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SUMMARY

In the vertebrate peripheral nervous system, the proneural These data suggest that that the identity specification
genes neurogenin 1 and neurogenin N@nl and Ngn2),  function of NGNs is more sensitive to context than is that
and Mashl are required for sensory and autonomic of MASHL1. In NCSCs, MASH1 is more sensitive to Notch-
neurogenesis, respectively. In cultures of neural tube- mediated inhibition of neurogenesis and cell cycle arrest,
derived, primitive PNS progenitors NGNs promote than are the NGNs. Thus, the two proneural genes differ in
expression of sensory markers and MASH1 that of other functional properties besides the neuron subtype
autonomic markers. These effects do not simply reflect identities they can promote. These properties may explain
enhanced neuronal differentiation, suggesting that both cellular differences between MASH1- and NGN-dependent
bHLH factors also specify neuronal identity like their lineages in the timing of neuronal differentiation and cell
Drosophila counterparts. At high concentrations of BMP2  cycle exit.

or in neural crest stem cells (NCSCs), however, NGNs like

MASH1 promote only autonomic marker expression. Key words: Rat, MASH1, Atonal, Neurogenins, Neurogenesis, bHLH

INTRODUCTION distinct lineages (Guillemot et al., 1993; Fode et al., 1998; Ma
et al.,, 1998) and are sufficient to promote generic neuronal
Proneural genes encode basic helix-loop-helix (bHLHXJifferentiation both in vivo (Zimmerman et al., 1993; Turner
transcription factors that are essential for early steps iand Weintraub, 1994; Ma et al., 1996; Blader et al., 1997; Perez
neurogenesis, in botbrosophila(Campuzano and Modolell, et al., 1999) and in vitro (Lo et al., 1998; Farah et al., 2000;
1992) and vertebrates (reviewed by Guillemot, 1999). IrSun et al., 2001). Whether these bHLH factors are sufficient to
Drosophilg proneural genes such ashaete-scutéac-sg and  promote distinct neuronal subtype identities, however, is less
atonal (ato) play at least two roles. They select neural orclear.
neuronal precursors from a field of equivalent neuroepithelial In Drosophila, establishment of the identity-specification
cells, a function sometimes equated with promoting generifunctions of the proneural genes has crucially depended on
neuronal differentiation (Jarman and Ahmed, 1998), and thegomparative gain-of-function (GOF) studies (Jarman et al.,
also specify neuronal subtype identity (Anderson and Jari993; Jarman and Ahmed, 1998). By contrast, there is no
1997; Hassan and Bellen, 2000). Thus, for example, in the figported GOF study in which the specific neuronal subtypes
peripheral nervous system (PNSJ¢-sc specifies external promoted by mis-expression bfashland NGNs have been
sensory (ES) organ identity, whilato primarily specifies quantitatively compared side-by-side in the same vertebrate
chordotonal (CD) organ identity (Jarman et al., 1993; Chiesystem. Although retroviral mis-expression of these bHLH
et al., 1996). However ATO can specify ES as well as CDactors has been performed in rodent cortex (Cai et al., 2000),
identities, depending on context, while AC-SC exclusivelyno detailed information was reported on the relative ratios of
promotes ES identity (Jarman et al., 1993; Jarman and Ahmedifferent neuronal subtypes generated by dkesc and ato
1998). homologs. The ability oKenopus ac-sandato homologs to
Vertebrate homologs of proneural genes, such asttiie promote pan-neuronal marker expression has been directly
related neurogenins (NGNs) (Gradwohl et al., 1996; Ma et alcompared (Chitnis and Kintner, 1996), but specific neuronal
1996; Sommer et al., 1996) and the-sc related Mashl subtypes have not been examined.
(Ascll— Mouse Genome Informatics) (Johnson et al., 1990; Many non-comparative studies of the neuronal subtype
Guillemot and Joyner, 1993), are required for neurogenesis gpecification function of vertebrate proneural genes have been
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performed. There is evidence that constitutive or ectopiafter 48 hours. Retroviral infection was performed on 24 hour

expression of NGNsand otherato homologs, yields specific cultures, and viruses were added at an m.o.i. (multiplicity of infection)

neuronal subtypes in vivo (Blader et al., 1997; Kanekar et alof one viral particle per cell for 3-4 hours at 37°C. Infected cells were

1997: Olson et al., 1998; Perez et al., 1999: Gowan et alvashed once and cultured for an additional 3 days before fixation and
2001). There is also evidence that MASH1 contributes to th&&!Nng.

AR . o The full-length coding sequences of MASH1, NGN1 (NEUROD3
specification of neuronal subtype identity in the CNS (Fode et |, " '~ - Informatics) and NGN2 (ATOH4 — Mouse Genome

al., 2,000)' However, in the absence of comparative data, Iﬁformatics) were amplified from plasmids (Perez et al., 1999) using
remains unclear whethato andac-schomologs would both  pgy_polymerase (Stratagene) as described (Lo et al., 1998). These
promote the same neuronal subtype(s) in a given cellulgfenes were cloned into a pLZRS vector (Kinsella and Nolan, 1996)
context. Moreover, because it is difficult to control thewhich was modified to contain a cassette encoding IRES-nuclear super
extracellular environment in such in vivo experiments, it is NOGFP with five Myc epitope tags (super GFP was a gift from Barbara
clear whether these proneural genes autonomously determivild). The pLZRS retroviral vector used the nuclear replication and
specific neuronal subtypes, or rather simply provide #etention functions of the human Epstein-Barr virus (EBV) to maintain

cell-extrinsic signals (Scardigli et al., 2001). This issue can based retroviral packing cells (Ory et al., 1996). Production of high
y er virus was modified slightly from elsewhere (Burns et al., 1993;

addressed by performing comparative GOF experiments wi . . .
NGNs andMashlin vitro, where the extracellular environment @kada et al,, 1999); details can be provided upon request.

can be manipulated independently of the expression of thesfnoclonal antibody production
bHLH factors. DNA sequences encoding the N terminus of the bHLH domain of
In the vertebrate PNS, NGNs are required for sensory neur?dGN2 and the full-length coding sequence of SOX10 were cloned
development (Fode et al., 1998; Ma et al., 1998; Ma et alinto pGEX-4T3 (Pharmacia). After IPTG induction, the GST fusion
1999), while Mashlis, conversely, required for autonomic proteins were extracted from bacteria and purified by GST column.
neurons (Guillemot et al., 1993). We have compared th&he immunization protocol was as described elsewhere (Lo et al.,
subtype(s) of PNS neurons promoted by NGNs Kashl 1991). Initial screening of hybridoma supernatants was performed in
when these genes are misexpressed in primitive PNRLZRS-NGN2  or  pLZRS-SOX10 retroviral infected chicken

progenitors derived from the neural tube, or in neural crest steﬁr)mbryon'c fibroblast (CEF) cells, followed by screening on rat E12

E13 sections. For anti-NGNZ2, out of 545 clones, two mouse 1gG1-
cells (NCSCs) (Stemple and Anderson, 1992). In neural tu C6 and 8B1) and one mouse IgG2a-(7G4) — secreting hybridomas

progenitors dorsalized by low concentrations of BMP2, NGNgyere selected for their specificity to NGN2. The specific staining of

promote exclusively sensory neurogenesis, while MASHZ| three antibodies was blocked by the NGN2-GST fusion, but not
promotes only autonomic neurogenesis. However at high&fy an NGN1-fusion protein. For anti-SOX10, out of more than 800

concentrations of BMP2, or in NCSCs, NGNs promote onlylones, three mouse IgG1l-secreting hybridomas, 20B7,20A7 and
autonomic neurogenesis. These results parallel those obtaink3C9, were selected. Epitope-mapping experiments indicated that
for ac-scandato in the DrosophilaPNS (Jarman et al., 1993; 20B7 recognizes a determinant in the first 65 amino acids, which
Jarman et al., 1995; Jarman and Ahmed, 1998), and suggé8fitains sequences unique to SOX10. Anti-NGN2 and anti-SOX10
that MASH1 and the NGNs, like thédrosophilacounterparts, nybridoma supernatants were used at a 1:20 dilution.

both have precursor-selection and  subtype-specificatiopmunocytochemistry

functions, despite recent arguments to the contrary (Brunet apg,, embryos or cells were fixed in freshly prepared 4%

Ghysen, 1999; Hassan and Bellen, 2000). However, theatormaldehyde in PBS. After sucrose sinking, the embryos were

subtype-specification function of NGNs is more sensitive t@mbedded and stored at —-80°C. Only freshly sectioned embryos were
context, like that of ATO (Jarman et al., 1993; Jarman andsed for staining. Antibodies were applied for 1-2 hours at room

Ahmed, 1998). Our experiments also reveal differences in themperature for cell culture and overnight at 4°C for sections.
relative sensitivity of MASH1 and NGNs to Notch-mediatedMonoclonal antibodies were obtained and used as follows: BRN3A
inhibition of neurogenesis and cell cycle exit. Thesg(POU4F1l — Mouse Genome Informatics) (1:50 hybridoma
differences may explain cellular differences between MASH1Supernatants, mouse IgG1, Chemicon), GFP (1:200, mouse 19G2a,
and NGN-dependent lineages in the timing of neuronaflo"® 3E6, Molecular Probe), TUJ1 (1:1000, mouse lgG2a,

. . P ovance), Myc tag (1:4 hybridoma supernatant, mouse 1gG1, clone
differentiation and cell cycle exit, in both the PNS and CNS‘9E10,ATCC), NF160 (1:200, mouse IgG1, clone NN18, Sigma), RET

[1:4 hybridoma supernatant (Lo and Anderson, 1995)] and NeuN
(2:200, Chemicon), and anti-BrdU (1:100, Caltag). Rabbit polyclonal

MATERIALS AND METHODS antibodies were obtained and used as follows: BRN3A (1:1000, gift
o ) from Eric Turner), PHOX2B (PMX2B — Mouse Genome Informatics)
Cell culture and retroviral infection (1:1000, gift from Goridis and Brunet), Myc tag (1:500, Santa

Rat E10.5 neural tubes were dissected as described (Lo et al., 1998juz), GFP (1:500, Molecular Probe), anti-NF-M (1:500, Chemicon)
About 40-60 pooled neural tubes were trypsinized, washed thoroughfnd peripherin (1:1000, Chemicon). Donkey anti-mouse or rabbit
and replated at 15,000 cells per 4 mm diameter cloning ring (an arsacondary antibodies conjugated to FITC, PE, Cy3 and Cy5 were
of 0.126 cm), in a 35 mm fibronectin-coated dish. Cells were allowedobtained from Jackson ImmunoResearch). Goat anti-mouse 1gG1 or
to settle down for 1 hour before the rings were removed. Cells welgG2a conjugated with PE or FITC were obtained from Southern
cultured in a defined medium as described elsewhere (GreenwoodRBibtechnology. Goat anti-mouse IgG1l or IgG2a conjugated with
al., 1999), except that basic fibroblast growth factor (bFGF, 12 ng/mBlexa 488 or Alexa 568 were obtained from Molecular Probes.
UBI) was included at all times. Where indicated, the culture mediunBecondary antibodies were used at 1:200 to 1:300 dilution and applied
was supplemented with BMP2 (gift from Genetics Institute). Thefor 1 hour at room temperature. For double- or triple labeling, a
neural tube cells reaggregated after 24 hours and, depending on theektail containing the required antibodies was mixed, filtered, and
concentration of BMP2, were surrounded by many dispersed celteentrifuged to remove aggregates before use.
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E10.5 10 ng/ml

Fig. 1.SOX10 and NGNZ2 cells
develop in NT cultures. (A-E),
cultures grown for 48 hours in the
indicated concentrations of BMP2
were stained with anti-SOX10 and
counter-stained with the nuclear dye
Topro-3. (E) The percentage of
SOX10 cells was scored. The data
are derived from two independent
experiments. Arrows indicate dense
reaggregates of SOXi@eural tube
cells, arrowheads indicate relatively
more dispersed SOX1@eural crest
cells. (F-H) Double-labeling of a
section of E10.5 rat spinal cord with
anti-SOX10 and anti-NGN2.

Arrows indicate NGN2 cells at
dorsal margin of the spinal cord,
arrowheads indicate double-positive
cells in the neural crest migration
pathway. (I-K) dNT culture grown
for 48 hours in 10 ng/ml BMP2
double-labeled for SOX10 and
NGN2. Arrows indicate double-
positive cells.
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For BrdU analysis, GFP or NF-M positive cells were detected usingntibody and Alexa 568-conjugated goat anti-mouse IgG1 secondary
mouse anti-GFP or rabbit anti-NF-M, followed by Alexa 488- antibody (Molecular Probes)
conjugated goat anti-mouse 1gG2a or Cy5-conjugated donkey anti- Positive cells were visualized using a Olympus microscope or Leica
rabbit secondary antibodies. BrdU incorporation was detected a&CS SP confocal Microscope. Randomly selected di020x fields
described previously (Novitch et al., 1996) using a mouse anti-BrdWere sequentially scanned with different laser beams for FITC, Cy3

G

Fig. 2.BRN3A* cells in dNT cultures are
peripheral sensory neurons. Cultures grown for
3 days in 10 ng/ml BMP2 were double-labeled
for BRN3A (A,D,G) and the indicated markers
(B,E,H). NeuN is a pan-neuronal marker;
peripherin is a peripheral neuron-enriched
marker. Some BRN3Acells also co-express
RET (not shown). (G-1) The BRN3#cells co-
expressing NeuN and peripherin were often
found in close association with clusters of
SOX10 cells. However the BRN3”cells are
SOX10 as the latter marker is rapidly
downregulated during neuronal differentiation
(not shown; L. L., J. Kimand D. J. A.,
unpublished).
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Fig. 4.Exogenous NGN1 and MASH1 promote sensory and
[¢] 1 10 2s 50 autonomic neurogenesis, respectively, at 10 ng/ml BMP2. Cultures
BMP2 concentration (ng/ml) were infected with retroviruses encoding NGN1-IRES-GFP (A,C,E)
or MASH1-IRES-GFP (B,D,F), grown for 3 days in 10 ng/ml BMP2
Fig. 3. Effect of BMP2 concentration on differentiation of BRNSA  and triple-labeled with antibodies to BRN3A (A,B), PHOX2B (C,D)
and PHOX2B cells in dNT cultures. Cultures grown for 4 daysin  and GFP to detect infected cells (E,F; arrows). NGN1-infected cells
the indicated concentrations of BMP2 were fixed and double-labelethat express BRN3A (A,E, arrows) do not co-express PHOX2B,
with anti-BRN3A (A,D) and anti-PHOX2B (B,E). (G) The number  while MASH1-infected cells that express PHOX2B (D,F, arrows) do
of BRN3A" or PHOX2B' cells/cn? was measured in a standard not co-express BRN3A. (G,H) The percentage of cells infected with
cloning ring. Numbers indicate the meanzs.e.m. of two independentthe indicated retroviruses that express BRN3A (G) or PHOX2B (H)
experiments with quadruplicate dishes in each experiment. *The s indicated. P<0.05 indicates significantly different from control
number of BRN3A cells is significantly differentR<0.01) from the GFP-infected cells. Note that the percentage of NGN1-infected cells
number of PHOX2B cells at the indicated dose of BMP2. expressing PHOX2B in H (6%) is not significantly different from the
GFP control (1%; one-way ANOVA followed by post-hoc analysis,
HSD=1.33<4.34). The results were pooled from eight experiments.
(or PE) and Cy5. Data were collected by directly counting the positivFor additional data, see Fig. 6, Table 1 and Table 2.
cells from the pictures. In some cases, Topro-3 (nucleic acid dy:
Molecular Probes) were used to reveal the total cells in a given fiels

# of marker+ cells per cm2 X1,000 Mer
3
*

sought to identify and characterize a cultured neural progenitor

RESULTS population that is competent to generate both sensory and
autonomic neurons de novo. NCSCs isolated from E10.5 rat

Neural crest cells develop in dissociated neural tube neural tube explants can generate autonomic neurons (Shah et

cultures grown in low concentrations of BMP2 al., 1996), but these stem cells have never been observed to

To compare the PNS neuronal subtypes generated lmenerate sensory neurons, either in vitro or in vivo (White
constitutive expression of NGNs aidhshlin vitro, we first et al.,, 2001). Neural tube explant cultures also contain a
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Fig. 5.NGN1- and MASH1-infected

cells that express BRN3A or PHOX2B
co-express pan-neuronal and peripheral
neuron-specific markers. Cultures
infected with the retroviruses indicated
above the columns were grown for 3
days in 10 ng/ml BMP2, fixed and triple-
labeled with antibodies to BRN3A

(A,l) or PHOX2B (B,J); TuJ1 (C,D) or
RET (K,L); and GFP (E,F,M,N). Arrows
indicate infected cells labeled by all three
antibodies. ‘Merge’ indicates
superposition of the three overlying
panels in the same column. I-P are shown
at twice the magnification of A-H.

subpopulation of sensory neuron precursors; however, suchWe next examined the development of SOXdélls in dNT
precursors appear determined for a sensory fate and lineattyltures grown in the absence or presence of different
distinct from NCSCs (Greenwood et al., 1999). We thereforeoncentrations of BMP2. In the absence of exogenously added
reasoned that dissociated E10.5 neural tube cultures migBMP2, growth of dissociated neural tube cells for 24 hours
contain an earlier population of premigratory neural crest cellsesulted in the formation of dense cellular reaggregates that
which are unspecified with respect to sensory and autonomigere predominantly SOXt@Fig. 1A, arrows). At the margins
neuronal subtypes (Bronner-Fraser and Fraser, 1988; Bronnei- these reaggregates, however, more dispersed cells were
Fraser and Fraser, 1989). visible that were often SOX1(QFig. 1A,B; arrowheads). As
The formation of the neural crest from the neural tube ishe concentration of BMP2 was increased, the proportion of
known to require a dorsalization function that is provided bySOX10" cells increased (Fig. 1A,C,E). The location of the
BMP family members expressed in the dorsal neural tubeelatively more dispersed SOX'10ells at the margins of the
and/or dorsal epidermis, such as BMP2, BMP4, BMP7 andense SOXI10 clusters suggested that these two cell
GDF7 (Liem et al., 1995; Liem et al., 1997; Lee and Jesselhopulations probably represent neural crest and re-aggregated
1999). Consistent with this idea, BMP2 (and BMP4) has beeneural tube cells, respectively.
shown to promote the appearance of cells expressing the neural )
crest marker p TR in dissociated cultures of E10.5 neural Identification of sensory neuron precursors in dNT
tubes (Mujtaba et al., 1998). These cells can differentiate terltures
autonomic-like neurons. However those studies did nothe presence of neural crest cells in ANT cultures raised the
establish whether these p78rest-like cells also generate question of whether these cells might include sensory neuron
sensory neurons. To address this question, we examined theecursors. To investigate this, we first examined the
expression of markers of sensory precursors and sensoexpression of NGN2, which marks a subset of such precursors
neurons in such dissociated neural tube (dNT) cultures. in vivo (Ma et al., 1999). In sections of E10.5 rat embryos,
We first characterized the formation and differentiation oNGN2 is expressed by a small subset of cells at the dorsal
neural crest cells in such cultures using a new monoclonahargin of the neural tube (Fig. 1G, arrows), as well as in more
antibody (mAb) to the HMG-box protein SOX10 (Kuhlbrodt numerousSOX10 cells in the neural crest migration pathway
et al., 1998; Southard-Smith et al., 1998). Unlike p75, whicl{Fig. 1G,H; arrowheads). However the majority of migrating
is expressed not only by neural crest cells, but also eventual§0OX10 crest cells ar&lgn2-. At later stages, very felNgn2*
by neural tube-derived cells (Kalyani et al., 1997), SOX10 imeural crest cells co-expreS©X10(not shown), suggesting
neural crest-specific (Britsch et al., 2001), as confirmed bthat the HMG-box factor is rapidly downregulated in sensory
staining sections of E10.5 rat embryos with the anti-SOX1@recursors. In addition to neural crest-derived cells, the anti-
mAb (Fig. 1F, arrowheads). NGNZ2 antibody stained many cells in the ventral neural tube,
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Table 1. Specific enhancement of BRN3A expression and neurogenesis by NGN1

NGNL1 infected cells (%) MASH1 infected cells (%) GFP infected cells (%)
BMP2 concentration (ng/ml)  BRN3%neurons Neurons BRN3#neurons Neurons BRN3#eurons Neurons
0 22¢7 893 4+2 85t4 141 68t5
1 43t2 94+2 81 88t2 8t1 84+2
10 596 848 29+9 8610 25+3 55t6

Dissociated neural tube cultures were fixed 3 days after infection with the indicated viruses, and triple-labeled witts antibediyc epitope tag or GFP
(to identify infected cells), TuJ1 (to identify neurons) and BRN3A. ‘Neurons’ indicates the percentage of infected cedingXurék. ‘BRN3A neurons’
indicates the percentage of infected cells expressing TuJ1 that also expressed BRN3A. The data are pooled from four.éxpterithané all concentrations
of BMP2, the increase in BRN3A expression produced by NGNL1 is greater than the increase in neuronal differentiation pfé@iEtd\nte also that the
enhancement of neurogenesis produced by MASH1 is similar to that produced by NGN1, but MASH1 does not increase BRN3Amquriegssamel in
GFP-infected controls.

which include motoneuron precursors (Scardigli et al., 2001he observed (Fig. 1I-K, arrows). In addition, there were
(Fig. 1G). NGN2* cells that did not co-express SOX10 in dense
In dNT cultures grown for 48 hours in 10 ng/ml BMP2, andaggregates, as well as more dispersed, SOXIGN2- cells
then double-labeled with anti-NGN2 and anti-SOX10, smal(Fig. 1K). Approximately 8% of NGN2cells co-expressed
clusters of SOX10cells containing a few NGNZells could SOX10. These data paralleled the distribution of SOX10-
expressing and NGN2-expressing cells in the

A neural crest in vivo, and suggest that the NGN2
70% 1 A NGN1-Phox2b SOX10 cells in dNT cultures grown in 10 ng/ml
60% - & GFP-Phox2b BMP2 may be sensory neuron precursors. Similar
% — ® ~NGNI1-Brn3a results were obtained in cultures grown in 1 ng/ml
50% AT 7 L~ — -—-GFP-Brn3a BMP2 (not shown). However, the frequency of

SOX10, NGN2* cells increased fourfold between
1 and 10 ng/ml BMP2 (from an average of 11 cells
per 20 field to 47 cells per 20field; n=8 and 10
fields counted, respectively).

40%

30%

20%

10%

% Marker+GFP+/GFP+ per field

Sensory neurons differentiate in dNT

cultures grown in low BMP2

We next determined whether overt sensory
neurogenesis occurred in dNT cultures grown in
10 ng/ml BMP2. After 3 days in vitro, such

0%

60

BMP2 concentration (ng/ml)

B  s0% - —&—— MASH1-Phox2b cultures contained numerous neurons, as revealed
—&—— GFP-Phox2b by staining with antibodies to pan-neuronal
45% — -®— - MASH1-Brm3a

40% —~®—-GFP-Bm3a Fig. 6. Neuronal subtype-inducing properties of NGN1

and MASH1 at different concentrations of BMP2. At
each concentration of BMP2, cultures infected with
NGN1 (A), MASH1 (B) or control GFP (A,B)
retroviruses were fixed and double-labeled with
antibodies to BRN3A or PHOX2B, and GFP. The
percentage of infected (GFRcells co-expressing
BRN3A or PHOX2B is plotted. The data are pooled
from 11 experiments, although not all BMP2
concentrations were tested in every experiment. For
additional quantification see Table 2. Note that in B,
1 although the percentage of MASH1-infected cells
0 10 20 30 40 50 60 expressing PHOX2B in 10 ng/ml BMP2 (~25%; red
C BMP2 concentration (ng/ml) triangles) is similar to the percentage of MASH1- or
GFP-infected cells expressing BRN3A (red and blue
dots), this similarity is coincidental; PHOX2B and

35%
30%
25%
20%
15%

% Marker+GFP+/GFP+ per field

10%
5%

0%

[=)

£, o :k‘ﬂiga?fg 36:1; ’:‘?\lumns BRN3A are never co-expressed (not shown). (C) The
S B NGNL NeL’:orf‘s eurons percentage of BRN3#Aand neuronal (TuJ} cells

G OMASH1 Neurons among NGN1-infected cells is directly compared. Note
g that the enhancement of the sensory marker is always
° * greater than the enhancement of neuronal

2 4 54 * differentiation. The fold-induction of BRN3A

§ ° 13 13 1 11 1 24 12 15 16 expression declines with increasing BMP concentration
£ because the level of baseline BRN3A expression

K 0 1 10 increases (see A); see also TableRX.05; other

BMP2 concentration (ng/ml) *:p<0.05 over GFP values are not significantly different from each other.
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Table 2. Relative enhancement of BRN3A and PHOX2B expression by NGN1 and MASHL1 at different concentrations of

BMP2
NGNL1: NGNL1: NGN1: MASHL1: MASH1: MASH1:

BMP2 concentration (ng/ml) BRN3A* PHOX2B* BRN3A/PHOXJB  BRN3A* PHOX2B*  PHOX2B/BRN3A
0 26 1 (NS) 26 1 (NS) 1 (NS) 1 (NS)

1 5.4 1 (NS) 5.4 1 (NS) 3 3

10 2.15 1 (NS) 2.15 1 (NS) 25 25

25 14 55 2.8 1 (NS) 11 11

50 1 (NS$) 27 0.04 1 (NS) 31 31

*The percentage of NGN1- (or MASH1-) infected cells expressing BRN3A (or PHOX2B) was divided by the percentage of contemis@ééed cells
expressing the same marker (see Fig. 6 for percentages).

TThe ratio of the increase in BRN3A by NGNL to its increase in PHOX2B (column 1/column 2).

*The ratio of the increase in PHOX2B by MASH1 relative to its increase in BRN3A (column 5/column 4).

8NSS, no significant enhancement of marker expression by NGN1 or MASH1 relative to GFP was observed.

The data were pooled from 11 experiments. Note that at 25 ng/ml BMP2, both MASH1 and NGN1 enhance PHOX2B expression, bobohgaNeffective
as MASHL1. However, NGN1 still enhances BRN3A, while MASH1 does not. At 50 ng/ml BMP2, NGN1 and MASH1 enhance PHOX2B etjually wel

markers such as NeuN (Mullen et al., 1992) and neurortubulin (Fig. 2A-C, arrows and data not shown). Many of these
specificB-lll tubulin (Geisert and Frankfurter, 1989) (Fig. 2B neurons were located in cell clusters or aggregates resembling
and data not shown). To determine whether any of thegmeripheral ganglia, and were closely associated with SOX10
neurons might be sensory, we stained them with antibodies tells (Fig. 2G-I).

the POU homeodomain transcription factor BRN3A, which, in  Since BRN3A is also expressed by some dorsal interneurons
the PNS, marks sensory neurons and their immediaie the spinal cord (White and Anderson, 1999), we also
precursors in vivo (Gerrero et al., 1993; Fedtsova and Turnerpunterstained for peripherin, which is expressed at hight
1995) and in vitro (Greenwood et al., 1999). Such stainingevels in peripheral neurons compared with central neurons
revealed that many BRN3Acells co-expressed NeuN @il (Parysek et al., 1988; Parysek and Goldman, 1988), and for
RET, which is expressed by motoneurons (which are BRIN3A
and not by dorsal interneurons (Pachnis et al., 1993). Many of
the BRN3A" neurons co-expressed peripherin and/or RET
(Fig. 2D-F, arrows and data not shown), suggesting that they
are indeed peripheral sensory neurons. Taken together, these
data suggest that dNT cultures grown in 1 or 10 ng/ml BMP2
contain progenitor cells that can differentiate into sensory
neurons.

Reciprocal differentiation of sensory and autonomic
neurons in different concentrations of BMP2

In low concentrations of BMP2 (1 or 10 ng/ml), very few
autonomic neurons, identified by expression of the paired
homeodomain protein PHOX2B (Pattyn et al., 1997; Pattyn et
al., 1999), were observed to develop (Fig. 3B,G). However, as
the concentration of BMP2 was raised above 10 ng/ml,
increasing numbers of PHOX2Bells were observed, while the
number of BRN3A cells concomitantly decreased (Fig. 3G).
At 50 ng/ml BMP2, very few BRN3Acells were observed in
comparison with PHOX2Bcells (Fig. 3D-G). Co-expression

of BRN3A and PHOX2B in the same cells was never observed
(Fig. 3F). Like the BRN3A cells, these PHOX2Bcells co-
expressed pan-neuronal markers such as NeuN, and peripheral
neuron markers such as RET or peripherin, indicating that they
are likely to be autonomic neurons (not shown). Consistent with

PHOX2B

Fig. 7.NGNL1 induces
BRN3A and PHOX2B in

non-overlapping cell
populations at 25 ng/ml
BMP2. NGN1 retrovirus-
infected cultures were grown
for 3 days in 25 ng/ml
BMP2, fixed and triple-
labeled with antibodies to
BRN3A (A, red), PHOX2B
(B, blue) and GFP (C,
green). (D,E) The BRN3A
GFP (arrows) and PHOX2B GFFP cells (arrowheads) are
non-overlapping.

this identification, cultures in which such PHOX2Beurons
developed also contained cells expressing MASH1 at earlier
times (data not shown).

Taken together, the foregoing data suggest that dNT cultures
contain progenitors to sensory and autonomic neurons. The
fact that such PNS neurons appear to differentiate in a
reciprocal manner at different concentrations of BMP2 is,
furthermore, consistent with the idea that they may develop
from a common progenitor. Attempts to test this hypothesis
directly by clonal analysis or retroviral lineage tracing were
unsuccessful, however, for technical reasons. Nevertheless, at
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NGN1

NGN1 MASH1

MASH1
B

I 8

0

Fig. 8.NGN1 and MASH1 both induce
autonomic neurogenesis in NCSC clonal
cultures. Colonies were grown for 4 days
after infection with the retroviruses indicated
above the columns, before fixation and
labeling. (A-H) Representative colonies from
NGN1- and MASH1-infected cultures labeled
with antibodies to NF160 (C,D), GFP

(A,B) and with DAPI to visualize cell nuclei
(E,F); (G,H) Phase-contrast views of the
fields shown in A,C,E and B,D,F,
respectively. Arrows in B,D,F,H indicate a
neuron; arrowheads in B,F,H indicate a non-
neuronal cell. All cells in the NGN1 colony
illustrated are neurons. No neurons have
differentiated at this time point in control
GFP-infected cultures (not shown). (I-P)
Colonies from a similar experiment triple-
labeled with antibodies to GFP (1,J), BRN3A
(K,L) and PHOX2B (M,N); ‘Merge’ indicates
superposition of the three labels.

BRN3A

Neurofilament

PHOX2B

Phase

the population level, the dNT cultures were competent for bothronounced (Table 1 and Fig. 6C). These data suggest that the
sensory and autonomic neurogenesis, and thus providedeahancement of BRN3A expression by NGN1 cannot be
system in which to test the neuronal subtype(s) promoted tBxplained simply by its enhancement of generic neuronal

constitutive expression of NGNs aihshl differentiation. Consistent with this, MASH1 enhanced
neuronal differentiation to a similar extent as NGN1, yet the
NGNs and MASH1 promotes sensory and autonomic percentage of BRN3Aneurons among MASH1-infected cells
neurogenesis, respectively, at low concentrations of was never significantly higher than among control GFP-
BMP2 infected cells (Table 1). Thus, in low concentrations of BMP2,

To mis-express NGNs aridashlin dNT cultures, we cloned NGNs enhanced sensory but not autonomic differentiation,
their coding sequences into pseudotyped, replicationahile MASH1 induced only autonomic neurogenesis (but did
incompetent retroviruses, where their expression is under thmot suppress sensory differentiation).
control of the viral LTRs. These constructs also contained an The absolute fraction of NGN-infected cells expressing
IRES-GFP cassette to mark infected cells (see Materials alBRN3A increased as a function of BMP2 concentration
Methods). We first compared the neuronal subtypes promotdzttween O and 10 ng/ml (Fig. 6A, red dots). However the
by these proneural genes at 10 ng/ml BMP2 (Fig. 4). Undegnhancement of BRN3A expression by NGNs over control
these conditions, dNT cells infected wilignl- or Ngn2-  decreased in parallel (Fig. 6C and Table 2). This decrease
expressing retroviruses predominantly expressed the sensagflects an increasing frequency of BRN3A expression among
marker BRN3A (Fig. 4A,C,E), while those infected with the control GFP-infected cells (Fig. 6A, blue dots). These data
MashZXexpressing virus primarily expressed the autonomisuggest that there is a limit to the ability of exogenous NGN1
marker PHOX2B (Fig. 4B,D,F). These BRN34&r PHOX2B"  to enhance BRN3A expression above control levels. This could
cells co-expressed pan-neuronal markers sudhilgibulin reflect a limit in the number of precursors that can differentiate
(Fig. 5A-D,G-H, arrows), as well as RET (Fig. 5I-L; O-P, to BRN3A' neurons, and/or in the amount of exogenous NGN
arrows). The latter marker confirms their identity as peripheradxpression needed to activate BRN3A expression. Consistent
sensory and autonomic neurons. with the latter explanation, at 10 ng/ml BMP2 there was a
Importantly, the proportion of neurons expressing BRN3Afourfold increase in the number of cells expressing endogenous
was more than twice as high among NGN1-infected cells a8dGN2 (data not shown).
among control GFP-infected cells (Table 1, 10 ng/ml BMP2). ) ) )
By contrast, the overall extent of neuronal differentiation wa$NGNs promote autonomic neurogenesis at high
only 1.5-fold higher in NGN1-infected cultures (Table 1). Atconcentrations of BMP2
0 and 1 ng/ml BMP2, this difference was even moreAbove 10 ng/ml BMP2, the percentage of BRN3gells



Table 3. MASH1 and NGN1 differentially affect cell cycle

withdrawal in NCSCs
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% BrdU-labeled

Virus Number of cells/clone % Neurons
NGN1 4.7+1.0 6614
MASH1 14.8+3.9 35+4
GFP 15.3+1.1 0+0
R(MASH1/NGN1) 3.0 0.5

NCSCs were infected with the indicated viruses and plated at clonal
density. After 3 days, 1.78M BrdU was added. The cells were fixed 24

26+2

54+4*

66+3*
2.1

hours later and triple-labeled for GFP, BrdU and NF-M. The average

percentage of neurons and of BrdU-labeled cells was determined in 70-72
randomly selected 20or 10x fields from two independent experiment. The
average number of cells/clone was determined at the same time point, and
compiled from three independent experiments. Numbers represent the
meants.e.m. The difference in the percentage of BrdU-labeled cells in

MASH1- and NGN1-infected colonies is significantgst;P<0.01).

*The difference in BrdU-labeling index between MASH1- and GFP-

infected clones is not significar®X0.1).

TR(MASH1/NGN1) indicates the ratio of the values obtained in MASH1-

infected versus NGN1-infected colonies.

GFP antibodies indicated that the sensory and autonomic
markers were never co-expressed by the same infected cells

(Fig. 7, arrows versus arrowheads). At 50 ng/ml BMP2, NGN1

only promoted autonomic neurogenesis, and did not enhance

BRN3A expression significantly above control (Fig. 6A, red
symbols; Table 2).

among NGN1-infected cells decreased, while

that

In contrast to NGN1, MASH1 always enhanced autonomic
and not sensory neurogenesis, irrespective of BMP2
concentration (Fig. 6B, red symbols). For example, at 10
ng/ml BMP2, MASH1 stimulated PHOX2B expression about
25-fold relative to control (Figs 4H, 6B, red and blue triangles;
Table 2). As the concentration of BMP2 was raised to 25
ng/ml, the enhancement of PHOX2B expression by MASH1
was slightly diminished (Table 2), reflecting the increased
frequency of PHOX2B expression among control GFP-
expressing cells (Fig. 6B, blue triangles). Nevertheless, at 50
ng/ml BMP2, MASH1 still enhanced expression of the
autonomic marker substantially above control levels (Fig. 6B,
triangles and Table 2).

At 25 ng/ml BMP2, NGN1 enhanced autonomic

offifferentiation to a lesser extent than MASH1, whereas at 50

PHOX2B' cells increased (Fig. 6A, compare red dots with rechg/ml BMP2 it did so to about the same extent as did MASH1
triangles), paralleling the trend in uninfected cultures (Fig. 4)(~30-fold; Table 2). The enhancement of PHOX2B expression
Nevertheless, the proportion of NGN-infected cells expressingy NGN1 and MASH1 does not simply reflect the promotion
PHOX2B was always higher than among control GFP-infectedf generic neuronal differentiation, as both bHLH factors
cells at 25 and 50 ng/ml BMP2 (Fig. 6A, red versus bluenhanced neurogenesis only approx. twofold under these
triangles; Table 2). At 25 ng/ml BMP2, a similar percentage o€onditions. Furthermore, the promotion of autonomic
NGN1-infected cells expressed either BRN3A or PHOX2Bneurogenesis by NGN1 does not appear to be mediated by
(Fig. 6A, red symbols). However, triple-labeling of NGN1- induction of MASH1: for example, out of 336 NGN1-infected
infected cultures with anti-BRN3A, anti-PHOX2B and anti- cells examined at 25 ng/ml BMP2, none co-expressed

NGN1 MASH1

NF&Topro-3

BrdU

Merge

B
R\
A4
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Y
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Delta

Fig. 9. Differences in cell cycle
withdrawal-promoting activity and
Notch sensitivity between NGN1
and MASHL1 in NCSCs. (A-H) BrdU
labeling in NGN1- or MASH1-
infected colonies pulsed for 24 hours
3 days after infection. Colonies were
labeled antibody to NF-M and the
nuclear dye Topro-3 (A,B), anti-
BrdU (C,D) and anti-GFP (E,F).
Arrows in B,D,F,H indicate a
neuronal cell, arrowheads indicate a
non-neuronal cell (see Table 4 for
quantification). (I-P) MASHL1 is
more sensitive than NGN1 to
inhibition by Delta-Fc. Colonies
were double-labeled with anti-GFP
(green) and anti-NF-M (red). In
K,L,O,P only the NF staining is
shown for clarity. Arrows indicate
process-bearing, NF-Vheurons,
arrowheads indicate NF-Mhon-
neuronal cells. Note that there are
still some neurons in NGN1-infected
colonies treated with Delta-Fc

(P) (see Table 4 for quantification).
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Table 4. MASH1 is more sensitive than NGNL1 to post-transcriptional inhibition by Notch signaling in NCSCs

% Neuron-only clones % Mixed clones % Neurons/clone
Control Delta Fold-R Control Delta Fold-R Control Delta Fold-R
MASH1 1945 1+0 19 32+4 915 35 29+6 3+1 9.7
NGN1 4916 77 7 134 11+3 NS 5445 133 4.1

NCSCs were infected with MASH1 or NGNL1 retroviruses, plated at clonal density and exposed 3-4 hours after plating to ZoFdvinDbé absence
(Control) or presence (Delta) of anti-Fc cross-linking antibody. (Delta-Fc activity is dependent on crosslinking and timeis<fione of anti-Fc serves as a
control (Morrison et al., 2000). Clones were scored after 4 days as Neuron-only or Neuron+Non-Neuronal (Mixed). Non-nigutomasoare not listed but
represent the difference between the total percentage of the other two clone types and 100%. ‘% Neurons/clone’ indieatgs ple@ntage of neurons per
infected (GFP) clone. No neurons were observed in uninfected or control GFP-infected clones at this time point (not shown). ‘Fold+iedisctald,
calculated as Control/Delta. The data are presented as the meanzs.e.m. and are derived from two independent expestiis;laht=awere counted for
each condition. The differences between Control- and Delta-treated samples is sigRii@di)(for all cases except Mixed clones in NGN1-infected cultures
(NS, not significant). The difference between MASH1- and NGN1-infected samples is also significant in all caRgbfias (

endogenous MASH1 2 days post-infection. Thus, at higldifferences in activity in this stem cell context. We noted a
concentrations of BMP2, NGNs are converted to inducers difference in the size and composition of colonies infected with

autonomic neurogenesis in dNT cells. the two proneural genes. NGN-infected colonies tended to be

) smaller than MASH1-infected colonies by about a factor of
NGNs and MASH1 each promote autonomic three, and contained a higher percentage of neurons, on average
neurogenesis in neural crest stem cells (Fig. 8C-F and Table 3). In addition, a higher proportion of

The foregoing data indicated that NGNs can specificallNGN-infected colonies consisted only of neurons [49% versus
promote sensory neurogenesis in dNT cells at 0-10 ng/mil9% for MASH1,; Fig. 8C,E,G; Table 4 (% Neuron-only clones
BMP2, while under these same conditions MASH1 promotes Control)]. Conversely, the proportion of mixed colonies was
only autonomic neurogenesis. We were therefore interested mouch higher in MASH1-infected cultures [Figs 8D,F,H, 9A,B;
know whether NGNs could similarly promote sensoryTable 4 (% Mixed clones, Control)], and the size of such
neurogenesis in NCSCs. NCSCs are multipotent self-renewirgplonies tended to be larger (by ~1.5- to 2-fold) as well. These
stem cells isolated from E10.5 neural tube explants that catata suggested that NGNs might promote cell cycle exit and
generate multiple classes of autonomic neurons, glia amkeuronal differentiation more effectively or more rapidly than
smooth muscle cells (Stemple and Anderson, 1992; Shah et &1ASH1, in NCSCs.
1996). MASH1 promotes autonomic neurogenesis in these To determine whether the smaller size of NGN-infected
cells (Lo et al., 1998). However, conditions that promotecolonies indeed reflected a difference in proliferation, we
sensory neurogenesis in dNT cultures (e.g. 10 ng/ml BMPZ3)erformed BrdU-labeling experiments. MASH1-infected
do not promote sensory neurogenesis in NCSC cultures (noblonies pulsed for 24 hours with BrdU 3 days after infection
shown). had more than twice as many labeled cells as did NGN1-

When NCSCs were infected with either the NGN1 orinfected colonies (Table 3; Fig. 9A-D). Interestingly, this
MASHL1 retroviruses, both proneural genes strongly enhancetifference in BrdU incorporation was smaller when labeling
generic neuronal differentiation after 4 days, a time at whiclwas performed 24 hrs after infection (74+4% versus 64+2%
virtually no neuronal differentiation was observed in controlBrdU* cells in MASH1 versus NGN1-infected colonies,
GFP-infected cultures (Fig. 8A-D, arrow and data not shownyespectively). These data suggest that NGN1-infected NCSCs
When such infected colonies were triple-labeled for GFRnay differentiate and drop out of division sooner than
PHOX2B and BRN3A expression, however, in both NGN1-MASH1-infected NCSCs. Consistent with this, when BrdU
and MASHI1-infected colonies, the infected cells onlylabeling was performed 3 days after infection, in both NGN1-
expressed PHOX2B and never BRN3A (Fig. 8K-N). As wasand MASH1-infected cultures, most of the Brdtells were
the case in dNT cultures, the extent of PHOX2B induction byindifferentiated non-neuronal cells (Fig. 9B,D,H; arrowhead
both bHLH factors was greater than the extent of inductiomnd data not shown), although there were many more such cells
of neurogenesis (49% PHOX2Rersus 37% TuJlcells for  in MASH1-infected cultures. In addition, there was a ninefold
MASH1-infected culturesnE162 cells in 10 colonies); 70% higher frequency of BrdU neurons in MASH1- than in
PHOX2B' versus 50% TuJlcells for NGN1-infected cultures NGN1-infected colonies (26+6% versus 3+1%, respectively),
(n=76 cells in 12 colonies), consistent with previous studies afuggesting that forced expression of MASH1 is more
MASH1 in these cells (Lo et al., 1998). Similar results werecompatible with continued proliferation in differentiating
obtained in the absence or presence of 10 ng/ml BMP2, or witleuroblasts, than is that of NGN1. Little or no apoptotic cell
an NGN2 virus (not shown). Thus, NGNs exclusively promotaleath was detected by DAPI staining, suggesting that
autonomic neurogenesis in NCSCs, even under culturdifferential apoptosis does not contribute to the observed
conditions that favor sensory neurogenesis in dNT cultures. difference in colony size (not shown).

While the average number of neurons per clone was similar

NGNs and MASH1 exhibit different cell cycle arrest- in MASH1- and NGN1-infected colonies (2.2+0.5 versus
promoting activities and sensitivities to lateral 1.8+0.3, respectively), MASH1-infected colonies contained
inhibition in NCSCs many more non-neuronal cells (Fig. 9A-D; Table 3). One

The observation that MASH1 and the NGNs each promotexplanation for this is that MASH1 function might be more
autonomic neurogenesis in NCSCs raised the question efisceptible to lateral inhibition mediated by local Notch
whether these neural bHLH factors exhibit any detectablsignaling within such colonies (Kubu et al., 2002). To test this,
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we exposed MASH1- and NGN1-infected colonies to an Fc = A

fusion form of the Notch ligand Delta (Delta-Fc), which has NEURAL TUBE CELLS NCSC
previously been shown to inhibit neurogenesis in NCSC
(Morrison et al., 2000). The ligand was added ~2 hours pos Q
infection to ensure that Notch signaling would be activate
before the cells had a chance to differentiate into neurons
response to the bHLH factors. [BMP2]low [BMP2]high

Strikingly, ~ Delta-Fc  inhibited ~ MASHZ1-induced NGNs NGNs

neurogenesis more strongly than NGN1-induced neurogenes
(Fig. 91-P; Table 4). The Notch ligand virtually abolished
neuron-only colonies in MASH1-infected cultures, whereas i
reduced them in NGN1-infected cultures by sevenfold (Tabl = '
4). The differential effect of Delta-Fc was also evident in mixec SENSORY AUTONOMIC AUTONOMIC
colonies: in MASH1-infected cultures the percentage of suc NEURON NEURON NEURON
colonies was reduced by 3.5-fold, whereas there was r

significant reduction in NGN1-infected cultures (Table 4). B.

Together, these data suggest that MASH1 is more sensiti BMP2

than NGN1 to Notch-mediated inhibition of neurogenesis ir 1 :
e
|

|D51 —l PHOX2A/B
DISCUSSION IDgp, —1— DA,

It has been suggested that the NGNSs, unlike eisophila '\NéNs//‘
homologato, do not play a role in specifying neuronal identity MASH1

in the vertebrate PNS (Hassan and Bellen, 2000). We ha

directly compared the subtype(s) of peripheral neuron SENSORY- 1 AUTONOMIC-
promoted by constitutive expression of NGNs autashlin IDENTITY IDENTITY
vertebrate PNS progenitor cells. In dNT cultures dorsalize NEURONAL

by low concentrations of BMP2, NGNs promoted DIFFERENTIATION

sensory neurogenesis while MASH1 promoted autonomirig. 10.Role of NGNs in the specification of neuronal identity in the
neurogenesis. Thus, in the appropriate progenitor cell conte)PNS. (A) Summary of the results obtained with NGN1 retrovirus in
the NGNs andMashleach promote distinct neuronal subtypedNT cells (left) and NCSCs (right). (B) Model to explain results
identities. However, in other contexts, both proneural geneobtained in dNT cultures. €, nindicates postulated sensory neuron
promote autonomic differentiation, analagous to the behavicdentity co-determinants; Iy indicates postulated autonomic

of their Drosophila homologsac-scand ato in the fly PNS identity co-determinants; the former are thought to be induced by
(Jarman et al., 1993; Jarman and Ahmed, 1998). Our data al°%: and the latter by high concentrations of BMP2 (Fig. 3). The
reveal differeHces in’ Notch sensitivity aﬁd cell .cycle arres,[eX|stence of such identity co-determinants is inferred from the fact

. L that BMP2 dominantly controls the neuronal subtype promoted by
promoting activity between these vertebrate proneural genengns, depending on its concentration (Fig. 6 and Table 2). The fact

which may explain why some neural lineages employ MASH'that NGNs can significantly enhance either sensory or autonomic

and others the NGNs. differentiation above that in control GFP-infected cells (Fig. 6)

) o implies that NGNs promote either the expression and/or function of
The role of NGNs in the specification of sensory the collaborating identity co-determinants. Blunt symmetrical
neuron identity arrows: the reciprocal inhibition between sensory and autonomic

The observation that NGNs can promote either sensory ddentity co-determinants is inferred from the fact that NGN1.
autonomic neurogenesis in dNT cells, depending on thPromotes sensory and autonomic fates in a mutually exclusive
ambient level of gBMP2, suggests that thesz bHLgH factormanner at 25 ng/mi (Fig. 7). The induction of NGNs by BMP2

collaborate with other dominant determinants of neuron"(bmken arrow) is inferred from the observation that increasing
identity whose expression is promoted by different BMPEBMPZ concentrations enhance the expression of endogenous NGN2.

. . “MASH1 promotes autonomic but not sensory neurogenesis at all
concentrations (Fig. 10B — Ha IDan, etc.). Thus, BMP2  ¢oncentrations of BMP2, because it cannot upregulate, or collaborate
appears to be the primary determinant of a sensory verswith, sensory identity co-determinants.

autonomic fate in dNT cells. However, the fact that NGNs cal

guantitatively enhance the expression of sensory-specif

markers over and above their effect to promote neurogenes®)02). Thus, NGNs have a sensory-promoting function that
suggests that levels dfignl/2 expression may limit the MASH1 lacks.

proportion of dNT cells that can acquire a sensory fate (Fig. At high concentrations of BMP2, NGNs promoted
10B). That this effect of NGNs is specific is supported by theutonomic and not sensory neurogenesis, while at intermediate
fact that MASH1 does not promote a sensory identity undeBMP2 concentrationsNgn-infected cells expressed either
the same conditions. Consistent with this, substitution of theensory or autonomic markers, but never both. The induction
MashZcoding sequence for that of the endogendgs2gene  of autonomic neurogenesis by NGNs is unlikely to be mediated
fails to rescue sensory neurogenesis in vivo (Parras et adhy endogenous MASH1, as an approximately equal proportion
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of NGN-infected cells expressed PHOX2B or BRN3A at 25Specification of neuronal identities by proneural
ng/ml BMP2 (Table 2) and yet endogenous MASH1 was nogenes in Drosophila and in vertebrates

expressed in any NGN virus-infected cells at 2 days posteomparative GOF studies in thBrosophila PNS first
infection. The mutual exclusivity of sensory and autonomicestablished that the proneural geaebaete-scutandatonal
marker expression suggests that there may be a reciprogdupled neural precursor selection (analagous to generic
inhibition between the sensory and autonomic identity coneuronal differentiation) to neuronal subtype specification
determinants with which NGNs interact (Fig. 10B, blunt(Jarman et al., 1993; Chien et al., 1996; Jarman and Ahmed,
arrows). Consistent with this notion, in the spinal cord,1998). It has recently been argued that in the vertebrate PNS,
different homeodomain determinants of neuronal identitfhese two functions have become uncoupled (Hassan and
expressed in adjacent progenitor domains reciprocally inhibgellen, 2000; Brunet and Ghysen, 1999). According to this
each other’s expression (Muhr et al., 2001). ‘uncoupling’ hypothesis, NGNs promote only precursor
. . . selection/generic neuronal differentiation and do not determine
Specification of autonomic identity _ ~ subtype identity; other, downstream-actiaigp homologs are
Unlike the NGNs, MASH1 promoted exclusively autonomicpostulated to control identity specification (Bermingham et al.,
neurogenesis at virtually all concentrations of BMP2 tested2001; Gowan et al., 2001). Conversely, MASH1 is argued to
Such an observation might imply that MASH1 is sufficient togpecify subtype identity but not precursor selection in the PNS.
instruct an autonomic identity. However, MASH1 was unableThe latter process is postulated to be controlled by other
to promote autonomic neurogenesis in the absence of BMPgndiscovered proneural genes (Hassan and Bellen, 2000).
suggesting that it interacts with additional co-determinants of The observations presented here do not support this
autonomic identity that are induced by BMP2 (Fig. 10B,uncoupling’ hypothesis. In dNT cells dorsalized by low
IDan). The existence of autonomic identity determinantsconcentrations of BMP2, NGNs and MASH1 each promote
independent of MASH1 is further suggested by thepoth generic neuronal differentiation, and the expression of
observation thaNgn2can promote autonomic neurogenesisdistinct neuronal subtype-specific markers. These data argue
in the absence of endogendvashlfunction in vivo (Parras  that MASH1 and the NGNs each play a role in both precursor

etal, 2002). o selection and neuronal identity. However, NGNs can promote
Strong candidates for such autonomic identity coeither sensory or autonomic neurogenesis, depending on
determinants are PHOX2A (ARIX — Mouse Genomecellular context, while MASH1 exclusively promotes

Informatics) and PHOX2B, paired homeodomain proteins thaiutonomic neurogenesis. Similarly, Brosophilg forced
share identical DNA-binding domains (Pattyn et al., 1997) andxpression ohc-scpromotes exclusively ES organ formation
that activate autonomic-specific genes in the PNS (Swansonitthe PNS, while forced expressionaib can promote either
al., 1997; Lo et al.,, 1998; Yang et al., 1998; Lo et al., 1999S organ or CD organ formation, depending on context (Brand
Stanke et al., 1999). Lik&lashl (Guillemot et al., 1993) et al., 1993; Jarman et al., 1995; Jarman and Ahmed, 1998) (A.
Phox2his essential for autonomic neurogenesis in vivo (Pattyarman, personal communication). Thus, in the fly and
etal., 1999) but its expression is independeMash1(Hirsch  vertebrate PNS, the function of proneural genes in promoting
et al., 1998), and vice-versa (Pattyn et al., 1999). Anothajoth generic neuronal differentiation and neuronal subtype
candidate for such a co-determinant is the bHLH factogpecification appears to be conserved.
eHAND, which also promotes autonomic neurogenesis when
mis-expressed in chick embryos (Howard et al., 2000). Different features of vertebrate proneural gene

In complementary experiments, Guillemot and colleague8nction may underlie cellular differences in the
have shown that wheNgn2 is substituted for thevlasht  nheural lineages in which they function
coding sequence by homologous recombination, it is able ©ur data unexpectedly revealed functional differences between
rescue the sympathetic autonomic phenotypeMasht’~  MASH1 and NGNs that are unrelated to identity specification.
mice, and does not induce sensory-specific markers i8pecifically, we observed a greater sensitivity of MASH1 to
sympathetic ganglia (Parras et al., 2002). These results dfee inhibitory effects of NOTCH signaling on neurogenesis,
consistent with our observation that NGNs promote autonomiand less rapid promotion of cell cycle withdrawal.
and not sensory neurogenesis in dNT cultures at highterestingly, adMashland the NGNs are driven by the same
concentrations of BMP2, or in NCSCs, and provide furtheretroviral transcriptional control elements, these differences
evidence that this effect is unlikely to be mediated viamust reflect post-transcriptional rather than transcriptional
induction of endogenous MASHMashlis first expressed mechanisms (Kageyama and Nakanishi, 1997; Artavanis-
when neural crest cells migrate to the dorsal aorta, whiclisakonas et al., 1999). Consistent with this notioiXe@nopus
expresses BMPs (Reissman et al.,, 1996; Shah et al., 1996ASH3, when expressed from micro-injected mRNA, is more
Schneider et al., 1999). Our results suggestNigaRdoes not  sensitive to inhibition by activated Notch than is NeuroD,
induce sensory markers in autonomic ganglia when substituteshotherato-related gene (Chitnis and Kintner, 1996).
for Mashl (Parras et al., 2002), because tihashl Neural bHLH factors, like their myogenic counterparts
transcriptional control elements constrain its expression t{Crescenzi et al., 1990), are known to promote cell cycle-
progenitors already restricted to an autonomic fate byithdrawal in conjunction with differentiation (Farah et al.,
autonomic identity co-determinants. However, our results alsd000; Novitch et al., 2001). The difference in proliferation
show that the inability of NGNs to override such autonomicdetween MASH1- and NGN-infected NCSCs may therefore
determinants in vivo does not imply that these proneural genesflect intrinsic differences in the cell cycle withdrawal-
play no role in promoting a sensory identity in the contexpromoting activities of the two bHLH factors. Alternatively, it
where they normally function. may be secondary to their different sensitivities to Notch-
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mediated inhibition of neurogenesis. As lateral inhibition is phenotype. I'Molecular and Cellular Approaches to Neural Development
known to occur within differentiating NCSC colonies (Kubu et (ed. W. M. Cowan), pp. 26-63. Oxford University Press, New York.
al., 2002), MASH1-infected colonies may contain moreAitavanis-Tsakonas, S., Rand, M. D. and Lake, R. J(1999). Notch
proliferating cells than do NGN-infected colonies simply §|Bgnallng: czll fate control and signal integration in developntécience
. e . 4, 770-776.

because th_ey are more easily lnhlblted_ from Un_dergom_germingham, N. A, Hassan, B. A., Wang, V. Y., Fernandez, M., Banfi, S.,
neurogenesis by endogenous Notch signaling. Consistent withBellen, H. J., Fritzsch, B. and Zoghbi, H. Y.(2001). Proprioceptor
this, exogenous activation of Notch signaling by treatment with Pgthway deVﬁ'OPmefg 'deeprﬁ”dee”éoql'\"a“ﬂ“fonzoé 41_1r]'|422- 0
Delta-Fc more than doubled the average size of NGN1-infected2de" P Fischer, N., Gradwonl, G., Guillemot, F. and Strhle, U1997).

. . The activity of Neurogeninl is controlled by local cues in the zebrafish
colonies (Fig. 9M,N). However, we also observed that the empryo.Development 24 4557-4569.
proportion of BrdUJ neurons was ninefold higher in MASH1- Brand, M., Jarman, A. P., Jan, L. Y. and Jan, Y.-N.(1993). asensds a
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