain was confirmed in freshly isolated cells from
Chat-eGFP mice. A distinct set of eGFP ™ cells is present in the
septal cell population of Chat-eGFP mice (Fig. 5C), whereas flu-
orescence is not detectable in cells from this region of wild-type
mice. As expected, freshly isolated FACS-sorted eGFP ™ cells
from E18 Chat-eGFP mice are highly enriched in expression of
the cholinergic markers Chat, Ngfr and Slc5a7 (the high-affinity
choline transporter, Fig. 5D). Ngf was equally expressed in the
cholinergic and noncholinergic populations.

BMP9-induced Ngfis expressed in cholinergic neurons. E14 septal cells from Chat-eGFP mice were cultured for 4 d in
the absence or presence of BMP9 (100 ng/ml), then examined by microscopy, FACS, and RT-PCR. 4, Fluorescence (top) and phase
contrast (bottom) microscopy images of the live BMP9-treated culture. B, Both the untreated and BMP9-treated cultures were
FACS-sorted into eGFP ~ and eGFP ™ populations that were then examined for gene expression by RT-PCR. The FACS dot plots
indicate the percentage of cholinergic neurons in each culture. €, Septal cells from PO wild-type or Chat-eGFP mice were analyzed
by flow cytometry. The percentage of cells within the eGFP ™ regionis indicated on each dot plot. D, eGFP ~ and eGFP * cells from
E18 septa were purified by FACS; their RNA was immediately extracted and then analyzed by RT-PCR for expression of the indicated

enriched expression of NtrkI in p75 * septal
neurons was maintained with BMP9 treat-
ment (Fig. 6C).

Because the pattern of TGF receptor
expression fine-tunes responses to BMPs,
we compared the levels of select receptors
in p75~ and p75 " septal cells (Fig. 6 D).
Interestingly only p75™ cells expressed
the mRNA for the type I BMP9 receptor,
Alk1/Acvrll (Brown et al., 2005), while
p75~ cell were devoid of this message.
The expression of the other type I BMP receptors (Alk2/Acvrl,
Alk3/Bmprla, Alk4/Acvr1b and Alk6/Bmprib) and of the type II
receptors (Bmpr2, Acvr2a/Actrll and Acvr2b/ActrIIb) was similar
in p75" and p75~ cells. These data point to ALKI as a novel
marker for BFCN and suggest that ALK1 might mediate the up-
regulation of NGF production in response to BMP9 specifically
in the p75 ™" neurons.

Discussion

The central findings of this study are that Ngf mRNA is expressed
in cholinergic (Chat- or p75-expressing) and noncholinergic cells
of the developing basal forebrain, and that in vitro BMP9 stimu-
lates the expression and release of NGF that contributes to the
BMP9-induced upregulation of the cholinergic phenotype of
BECN. The restriction of BMP9-induced Ngf expression to cho-
linergic neurons suggests and autocrine/paracrine function of
NGF in this system. In addition, these data together with our
observation that BMP9 dramatically reduces the production of
NT3 and increases Igfl mRNA levels in septal cultures point to a
novel mode of BMP9 action, i.e., modulation of the trophic en-
vironment of developing basal forebrain neurons. Consistent
with previous results (Lépez-Coviella et al., 2005; Schnitzler et al.,
2008a), the Ngfr mRNA and cell surface protein levels rose sever-
alfold in cells treated with BMP9. The increased expression of
Ngfr would be expected to potentiate NGF signaling via TrkA
(Canossa et al., 1996). Conversely, p75 can act as mediator of
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Figure 6.  Augmentation of Ngfexpression by BMP9 in mature, p75-expressing BFCN. A, Freshly
isolated E18 septal cells were immunostained and FACS sorted based on levels of surface p75
protein. The percentage of cells within the p75 ™ region is indicated on the dot plot. B, C, The
p75 ~and p75 * cells were cultured for 4 d in the absence or presence of BMP9 at the indicated
concentrations, then analyzed by RT-PCR for Ngf gene expression (*p << 0.01 compared with
untreated samples, n = 3) (B) or Ntrk7 expression (€) (dashed line indicates a discontinuous
point in the gel images). D, Freshly isolated E18 p75 ~ and p75 * cells were examined by
RT-PCR for expression of type | and type Il BMP receptor genes.

apoptosis (Dechant and Barde, 2002; Chao, 2003) and, when
secreted by cells, as a possible soluble inhibitor of NGF
(Weskamp et al., 2004). BMP9 also induces the expression of
noggin (Lopez-Coviella et al., 2005), a soluble antagonist of BMP
action. These observations demonstrate that BMP9 also regulates
the expression of molecules that govern BECN responses to NGF
and BMPs.

NGF-evoked induction of Chat and upregulation of ACh pro-
duction requires Ntrkl expression and activity (Berse et al.,
1999), and indeed the increase of cellular ACh levels evoked by
the BMP9-induced NGF synthesis was sensitive to TrkA inhibi-
tion. TrkA is a marker of the cholinergic cell bodies in the septum
and NGF infusion in vivo elicits TrkA phosphorylation, increases
the size of cholinergic neurons and stimulates Chat expression (Li
et al., 1995). BMP9 appears to target the already differentiated
cholinergic neurons at later embryonic stages to increase NGF
expression. As these neurons are highly enriched in NtrkI expres-
sion, an autocrine system that can be modulated by BMPs is
implicated. Moreover, BMP9 increases Chat mRNA expression
in SN56T17 cells (Lopez-Coviella et al., 2000) and in purified
p75-expressing BFCN (Schnitzler et al., 2008a), suggesting that
its action does not require the presence of auxiliary cells.

The possibility of a NGF/TrkA-mediated autocrine system
was previously suggested by studies on the cell bodies of layer V
pyramidal neurons of the adult rat cortex where dual fluorescent
in situ hybridization and immunolabeling of histological sections
revealed coexpression of Ngf mRNA and phospho-TrkA protein
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(Bruns and Miller, 2007). During adulthood, NGF supplied to
the basal forebrain via retrograde transport from the target re-
gions is a major source of the growth factor (Sofroniew et al.,
2001). However, during development efferents from the septum
to the hippocampus are first detected in late embryonic stages,
and the adult pattern of innervation is not established until after
P10 (Linke and Frotscher, 1993). Though the administration of
exogenous NGF to adult mice with a single disrupted Ngf allele
can ameliorate select behavioral and morphological deficits asso-
ciated with NGF haploinsufficiency, it does not rescue the re-
duced cholinergic cell number in the septum (Chen et al., 1997).
Together, these data suggest that NGF deficiency during devel-
opment can permanently alter neural architecture in the mature
animal, and that the locally derived NGF reported here may be
particularly important during developmental stages before com-
plete target innervation.

At least one cell type that produces neurotrophins in the de-
veloping forebrain has been identified. Astrocytes isolated from
the P1 rodent forebrain express NGF, BDNF and NT-3, and can
modulate their expression in response to a variety of neuronal
signals (Wu et al., 2004). Astrocytes in other brain regions have
been shown to express p75, raising the questions whether the
increased NGF expression that we detect in p75 * cells from the
septum is due to an early astrocytic cell population. Even though
there is no published evidence that embryonic astrocytes in the
septum express p75, our data do not eliminate this possibility.
However, the continued strong expression of Ntrkl in the puri-
fied p75 " cells in culture, the expression of Ngfin freshly purified
Chat-eGFP ™ BFCN, its induction by BMP9 in Chat-eGFP™*
BFCN isolated from E14 cultures, concomitant with the apparent
absence of glial cells in the cultures (as determined by undetect-
able levels of Gfap mRNA) support an autocrine paradigm.

We found several type I and type II BMP receptors expressed
in both p75~ and p75 ™ cells from the prenatal mouse septum,
some of which are reportedly responsive to BMP9 (Massagué,
2008). These receptors are likely responsible for the robust induc-
tion of cholinergic genes in p75 ~ septal cells by BMP9 (Schnitzler
et al., 2008a). The current results also show that p75 " cells ex-
press Alkl while p75 ~ do notand thus point to the possibility that
ALK is responsible for the specific induction of NGF by BMP9 in
maturing BECN (p75 * cells). The restricted expression of AkI to
p757 cells may also make it a useful marker for at least a subset, if
not all, cholinergic neurons in the developing septum. Impor-
tantly, ALK1 has been shown to interact directly with BMP9
(Brown et al., 2005), and is sensitive to compound C (Upton et
al., 2009)—a type I receptor inhibitor that abolished BMP9-
activated SMAD1/5/8 phosphorylation as well as Id3 and Ngf
induction. Moreover, our previous studies showed that SMAD1
and SMADS are robustly expressed in the fetal septum, and both
become highly phosphorylated, form a complex with SMAD4
and translocate to the nucleus in E14 septal cells treated with
BMP9 (Lépez-Coviella et al., 2006). Thus, the broadly defined
canonical BMP signaling pathway is activated by BMP9 in septal
cells and is likely required for BMP9-induced Ngf expression.

The induction of Ngf mRNA in septal cultures by BMP9 was
abolished by treatment with CHX, indicating that it required the
synthesis of a protein mediator—possibly a transcription factor.
BMP9 rapidly stimulates the expression of multiple transcrip-
tional regulators and several of these molecules are critical for
normal neuronal development, including Gata2, MsxI, Msx2,
Zfp423 (Roaz), Id1 and 1d3 (Lopez-Coviella et al., 2005). In the
current study we used the expression of the latter as an example of
a direct target gene (i.e., insensitive to CHX) of BMP action.
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There are no data on the regulation of Ngf expression by these
proteins, however they constitute a set of targets for further stud-
ies. Another potential candidate may be p75 which is upregulated
by BMPY, and has been shown to affect transcriptional signaling
pathways after proteolytic release of its intracellular domain
(Kanning et al., 2003), though there is currently no evidence that
this mechanism regulates Ngf expression. In addition to tran-
scription factors, BMP9 may modulate the expression of diffus-
ible molecules that affect NGF production. For example, we
reported that BMP9 upregulates the expression of ciliary neuro-
trophic factor (Cntf) in septal cultures (Lopez-Coviella et al.,
2005), a protein that increases Ngf expression in astrocytes
(Semkova and Krieglstein, 1999), Ngfr expression in septal cul-
tures (Magal et al., 1991) and Chat expression in sympathetic
neurons (Saadat et al., 1989). Moreover, BMPs have been shown
in a number of nervous system regions and experimental models
to interact functionally with neurotrophins to promote neuronal
survival and function. For example, BMPs synergize with neuro-
trophins to preserve ChAT activity in cultured embryonic septal
neurons under hypoglycemic stress (Nonner et al., 2001). It is
possible that BMP9 not only increases the production of NGF,
but also enhances its efficacy. The current results that BMP9
specifically targets BFCN to express Ngf together with data show-
ing BMP9 can increase ChAT activity, ACh production and Ngfr
expression suggest a multifactorial role for BMP9 in supporting
the cholinergic phenotype.
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