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Helt determines GABAergic over glutamatergic neuronal
fate by repressing Ngn genes in the developing

mesencephalon

Tomoya Nakatani*, Yasuko Minaki, Minoru Kumai and Yuichi Ono*-'

The mechanism underlying the determination of neurotransmitter phenotype in the developing mesencephalon, particularly
GABAergic versus glutamatergic fate, remains largely unknown. Here, we show in mice that the basic helix-loop-helix
transcriptional repressor gene Helt (also known as Megane and Heslike) functions as a selector gene that determines GABAergic
over glutamatergic fate in the mesencephalon. Helt was coincidently expressed in all the progenitor domains for mesencephalic
GABAergic neurons. In the mesencephalon of Helt-deficient embryos, GABAergic neurons were mostly absent and glutamatergic
neurons emerged instead. Conversely, ectopically expressed Helt suppressed glutamatergic formation and induced GABAergic
neurogenesis. However, the Helt mutants showed normal progenitor domain formation. In consequence, postmitotic expression of
the homeodomain factor Nkx2.2, which was specifically expressed by GABAergic populations in wild-type embryos, was maintained
despite the transmitter phenotype conversion from GABAergic to glutamatergic in the Helt mutants, suggesting that Helt is not
involved in neuronal identity specification. Furthermore, we identified proneural genes Ngn1 and Ngn2, which were selectively
expressed in glutamatergic progenitors in the developing mesencephalon and had the ability to confer the glutamatergic fate, as
downstream target genes of Helt. These results suggest that Helt determines GABAergic over glutamatergic fate, at least in part, by
repressing Ngn (Neurog) genes and that basic helix-loop-helix transcription factor networks involving Helt and Ngns are commonly
used in the mesencephalon for determination of the GABAergic versus glutamatergic transmitter phenotype.

KEY WORDS: Helt, Neurogenin, Basic-helix-loop-helix, Transcriptional repressor, GABAergic neurons, Glutamatergic neurons,
Mesencephalon, Neuronal identity, Transmitter phenotype determination

INTRODUCTION

During development, the neuronal subtype is diversified by extrinsic
signals secreted from the organizer and by downstream intrinsic
pathways regulated by transcription factors (Helms and Johnson,
2003; Jessell, 2000; Schuurmans and Guillemot, 2002). The subtype
identity, which is determined by the expression of selective sets of
transcription factors, defines the neurotransmitter usage, migration
and axonal innervation pattern.

GABAergic and glutamatergic neurons are the principal
inhibitory and excitatory neurons in the brain, respectively. One of
the best-characterized regions involved in GABAergic versus
glutamatergic transmitter decision control is the developing dorsal
spinal cord. In this region, homeodomain and basic helix-loop-helix
(bHLH) transcription factors play pivotal roles in the specification
of the progenitors and derived neurons (Cheng et al., 2004; Cheng
et al., 2005; Glasgow et al., 2005; Gross et al., 2002; Mizuguchi et
al., 2006; Muller et al., 2002). Among these postmitotically
expressed transcription factors, Ptfla and Tix1/3 function as selector
genes that switch alternative transmitter fates (Cheng et al., 2004;
Cheng et al., 2005; Glasgow et al., 2005). By contrast, in the
telencephalon, the proneural bHLH factors Mash1 and Ngn2 (also
known as Ascll and Neurog2, respectively — Mouse Genome
Informatics) are selectively expressed in progenitors for GABAergic
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and glutamatergic neurons, respectively, and are involved in the
determination of transmitter phenotype (Fode et al., 2000; Parras et
al., 2002), suggesting that the transmitter is chosen at the progenitor
state. Proneural factors are also involved in the specification of
dorsal spinal interneurons (Gowan et al., 2001; Helms et al., 2005;
Muller et al., 2005; Nakada et al., 2004). However, the concept that
transmitter selection is simply controlled by proneural genes at the
progenitor state, as in the telencephalon, is unlikely in the dorsal
spinal cord (Mizuguchi et al., 2006; Wildner et al., 2006). Thus,
acquisition of the GABAergic or glutamatergic phenotype is
controlled by distinct pathways in different brain areas. The
mechanisms of transmitter selection have not yet been elucidated in
other brain regions, such as the mesencephalon.

Previous studies have described arcuate expression patterns of
transcription factors that might specify the neuronal subtypes in the
mesencephalon (Agarwala and Ragsdale, 2002; Sanders et al.,
2002). However, the transmitter patterns have not been accorded
with the neuronal subtypes defined by transcription factor codes.
Thus, the neuronal identity, location of neuron emergence and
control of GABAergic and glutamatergic neuron development in the
mesencephalon remain largely unknown.

The bHLH-Orange (bHLH-O) family consists of members related
to Hes proteins that show conserved primary structures and
transcriptional repressor functions (Davis and Turner, 2001). In
neuronal development, Hes genes act as downstream effectors for
the Notch pathway and inhibit neuronal differentiation by repressing
proneural bHLH factor expression (Bertrand et al., 2002; Kageyama,
1999; Ross et al., 2003). This inhibitory function of Hes genes is
required for lateral inhibition of neurogenesis, which controls
progenitor maintenance and the timing of neuronal birth, and local
organizer development in the neural tube (Baek et al., 2006;
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Bertrand et al., 2002; Kageyama, 1999; Ross et al., 2003). However,
whether bHLH-O factors are involved in neuronal subtype
specification remains uncertain.

Recently, we and others identified a novel bHLH-O family
member, Helt (also known as Heslike and Megane), which is
selectively expressed in neural progenitors in the developing
mesencephalon and diencephalon (Guimera et al., 2006a; Miyoshi
et al., 2004; Nakatani et al., 2004). Gain- and loss-of-function
studies revealed that Helr has a potent activity for promoting
mesencephalic GABAergic neuron development (Guimera et al.,
2006b; Miyoshi et al., 2004). However, it has not been addressed
whether Helt is only involved in the promotion of GABAergic
neuron differentiation or whether it also plays a role in transmitter
phenotype selection. Furthermore, downstream target genes of Helt
have not yet been identified, and thus the mechanism of action of
Helt remains to be clarified.

In the present study, we found that Helt functions as a selector
gene that determines the GABAergic over glutamatergic transmitter
phenotype in the mesencephalon. Furthermore, we identified Ngn
(Neurog) genes, which are selectively expressed in glutamatergic
progenitors in the mesencephalon and show activity for promoting
glutamatergic differentiation, as downstream target genes of Helt.
By using a mesencephalic domain map delineated by transcription
factor expression, we further found that the Helr and Ngn pathways
are commonly used in mesencephalic GABAergic and glutamatergic
differentiation and that transmitter choice in mesencephalic neurons
is not completely coupled with the specification of neuronal subtype,
which might be regulated by homeodomain transcription factors.
Taken together, our results illustrate the strategy of the transmitter
phenotype decision in mesencephalic neuron development.

MATERIALS AND METHODS
Mice
A Helt targeting vector was assembled using ploxP-GFP-neo-DT-A, which
contains GFP cDNA and loxP-flanked HSV TK-neomycin gene cassettes in
pBluescript SK+ (Stratagene). Genomic sequences encompassing the mouse
Helt gene were isolated from a 129SV genomic phage library. A3 kb 5'-
arm-containing genomic fragment just upstream of the initiation codon of
Helt, and a 3.7 kb 3’-arm-containing fragment, were amplified by PCR and
separately cloned into the Smal and EcoRV sites of ploxP-GFP-neo-DT-A
to generate the Helt targeting vector. Helt-null mice were generated by
homologous recombination in the 129SVEV embryonic stem cell line
according to standard procedures, and germline transmission of the mutation
was confirmed by Southern blotting and PCR. Heltr”~ mice were generated
by crossing heterozygous mutant mice on a 129SVXC57BI/6 background
and genotyped by PCR.

pNE was constructed by ligating the SV40 poly(A) signal and genomic
fragments for the intronic enhancer and promoter of the nestin gene
(Miyoshi et al., 2004) into pSP73 (Promega). pNE-Helt was constructed by
ligating a Helt cDNA (Nakatani et al., 2004) into the MIul/Not sites of pNE.
pNE-Ngnl was constructed by ligating an Ngn/ cDNA into the Kpnl/Notl
sites of pNE. The primer sequences used for amplification of these fragments
are available upon request. Linearized pNE constructs were injected into
fertilized eggs and founder embryos were collected at E12.5. The embryos
were genotyped by PCR.

Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed as described previously (Nakatani et
al., 2004). The polyclonal rabbit anti-Helt antibody was also described
previously (Nakatani et al., 2004). A rat anti-Nkx6.1 monoclonal antibody
was raised against GST-Nkx6.1 (aa 60-122). The other primary antibodies
used were: anti-Lim1/2, anti-Nkx2.2 and anti-Pax7 (Developmental Studies
Hybridoma Bank); anti-Mash1 (BD Pharmingen); anti-Lim1, anti-Ngn1,
anti-Ngn2 and anti-Hnf3$ (Santa Cruz Biotechnology); and anti-Brn3a
(Chemicon).

In situ hybridization was performed as described previously (Nakatani et
al., 2004). The primer sequences used for amplification of probe cDNAs
(Gadl, Vglut2 and GFP) are available upon request.

FACS

Ventral mesencephalons were dissected from E12.5 homozygous and
heterozygous Helt mutant embryos and dissociated using Accumax
(Chemicon). Cell sorting was performed using a FACS Aria (BD
Biosciences). Total RNA was isolated from ~5Xx10* sorted GFP* cells.
cDNA amplicons were prepared as described (Osada et al., 2005) and the
expression of homeobox and proneural genes was analyzed by RT-PCR
(primer sequences available upon request).

RESULTS

Helt is commonly expressed in all GABAergic
progenitor domains in the mesencephalon

In order to understand the mechanism of mesencephalic neuron
specification and the role of Helt in transmitter phenotype
determination, we first compared the expression pattern of Helt with
those of transmitter markers and transcription factors potentially
involved in the specification of subtype identity of the progenitors
and derived neurons. By precisely analyzing the patterns of
transcription factors expressed in the ventricular zone (VZ), such as
Nkx2.2, Nkx6.1, Hnf3 (also known as Nkx2-2, Nkx6-1, Foxa2,
respectively — Mouse Genome Informatics), Sim1 and Helt, we
mapped seven progenitor domains in the anterior mesencephalon
(Fig. 1A,B; summarized in Fig. 2). The ventral-most m7 domain
generated dopaminergic neurons marked by Lmx1a expression (Fig.
1B) (Andersson et al., 2006), whereas the adjacent m6 domain
produced glutamatergic red nucleus (RN) neurons (Fig. 1B)
(Fedtsova and Turner, 2001). Helt was selectively expressed in the
m2 to m5 domains at E11.5 and Gadl® GABAergic neurons
emerged from these domains as previously reported (Fig. 1A,B)
(Guimera et al., 2006a; Miyoshi et al., 2004; Nakatani et al., 2004).
The neurons emerging from the m3 to m5 domains appeared to have
distinct identities despite their common GABAergic phenotype and
Helt expression in their progenitors, as they expressed different sets
of postmitotically expressed transcription factors, such as Nkx2.2
and Hnf3, in addition to the distinct transcription factor codes in
their progenitors (Fig. 1A). The m2 domain, marked by Nkx2.2
expression in the mantle layer (ML), generated both GABAergic and
glutamatergic neurons in a mosaic fashion (Fig. 1B). Nkx2.2
appeared to selectively mark GABAergic neurons in the m2 domain
(Fig. 1B). The dorsal-most m1 domain marked by Pax7 expression
only generated glutamatergic neurons at E11.5 (Fig. 1A,B).
However, at later stages (E12.5-13.5), both GABAergic and
glutamatergic neurons were generated in a salt-and-pepper pattern
(Fig. 1A). From E11.5 onward, Helt started to be expressed in this
domain as a ventral-to-dorsal wave, and at E12.5 Helt was expressed
in all areas of the domain (Fig. 1A). Taken together, these
observations indicate that GABAergic neurons are generated from
five of the seven mesencephalic progenitor domains, and that Helt
is coincidently and commonly expressed in all the GABAergic
progenitor domains, but is excluded from glutamatergic domains, in
the developing mesencephalon (summarized in Fig. 2).

Helt is required for selection of GABAergic over
glutamatergic neuronal fate in the
mesencephalon

To examine the role of Helt in GABAergic neuron development, we
generated Helt-null mutant mice by a targeted disruption approach,
and confirmed the null phenotype by the complete loss of Helt
expression in homozygous mutant (Helr”") embryos (Fig. 3A). At
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GABAergic progenitors in the developing
mouse mesencephalon. (A) Comparison of the
expression pattern of Helt with those of
transmitter markers in the mesencephalon at
E11.5 and E12.5. The lower panels show the
dorsal mesencephalon region at E12.5. Helt is
selectively expressed in GABAergic domains and
excluded from glutamatergic domains. In the
dorsal m1 domain, only glutamatergic neurons
are generated and Helt is not expressed in the VZ
at E11.5. At later stages, both GABAergic and
glutamatergic neurons are generated, and Helt is
expressed by subpopulations of the dorsal
progenitors. (B) Domain structure of the
developing mesencephalon. The expression
patterns of transcription factors in the E11.5
mesencephalon are shown. Each domain is
indicated as m1 to m7 (summarized in Fig. 2).
Helt is expressed in the ventricular zone (VZ) of

Helt

Helt

Pax7 the m2 to m7 domains. Note that some Helt* cells
= are observed in the ventral-most region of the m1
domain at E11.5. These Helt" cells in the m1
domain are not obvious in embryos at a slightly

earlier stage (data not shown).

Helt Lmx1a

m5 |

E11.5, Gadl expression was mostly absent from Helr”
mesencephalons, with the exception of some Gadl* neurons that
emerged from the m5 domain (Fig. 3B). Until at least E13.5, some
GadlI* neurons were generated in the m3 and m5 domains (see also
Fig. 4B), but the total number of Gadl* neurons in the ventral
mesencephalon region of the mutant embryos did not increase to the
level found in wild-type control embryos (Fig. 3B; data not shown),
indicating that a delay in GABAergic neuron generation or Gadl
induction in postmitotic neurons does not cause this phenotype. In
the dorsal m1 domain, GABAergic neurons were completely lost in
the mutants at E12.5 and E13.5 (Fig. 3B; data not shown). These
results are consistent with recently published observations that
superior colliculus GABAergic neurons derived from the dorsal
mesencephalon are absent in another Helt-knockout mouse strain
(Guimera et al., 2006b). In addition to this dorsal phenotype, our
precise analysis (see also the results described below) revealed that
Helt is required for GABAergic differentiation in the ventral
mesencephalon.

Owing to the structural similarities between Helt and the Hes and
Hey family proteins that control neurogenesis in many brain regions,
it is possible that neurons fated to be GABAergic are not generated
owing to an effect of Helt loss on the neurogenesis of GABAergic
progenitors. However, neural progenitor cells were maintained
normally and neurons were similarly generated in all regions of
Helr”~ mutant mesencephalons, as compared with their wild-type
littermates (data not shown; see also Fig. 4A). In addition, cell death

Vglut2 Nkx2.2

m1 .

was not increased in any of the mesencephalic regions of the
mutants, as revealed by the lack of activated caspase-3 staining (data
not shown). These results indicate that Helt is not involved in the
control of neurogenesis, in contrast to other bHLH-O factors and
despite their structural conservation, and that neurons generated
from GABAergic domains cannot acquire the GABAergic
phenotype without Helt activity.

To determine whether the phenotype was caused by the inability
of GABAergic precursors to mature into Gadl* neurons despite
maintaining their correct identity, or by conversion of their fate into
other neuronal subtypes, we examined the expression of other
transmitter markers, including Vglur2 (also known as Slcl17a6 —
Mouse Genome Informatics) (Fig. 3B; data not shown). At E11.5,
Vglut2 was ectopically expressed at the expense of Gadl expression
in the m3 to m5 domains of the mutant mesencephalons (Fig. 3B).
At E12.5, Vglut2 expression in the m1 domain was upregulated in
the absence of Helt (Fig. 3B). Thus, Helt activity appears to be
required for suppression of glutamatergic neuron generation as well
as for induction of GABAergic neurons.

To examine whether Helt is indeed capable of suppressing the
glutamatergic phenotype as well as inducing the GABAergic
phenotype, we generated transgenic mice expressing Helt under the
control of the nestin enhancer. As previously reported using similar
transgenic mice (Miyoshi et al., 2004), ectopically expressed Helt
induced Gadl™ neurons (Fig. 3C). Importantly, ectopic Helt
expression suppressed the generation of Vglur2* neurons (Fig. 3C).
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Fig. 2. Gene expression map of the mouse anterior
mesencephalon at E12.5. Summary of the gene expression pattern
and transmitter phenotype of each domain (m1 to m7), obtained from
the results shown in Figs 1, 5 and 7. In the m1 and m2 domains, both
GABAergic and glutamatergic neurons emerge. The hatched lines
indicate expression in subpopulations within each domain (i.e.
expression of Helt and Ngns, Lim1 and Brn3a, and of Gad7 and Vglut2,
is mutually exclusive). Note that the motoneurons of the oculomotor
complex are not shown in this map as their generation is completed at
an earlier stage and the motoneuron progenitor domain changes to the
RN domain at E11.5 (data not shown). RP, roof plate; VZ, ventricular
zone; ML, mantle layer; Glut, glutamatergic; DA, dopaminergic.

Taken together, the results obtained from these loss- and gain-of-
function experiments suggest that Helt plays key roles in the
selection of the GABAergic over glutamatergic transmitter
phenotype at the progenitor state in the mesencephalon.

Helt is not involved in progenitor domain
formation and neuronal subtype identity
specification

Since Helt is selectively expressed in the GABAergic progenitor
domains and the onset of its expression precedes neurogenesis in
these domains (Miyoshi et al., 2004), Helt might be involved in the
regional patterning of the neural tube. To better understand the cause
of the Helt mutant phenotype and the mechanism of action of Helt
in controlling the transmitter phenotype decision, we searched for
genes up- or downregulated by the loss of Helt activity. For this
purpose, we compared the gene expression patterns in presumptive
Helt* progenitors sorted from Helf"~ and Helr~ mesencephalons.
As expected from the targeting strategy of replacing the Helt coding
sequence with a GFP cDNA, GFP was transcribed with an
essentially identical pattern to that of Helt, and GFP* cells could be
sorted by FACS (see Fig. SIA,B in the supplementary material).
Among approximately 200 homeodomain factors screened by RT-
PCR, none of the factors selectively expressed in VZ progenitors in

the mesencephalon was identified as showing altered expression
after loss of Helt (data not shown). Consistently, the homeodomain
factors expressed within the Helt" domain, such as Nkx2.2 and
Nkx6.1, were normally expressed in the VZ of the mutants, and the
expression of the VZ transcription factors Hnf33 and Sim1 was also
unaffected (Fig. 4A; data not shown). In addition, as expected from
these observations, the expression patterns of these factors were not
affected by ectopic Helt expression in the transgenic embryos (see
Fig. S2 in the supplementary material). These results suggest that
Helt is not involved in progenitor domain formation. Importantly,
postmitotic expression of Nkx2.2, which was selectively expressed
by Gadl* populations among postmitotic neurons in the
mesencephalon, was not affected in the m4 domain, although
Nkx2.2 expression in the postmitotic neurons in the m2 domain was
lost (Fig. 4A). In addition, although some Nkx2.2* neurons retained
Gadl expression in the Helt”~ mutants at E12.5, most Nkx2.2*
neurons expressed Vglur2, suggesting that the fate of Nkx2.2*
neurons was converted from GABAergic to glutamatergic in the
absence of Helt, even though their neuronal identity was maintained,
atleast in part (Fig. 4B). Thus, Helt appears to select the transmitter
phenotype without completely changing the neuronal subtype
identity defined by the homeodomain factor codes.

Helt controls pan-GABAergic and pan-
glutamatergic pathways in postmitotic neurons
We reasoned that the expression of postmitotic transcription factors
that control Gadl or Vglut2 expression might be changed by the loss
of Helt activity. Owing to the long half-life of GFP proteins, the
sorted GFP* cells contained postmitotic precursors that originated
from the Helt* domain (see Fig. S1C in the supplementary material).
Thus, by the above-described RT-PCR screening for homeodomain
factors, we were able to examine the postmitotic events affected by
the Helt mutation. We found that some postmitotically expressed
factors were differentially expressed between Helr*~ and Helt”~
GFP* cell populations (data not shown). Among these, we focused
on Lim1 and Brn3a (also known as Lhx1 and Pou4f1, respectively
— Mouse Genome Informatics).

We first examined the normal expression patterns of these
factors. At E11.5, Lim1 was selectively expressed in the m2 to m6
domains (Fig. 5A; data not shown). At later stages, Liml
expression was initiated in some populations in the m1 domain
along with Gadl (Fig. 5A,B). Brn3a expression was detected in
the ventral-most region of the basal plate (m6) and the dorsal m1
and m2 domains (Fig. 5A). Double staining revealed coexpression
of these factors in the m6 domain, which probably consists of RN
neurons (Agarwala and Ragsdale, 2002; Fedtsova and Turner,
2001). In all the other regions, Lim1 and Brn3a showed mutually
exclusive expression patterns. By comparison with Gadl and
Vglut2 expression, we found that Lim1* domains, except for the
RN domain, were well matched with Gadl expression, and
confirmed the coexpression of Lim1 and Gad! at the single cell
level (Fig. 5B). By contrast, Brn3a expression was specific for
Vglut2* cells, although Vglut2 expression was also detected in
dopaminergic neurons in the m7 domain. In summary, Brn3a
specifically marks glutamatergic neurons, whereas Lim1* Brn3a~
populations define GABAergic neurons, in the developing
mesencephalon (summarized in Fig. 2).

Next, we examined whether these homeodomain factors were
affected by the loss or gain of Helt activity. In the Helt-null mutant
at E11.5, Lim1 expression was mostly absent from the m2 to m4
domains, although Lim1* neurons were observed within the m5
domain, where Gadl expression was also partially retained (Fig.
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Vglut2* neurons are generated in essentially all
domains of the mesencephalon at E11.5. At
E12.5, although Gad7" neurons start to emerge
in a broad area of the ventral GABAergic
domains (m3 to m5), the frequency is still lower
than that in wild-type control embryos and
ectopic Vglut2* neurogenesis continues. Dorsal
Gad1* neurons are completely absent in the
mutants. (C) Helt suppresses glutamatergic
neurogenesis and induces GABAergic neurons. In
the transgenic embryos expressing Helt under

Gad1 I || Helt Gad1

the control of the nestin enhancer, the number
of Vglut2* cells is decreased and the number of
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6A). At later stages, Lim1 expression in the m5 domain was
maintained and some Lim1* neurons emerged from the m3 and
m4 domains (data not shown), consistent with the above
observation that some Nkx2.2* Gad1* neurons were detected in
the mutants. In the dorsal m1 domain, Liml expression was
completely lost at E12.5 and E13.5 (Fig. 6A; data not shown). By
contrast, ectopic Brn3a expression was observed in the m2 to m4
domains of the mutants, where Lim1 expression was lost, and
virtually all the neurons emerging from the m1 domain were
Brn3a* (Fig. 6A). GFP* neurons were generated and migrated
toward the ML in the null mutants and, importantly, 95.82+1.09%
of GFP* neurons in the m1 domain expressed Brn3a (Fig. 6A,
n=>5), indicating that neurogenesis by presumptive Helt*
progenitors was unaffected, but the derived neurons were
transfated to become Brn3a* glutamatergic neurons following the
loss of Helt activity. Consistent with these mutant phenotypes,
ectopic expression of Helt induced Liml* neurons that
coexpressed Gad65 (also known as Gad2 — Mouse Genome
Informatics) and inhibited Brn3a* neurogenesis instead (Fig. 6B).
Taken together, these results suggest that Helt functions as a
selector gene that promotes the pan-GABAergic pathway
involving Lim1 by suppressing the pan-glutamatergic pathway
involving Brn3a.

Gad1* cells is increased instead. Note that
GABAergic neurons are efficiently generated and
glutamatergic neurons are suppressed in the ML
just outside of the VZ positive for exogenous
Helt, suggesting a cell-autonomous effect of
Helt.

Helt represses Ngn1 and Ngn2 in GABAergic
progenitors

Since Helt is a transcriptional repressor that is selectively expressed
in the VZ (Nakatani et al., 2004), we reasoned that factors expressed
in the VZ and controlling glutamatergic fate might be downstream
targets of Helt. The fact that bHLH proneural factors play important
roles in neuronal subtype specification and transmitter selection as
well as neurogenesis control in other brain regions (Fode et al., 2000;
Gowan et al., 2001; Helms et al., 2005; Muller et al., 2005; Nakada
et al., 2004; Parras et al., 2002), and that bHLH-O factors frequently
regulate bHLH genes (Davis and Turner, 2001), led us to examine
the possibility that Helt might regulate bHLH gene expression to
determine the transmitter phenotype. We screened for bHLH factors
expressed in the VZ that were differentially expressed in GFP™ cells
sorted from Helf"~ and Helt”~ mesencephalons, and identified the
Ngn genes (data not shown).

First, we examined the expression patterns of these proneural
factors in the mesencephalon of wild-type embryos. Ngnl (also
known as Neurogl — Mouse Genome Informatics) was selectively
expressed in the VZ of the Brn3a* glutamatergic m1, m2 and m6
domains (Fig. 7A,B). Ngn2 was selectively expressed in the RN
domain (m6) and ventral midline dopaminergic domain (m7) at high
levels and in the dorsal m1 domain at a relatively low level and
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Fig. 4. Helt determines the transmitter phenotype without
affecting neuronal subtype identity specification. (A) Progenitor
domain formation is not affected by the Helt-null mutation. Note that
Nkx2.2 expression in the VZ is not changed by the Helt mutation,
although postmitotic expression of this factor in the m2 domain is lost
in the mutants. By contrast, expression of Nkx2.2 in m4 neurons is
maintained in the mutants. (B) Conversion of the transmitter
phenotype in Nkx2.2* m4 neurons by the Heft-null mutation. In wild-
type mouse embryos, most Nkx2.2" neurons in the anterior
mesencephalon express Gad1 but not Vglut2. By contrast, in the Helt
mutants, most Nkx2.2" neurons express Vglut2, although some
populations maintain Gad7 expression.

frequency at E11.5 (Fig. 7A,B) (Fedtsova and Turner, 2001; Kele et
al., 2006). At later stages, Ngn2 expression was increased in the m1
domain (Fig. 7A). Importantly, Helt and the Ngns showed mutually
exclusive patterns in all domains at all stages (Fig. 7A). By contrast,
Mash1 was expressed in all progenitor domains of the developing
mesencephalon and coexpressed with Helt (Fig. 7A) (Miyoshi et al.,
2004).

These expression patterns suggest that Helt might repress the Ngn
genes. To directly examine this, we analyzed Ngn expression in
Helt-transgenic embryos. The numbers of Ngn1* and Ngn2* cells in
both the dorsal and ventral glutamatergic domains were significantly
reduced and Ngn expression was completely excluded from Helt*
cells in these regions (Fig. 7C), indicating that Helt has the potency
to repress Ngns by itself. As expected from the coexpression of
Mash1 with Helt (Fig. 7A), Mash1 expression remained unaffected
by ectopic Helt expression.

To examine whether Helt indeed represses Ngn gene expression
in Helt* GABAergic progenitors, we analyzed the Ngn expression
patterns in Helt-deficient embryos. At E11.5, ectopic expression of

both factors was observed in the ventral GFP* m2 to m4 domains,
where Brn3a was ectopically induced and Lim1 expression was lost
in the mutants (Fig. 7D). At E12.5, Ngn expression was upregulated
in the m1 domain of the mutant embryos. More importantly, Ngns
were expressed in the majority of the GFP* presumptive Helt-
expressing progenitors in the VZ (Fig. 7D; Ngnl, 57.0+4.3%; Ngn2,
73.6+1.5%). Thus, Ngn expression was derepressed in the Helt*
progenitors after the loss of Helt activity. By contrast, Mashl
expression was not affected by the loss of Helt function, indicating
that Helt selectively regulates the Ngn genes and that the role of Helt
in promoting GABAergic differentiation does not involve
maintenance of Mashl expression, which is essential for
GABAergic differentiation in the ventral mesencephalon (Miyoshi
et al., 2004). Taken together, these observations demonstrate that
Ngns are downstream target genes of Helt in the developing
mesencephalon.

Ngn1 can promote glutamatergic differentiation
The selective Ngn expression in glutamatergic progenitors and its
repression by Helt suggest that the repression of Ngn genes might be
a key function of Helt for suppression of the glutamatergic fate. To
examine whether derepression of Ngns by loss of Helt is a primary
cause of transmitter phenotype switching, we first compared the
increase in the number of Ngn1-expressing progenitors in the VZ at
E12.5 with the increase in glutamatergic neurogenesis, as indicated
by the rate of accumulated glutamatergic neurons in the ML at E13.5,
in the m1 domain of Helt mutants as compared with wild-type
controls. In the VZ at E12.5, an approximately 1.51-fold increase in
the percentage of Ngn1* cells was observed in the m1 domain of the
mutant embryos (wild type, 13.86+2.34%; mutant, 20.89+2.05%;
n=5). In the ML at E13.5, the percentage of Brn3a* glutamatergic
neurons in the m1 domain of the mutant embryos increased from
58.96+2.06% to 93.83+2.07% (n=5), which is consistent with the
reduction in Lim1* GABAergic neurons from 37.73+1.64% to 0%
(n=5). Thus, glutamatergic generation was concomitantly increased
~1.59-fold by the loss of Helt. These results support the idea that
derepression of Ngn1 expression by loss of Helt leads to acquisition
of the glutamatergic fate, at least in the m1 domain.

To examine whether Ngn/ is indeed capable of determining the
glutamatergic fate, we generated transgenic mice expressing Ngnl
under the control of the nestin enhancer. In the ventral Helt* domains
of Ngnl-transgenic embryos at E11.5, ectopic Brn3a* neurons were
observed, despite the fact that Helt expression did not appear to be
affected (Fig. 8 A). We next examined whether Ngn1 could promote
glutamatergic differentiation in the m1 domain, where a strong
correlation between Ngnl derepression and increased glutamatergic
generation was observed in the Helt-null mutants. However, possibly
owing to premature differentiation induced by the proneural activity
of Ngnl, transgene-expressing progenitors were rare in the
transgenic embryos at E12.5. To mark the neurons derived from
exogenous Ngnl-expressing progenitors, we generated transgenic
mice expressing Ngnl and IRES-controlled GFP under the control
of the nestin enhancer (NE-Ngn1-GFP). As expected from the long
duration of GFP protein expression, GFP* postmitotic neurons could
be detected in the ML of the transgenic embryos (Fig. 8B).
Importantly, more than 96% of the GFP* neurons expressed Brn3a
(193/201, n=2), whereas none of them expressed Lim1 (0/201, n=2),
indicating that exogenous Ngnl-expressing progenitors only
generated glutamatergic neurons. Taken together, these results
demonstrate that Ngnl has the potency to promote glutamatergic
differentiation and that repression of Ngns by Helt is a prerequisite
for GABAergic differentiation in the mesencephalon.
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Fig. 5. Identification of postmitotic
transcription factors selectively expressed
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the mesencephalon. (A,B) Selective expression
of Lim1 and Brn3a by GABAergic and
glutamatergic neurons in the developing mouse
mesencephalon. (A) Lim1 and Brn3a are
mutually exclusively expressed, with the
exception of the RN (m6) domain. (B) Brn3a is
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coincidently expressed by Vglut2* neurons,
although Vglut2 is also expressed by ventral
midline dopaminergic neurons and not by
Gad1" neurons. By contrast, Lim1 is selectively
expressed by Gad7* neurons, with the exception
of coexpression with Vglut2 and Brn3a in the
RN (m6) domain.
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DISCUSSION

Mechanism of transmitter phenotype
determination in the mesencephalon

Previous studies have shown that the developing mesencephalon is
subdivided into arc structures defined by patterns of transcription
factor expression (Agarwala and Ragsdale, 2002; Sanders et al.,
2002). However, the characteristics of each neuronal subtype
regarding transmitter usage and function remain largely elusive. In
the present study, we have delineated the transcription factor codes
of the progenitor domains in the mesencephalon and defined the
transmitter phenotype of the derived neurons in each domain.
Importantly, Helt defines all the GABAergic progenitors, whereas
the Ngns, which are repressed by Helt, mark glutamatergic
progenitors. Furthermore, we identified pan-GABAergic and pan-
glutamatergic postmitotically expressed transcription factors (Lim1
and Brn3a, respectively). Definition of the neuronal subtypes and
their progenitor domains will be useful for understanding the
developmental mechanism of the mesencephalon.

Previous studies revealed that Helt is required for GABAergic
differentiation (Guimera et al., 2006b; Miyoshi et al., 2004). Our
present knockout approach revealed a pivotal role for Helt in the
selection of the GABAergic over glutamatergic transmitter
phenotype fate. The phenotype of embryos lacking Helt in the
mesencephalon was similar to that of mutants of another bHLH
factor, Ptfla, in the cerebellum and dorsal spinal cord, in which
GABAergic neurons were lost and glutamatergic neurons were
generated instead (Glasgow et al., 2005; Hoshino et al., 2005).

Thus, specification of GABAergic neurons over glutamatergic
neurons appears to be achieved using similar mechanisms with
distinct bHLH factors, Helt and Ptfla, in each brain region.
However, the mechanisms of transcriptional control by these factors
might be different, as Helt is a bHLH-O type transcriptional
repressor and Ptfla is a bHLH factor that heterodimerizes with E
proteins and has a transcriptional activator function (Beres et al.,
2006; Miyoshi et al., 2004; Nakatani et al., 2004). Thus, the
downstream genes regulated by these factors are likely to differ.
Consistent with this notion, the phenotypes of null mutants for Helt
and Ptfla show important differences. In the Ptfla mutant,
GABAergic neurons originating from Ptfla* progenitors were
completely transfated to become other neuronal populations with
the glutamatergic phenotype in the dorsal spinal cord (i.e. dI4 to
dI5, dILA to dILB) (Glasgow et al., 2005). By contrast, in the Helt
mutant, despite the almost complete conversion of the transmitter
phenotype and the expression of pan-GABA and pan-glutamatergic
transcription factors, the expression of Nkx2.2, which was
specifically expressed in subpopulations of GABAergic neurons in
the mesencephalon, was maintained. These observations suggest
that Helt, and also possibly the Ngns, might select the transmitter
phenotype without directly affecting the expression of transcription
factors that determine the neuronal subtype identity in the
mesencephalon. Thus, it is suggested that in the ventral
mesencephalic neurons, the pathways that determine
neurotransmitter identity are not completely linked to the pathways
regulating neuronal subtype identity.
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Fig. 6. Helt induces Lim1*

E11.5

neurons and suppresses
Brn3a* neurogenesis.

E13.5

HNF3p Lim1/2

(A) Effects of the Heft-null
mutation on Lim1 and Brn3a
expression. In the Helt"”
mutant at E11.5, Lim1
expression is lost in the m2 to
m4 domains, whereas

Lim1 Brn3a

E13.5 expression in the m5 and mé
B3 domains is unaffected. At
. GFP Insa E13.5, Lim1 expression in the

dorsal m1 domain is
completely lost. By contrast,
Brn3a is ectopically expressed
in the m2 to m4 domains of
the mutants at E11.5. In the
m1 domain, virtually all the
emerging neurons are
positive for Brn3a at E13.5
and coexpression of GFP and
Brn3a is observed.

Although we cannot exclude the possibility that Helr is also
involved in subtype identity specification, as other identity markers
have not yet been identified, the maintenance of Nkx2.2 expression
in m4 neurons of Helt mutants suggests that determination of the
neuronal transmitter phenotype is not a downstream event of subtype
identity determination, at least in m4 neurons. This idea is supported
by the observation that pathways common to each transmitter fate
(i.e. Helt-Lim1-Gad1 and Ngn-Brn3a-Vglut2) appear to be used in
the differentiation of all mesencephalic GABAergic and
glutamatergic neurons. The question then arises as to whether these
types of determination pathway are commonly used for transmitter
choice in all brain regions. In the dorsal spinal cord, all the known
factors with transmitter selector functions, such as Ptfla, Lbx1 and
Tlx1/3, are also involved in the control of neuronal identity — the
pattern of expression of transcription factors that define neuronal
identity is almost completely changed to one that directs another fate
in the absence of these selector factors (Cheng et al., 2004; Cheng et
al., 2005; Glasgow et al., 2005; Gross et al., 2002; Muller et al.,
2002). By contrast, loss of Pax2, which is commonly expressed by
GABAergic neurons and required for acquisition of the GABAergic
phenotype in the spinal cord, does not result in conversion to another
transmitter phenotype (Cheng et al., 2004). Thus, Pax2 is not a
selector for the transmitter phenotype, but instead only appears to be
required for the promotion of GABAergic differentiation. Taken

(B) Exogenous Helt
suppresses Brn3a*
neurogenesis and induces
Lim1* neurons. In the area
efficiently expressing
exogenous Helt, many Lim1*
neurons are generated, but
fewer Brn3a* neurons
emerge compared with wild-
type control mouse embryos.
Exogenous Helt-induced
Lim1* neurons express
Gad65.

together, at least in the dorsal spinal cord, transmitter phenotype and
neuronal subtype identity appear to be tightly coupled with each
other, or the transmitter phenotype might be determined as a
downstream event of the specification of neuronal subtype identity,
in contrast to the situation in the mesencephalon. In the present
study, we did not examine whether the GABAergic phenotype was
changed to the glutamatergic phenotype following maintenance of
neuronal identity in the dorsal mesencephalic regions. Future
detailed analyses are required to clarify whether Helt only plays
important roles in transmitter selection or whether, in some cases, it
is also involved in the selection of neuronal identity from two
alternative fates, similar to Ptfla in the dorsal spinal cord.

bHLH network in cell fate specification in the
mesencephalon

In many developmental systems, bHLH-O type transcription factors
such as Hesl play important roles in inhibiting cellular
differentiation by sequestrating or repressing bHLH factors. In many
cases, these factors are used as downstream effectors for Notch
signaling. In neuronal development, the Hes and Hey families of
bHLH-O factors control the differentiation of neurons and glia by
repressing proneural genes (Bertrand et al., 2002; Kageyama and
Ohtsuka, 1999; Ross et al., 2003; Sakamoto et al., 2003; Satow et
al., 2001). Here, we have demonstrated that Helt has a similar
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Fig. 7. Helt represses Ngn genes.
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(A) Expression patterns of proneural genes in the
developing mouse mesencephalon. Expression of
Ngns and Helt is mutually exclusive in all the
domains. By contrast, Mash1 is expressed in
essentially all domains and is coexpressed with
Helt. (B) Ngn genes are selectively expressed in
glutamatergic progenitors. Ngn1 is coincidently
expressed in the VZ, where Brn3a* neurons
emerge. Ngn2 is selectively expressed by
glutamatergic progenitors as well as
dopaminergic progenitors. (C) Helt represses Ngn
expression in the mesencephalon. In transgenic
embryos expressing Helt under the control of the
nestin enhancer, expression of Ngn1 and Ngn2 is
repressed. By contrast, Mash1 expression is
unaffected. (D) Ngns are ectopically expressed in
presumptive GABAergic domains in the Helt-null
mutant. At E11.5, Ngn1 and Ngn2 are ectopically
expressed in the m2 to m4 domains in the Helt”"
mutant. At E12.5, the Ngn expression in the
dorsal m1 domain is upregulated and
coexpression of GFP and the Ngns is observed
(inset).

D E11.5 Ventral
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activity in proneural gene regulation, consistent with the structural
conservation. However, there are significant differences between the
activity of Helt and those of other bHLH-O members, in that Helt
selectively regulates Ngnl and Ngn2, whereas other bHLH-O
factors repress all proneural genes. Thus, unlike Hes1 and Hes5, Helt
is not a general regulator of neurogenesis, as loss or gain of Helt
function was consistently found to have no effect on neurogenesis.
Therefore, the question arises as to how Helt regulates Ngn
expression. Ngn expression was affected by the gain and loss of Helt
activity without any alterations in the expression of progenitor
transcription factors, such as homeobox factors, which might be
involved in the specification of progenitor identity. Thus, it is
unlikely that the repression or derepression of Ngns is a secondary
consequence of the change in neural progenitor identity.
Consistently, Helt repressed Ngn1 promoter activity in transfection
assays (our unpublished observations), suggesting the likely
possibility that Helt directly represses Ngn expression.

The question also arises as to how Helt regulates the neuronal
transmitter phenotype. Two important features of the developing
mesencephalon are that the proneural factor Mash1 is commonly
expressed by neural progenitors in all progenitor domains and that
its expression is not regulated by Helt and Ngns, which is different
from the situation in other brain regions such as in the telencephalon
and spinal cord (Gowan et al., 2001; Helms et al., 2005). Thus, the
Helt and Ngn pathways might be capable of controlling the
neurotransmitter phenotype without regulating neurogenesis, which
is controlled by the Mash1 pathway. Together with the established
roles of Ngns in glutamatergic determination in the telencephalon
(Fode et al., 2000; Parras et al., 2002), their (1) coincident expression
in glutamatergic progenitor domains; (2) the strong correlation
between ectopic induction or suppression of Ngn expression and
glutamatergic neurogenesis in Helt-null mutants and Helt-transgenic
embryos; and (3) the potency of Ngnl to promote glutamatergic
differentiation revealed by Ngnl gain-of-function studies, all suggest
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Fig. 8. Ngn1 promotes glutamatergic differentiation. (A) Ngn1
induces ectopic Brn3a* neurons in the ventral Helt" domains. In
transgenic mouse embryos expressing Ngn1 under the control of the
nestin enhancer, Brn3a* neurons are generated at E11.5 despite the
fact that Helt expression is not repressed (arrowheads). Note that most
of the exogenous Ngn1-expressing neurons in the ML express Brn3a.
(B) Ngn1 determines glutamatergic fate in the m1 domain. Shown are
the dorsal m1 domains of wild-type control embryos and transgenic
embryos expressing Ngn7 and IRES-controlled GFP under the control of
the nestin enhancer at E12.5. Neurons generated from transgene-
expressing progenitors are marked by GFP expression. Virtually all the
GFP* neurons express Brn3a and do not express Lim1.

that repression of the Ngn genes is likely to be a key role of Helt in
transmitter selection and indicate that it is at least essential for
suppressing the glutamatergic pathway.

The question remains as to whether Helt constructively promotes
GABAergic differentiation or whether the default phenotype in
mesencephalic neurons is GABAergic when the glutamatergic
pathway is suppressed. The observation that exogenous Ngn1 could
not repress Helt expression in the transgenic mice, and that
derepressed Ngns did not repress GFP expression in the Helt-null
mutants, suggest that Ngns cannot regulate Helt expression.
Nevertheless, ectopic expression of Ngnl in the Helt* domains
could suppress GABAergic differentiation and promote the
glutamatergic pathway. Based on these observations, together with
the fact that Helt appears to have a selector function by suppressing
the alternative fate, an instructive role of Helt in GABAergic
promotion seems unlikely. Instead, the GABAergic phenotype is
likely to be determined by Mashl, which is essential for
GABAergic neuron formation in the ventral mesencephalon
(Miyoshi et al., 2004). Thus, the default status of mesencephalic
progenitors might be GABAergic as conferred by the ubiquitous
expression of Mashl, and Helt might promote GABAergic
differentiation by repressing the Ngns that promote the
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m1pGL m1
&
m2GA m2
GL
m3 m3
m4| GA m4
mé6| GL I mé | GL
B ..
\'/4 ML \'74 ML
B
VZ ML
Mash1-..,
. _
Helt ---+-» Lim1/2 — GABAergic
Ngn1/2 Brn3a —» Glutamatergic

Fig. 9. Model for transmitter phenotype determination in the
developing mesencephalon. (A) Summary of the phenotype of Helt-
null mutant mouse embryos. (B) Model for transmitter phenotype
determination by the Helt and Ngn genes. Helt determines the
GABAergic phenotype by repressing the Ngn genes, which induce the
glutamatergic pathway. Mash1 might also be involved in the
GABAergic determination pathway (Miyoshi et al., 2004). GA,
GABAergic; GL, glutamatergic; DA, dopaminergic; VZ, ventricular zone;
ML, mantle layer.

glutamatergic pathway (Fig. 9). This idea is supported by the
observation that some GABAergic neurons were generated in the
ventral domains even in the absence of Helt (Fig. 3B), and the fact
that the increased GABAergic production in these regions with
development correlated well with Ngn downregulation (data not
shown), which is regulated by an unknown mechanism independent
of Helt. Loss-of-function studies for the Ngn genes will be needed
to clarify this point and to gain further understanding of the overall
picture of transmitter phenotype determination in the
mesencephalon.
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