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Fig. 1. Schematic representation of the structure of the 5' region of the human cholinergic gene locus, the splicing patterns of multiple ChAT mRNAs,
and the positions of the primers (arrows: F, forward primer; R, reverse primer) shown in Table 1 for PCR analyses. Thirteen common exons of ChAT

following the common exon 1 (ChAT C exon 1) are omitted in the figure.

placenta tissue and a set of COREST F2 and R2 primers; 38-cycle
PCR with total RNAs extracted from spinal motor neurons or
placental trophoblastic cells and a set of COREST F2 and R2
primers) were normalized to those of the B-actin bands (25-cycie
PCR with total RNAs extracted from spinal cord or placenta tissue;
30-cycle PCR with total RNAs extracted from spinal motor neu-
rons or placental trophoblastic cells). The mean of the REST/
NRSE or CoREST ratio values of three spinal cords normalized to
the B-actin values were arbitrarily expressed as a fold of 1.

Preparation of a polyclonal antibody to the
recombinant human VAChT carboxyl terminus

Construction of the PGEX-6X-1-hVAChT plasmid. A genomic
clone for human VAChT (Cos #25) was isolated from a genomic
cosmid library constructed with human blood cells (Oda et al., 1992),
which contained the entire coding region for VAChT, as reported
previously by other researchers (Erickson et al., 1994). The DNA
encoding the carboxyl terminus (amino acids 473-532) was sub-
cloned by PCR (Perkin-Eimer/Cetus, Norwalk, CT, USA), using Cos
#25 as a template. Forward and reverse primers with mutations were
designed to generate BamH! and EcoRl, respectively (5'-GCTGCT
GCTCCGCAACGTGGGGATCCTGACGCGCTCCCGTTCCG-3’
and 5'-GGTGGGCTGGAGGAGGAGTGGGAATICTAGCTGCGG-
GTGTAGTAGTAG-3'; induced mutations are underlined). The am-
plified DNA fragments were purified and inserted between the BamH]!
and EcoRl sites of pGEX-5X-1. Recombinant DNAs were sequenced
using a terminator cycle sequencing kit (Tag DeyDeoxy; Applied
Biosystems, Foster City, CA, USA) and a DNA sequencer (Model
377; Applied Biosystems) to confirm that the plasmid with the ex-
pected VAChT DNA fragment was successfully cloned.

Expression and isolation of human VAChT carboxyl termi-
nus. The expected protein consisted of 60 amino acids of the
human VAChT carboxyl terminus without GST-derived amino ac-

ids. The recombinant DNA was expressed in Escherichia coli
JM105 with 1 mM isopropyithio-3-b-thiogalactoside. Bacteria were
lysed by sonication in a PBS buffer. After being extracted by
adding Triton X-100 to a final concentration of 1%, the cloned
protein was affinity-purified from the bacterial lysates using gluta-
thione sepharose 4B affinity coiumn chromatography (Pharmacia
Biotech, U.K.). The human VAChT protein was separated by
cleavage with factor Xa. However, the chromatography could not
eliminate contaminated the bacterial proteins completely. Thus,
the human VAChT carboxy! terminus was further purified by elec-
trophoresis. The cleaved sample was electrophoresed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis on 15% acryl-
amide gel under a reduced condition. The expressed VAChT
protein was extracted from the gel with 10 mM Tris—HCI (pH 7.5}
containing 0.1% sodium dodecyl sulfate, concentrated with Ami-
con PM10 (Grace Japan, Tokyo, Japan), and dialyzed against
10 mM sodium hydrogen carbonate. Amino terminal sequencing
of the isolated protein was performed with a protein sequencer
(N/C Protein Sequencer System HP 241; Yokogawa Analytical
Systems, Tokyo, Japan). Finally, the purified protein consisted of
53 amino acids of the VAChT carboxyl terminus, which lacked
seven amino acids of the N-terminal, probably because of cleav-
age during the preparation.

Antibody production.  All animal procedures were performed
according to Japanese guidelines of the Prime Minister's Office for
the care and use of laboratory animais. All efforts were made to
minimize the number of animals used and their suffering. A rat
was injected intradermally with 0.4 mg of the human VAChT
carboxy! terminus emuisified in Freund’s complete adjuvant. The
animal was boosted three times with 0.2 mg of the protein at
2-week intervals. During immunization, the antibody titer was
monitored by ELISA (Voller et al., 1976). The blood was collected
by heart puncture 7 days after the last immunization. IgG was
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Fig. 2. Evaluation of the specificity of an anti-human VAChT protein antibody by Western blotting before (lane 1) or after (lane 2) preadsorption with
5 pM of purified VAChT C-terminus protein. (A) Lysates of bacteria expressing GST-VAChT fusion protein on 15% polyacrylamide—sodium dodecy!
sulfate gel. (B) Homogenates of the human spinal cord on 10% polyacrylamide~sodium dodecyl sulfate gel. Molecular weights are indicated in kDa.

purified from the antiserum with protein A column
chromatography.

Western blot analysis. Crude membrane fractions con-
taining VAChT were prepared from the human spinal cord
according to the method by Roghani et al. (1998) with some
modifications. The spinal cord obtained at autopsy was homo-
genated in 20 mM Tris—HCI (pH 7.6} with 125 mM NaCl, 5 mM
EDTA disodium salt, 5 mM n-ethyimaleimide, 2 mM phenyl-
methylsulfonyl fluoride, 1 mM pepstatin A, and 1 mM leupeptin,
and centrifuged for 10 min at 7000x g at 4 °C. The supernatants
were collected and centrifuged for 20 min at 20,000x g at 4 °C.
The membrane pellets were obtained from the resulting super-
natants by centrifugation for 45 min at 180,000 g at 4 °C, and
resuspended in cold 0.32 M sucrose, 10 mM HEPES-KOH (pH
7.6), 5 mM EDTA disodium salt, 5 mM n-ethylmaleimide, 2 mM
phenylmethylsulfonyl fluoride, 1 mM pepstatin A, and 1 mM
leupeptin. Thirty micrograms of resuspended protein was elec-
trophoresed on a 10% polyacrylamide~sodium dodecyl! sulfate
gel under reduction or non-reduction conditions and electro-
phoretically transferred to a nitrocellulose filter. The filter was
blocked by an overnight incubation in phosphate-buffered sa-
line (PBS) containing 2% bovine serum albumin (BSA) at 4 °C,
followed by an overnight incubation in PBS containing 2% BSA
and a polyclonal antibody against VAChT fusion protein (diluted
1:1000). The filter was washed three times in PBS containing
0.05% Tween-20 (TPBS) for 20 min each time and then incu-
bated with a rabbit anti-rat antibody conjugated with peroxidase
(diluted in 1:500; Dako, Glostrup, Denmark) for 1 h at room
temperature. After the filter was washed in TPBS, the bound
antibody was visualized with a chemiluminescent system (Su-
perSignal West Dura Extended Duration Substrate; Pierce,
Rockford, IL, USA). Control experiments were performed to
confirm specificity of the anti-VAChT antibody. For a positive
control, 30 ug of lysates of bacteria expressing GST-VAChT
fusion protein was electrophoresed on a 15% polyacrylamide—
sodium dodecy! sulfate gel and processed with Western blot
analysis. For a negative control, the primary antibody was
preadsorbed by incubation of the purified VAChT carboxyl
terminus protein (5 uM) overnight at 4 °C and centrifuged

for 1 h at 10,000Xg at 4 °C, or was replaced by a normal rat
serum.

Immunohistochemistry for ChAT and VAChT

The tissue sections were cut from paraformaldehyde-fixed, paraf-
fin-embedded tissue blocks and mounted on slides coated with
poly-L-lysine. The tissue sections were deparaffinized and treated
with 1% H,0, for 10 min to quench the endogenous peroxidase
activity, followed by microwave treatment to enhance the immu-
noreactivity. After preincubation with normal goat or rabbit serum
diluted 1:10 for 30 min at room temperature, the sections were
incubated overnight at 4 °C with a 1:1000 dilution of the polyclonal
rabbit antibody against a human ChAT fusion protein (Oda et al.,
1995), or a 1:200 dilution of the polyclonal rat antibody against a
human VACHT fusion protein. The sections were rinsed three
times in 0.02 M PBS for 10 min and reacted with biotinylated goat
1gG against rabbit IgG or biotinylated rabbit IgG against rat 1gG
(diluted 1:200, Dako) for 30 min at room temperature. The tissues
were then rinsed in several changes of PBS, followed by incuba-
tion with an avidin—biotin—peroxidase complex (Dako) for 30 min.
Antibody binding was visualized with 3,3'-diaminobenzidine tetra-
hydrochloride, and the sections were counterstained with hema-
toxylin. The sections incubated with non-immune rabbit or rat IgG
instead of the primary antibody served as negative reaction
controls.

RESULTS
Western blot analysis

In order to verify the recognition ability of the purified
immunoglobulin for the human VAChT protein, immunoblot
analysis was performed. The antibody was immunoreac-
tive with the GST-VACHT fusion protein expressed in bac-
teria (Fig. 2A), and an approximately 75 kDa protein in the
crude membrane fractions of the spinal cord (Fig. 2B). No
immunoreactive bands were observed in the blot mem-
brane incubated with the preadsorbed antibody with the
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Fig. 3. Expression of ChAT (A), VAChT (B), and CHT1 (C) in the human spinal cord and term placenta. (A) Southern blot analysis following RT-PCR
for the detection of H-type (lanes 1, 2, 3, and 13, with a set of forward primer 1 and reverse primer), M-type (lanes 4, 7, 10, and 14), N-type (lanes
5, 8, 11, and 15) and R-type (lanes 6, 9, 12, and 16) mRNAs in tissue of the spinal cord (lanes 1, 4, 5, 6, 13, 14, 15, and 16) and term placenta (lane
2, sample 1, lane 3, sample 2; lanes 7, 8, and 9, sample 3; lanes 10, 11, and 12, sample 4). PCR was done without a step of reverse-transcriptase
reaction in lanes 13, 14, 15, and 16 (spinal cord). (B) Agarose-ge! electrophoresis of RT-PCR products: lanes 1 and 3, spinal cord; lane 2, term
placenta. PCR was done without a step of reverse-transcriptase reaction in lane 3. (C) Agarose-gel electrophoresis of RT-PCR products with a set
of forward primer 1 and reverse primer 1 (lanes 1, 3, and 5), and a set of forward primer 2 and reverse primer 2 (lanes 2, 4, and 6): lanes 1, 2, 5 and
6, spinal cord; lanes 3 and 4, term placenta. PCR was done without a step of reverse-transcriptase reaction in lanes 5 and 6.

VAChKT carboxyl terminus protein (Fig. 2), or the normal rat
serum instead of the antibody raised against the VAChT
carboxyl terminus protein.

Detection of ChAT, VACHT, and CHT1

H-type, M-type, N2-type, and R-type ChAT mRNAs, VAChT
mRNA, and CHT1 mRNA were amplified by RT-PCR in the
autopsied spinal cord (Fig. 3). The relative intensity of the
hybridization signal in the Southern blot experiments, using
the same **P-labeled probe, was strongest in the order of
M-type, R-type and N2-type, as already reported by Misawa
et al. (1997). The expression level of the H-type was slight

1 2 3

lower than that of the N2-type (Fig. 4). The M-type ChAT
mRNA was detected in all placenta samples, the H-type
ChAT mRNA in six placenta samples, and the N2-type ChAT
mRNA in three placenta samples. Intensity of the M-type
signal was stronger than that of the H-type or N2-type signal
in all placenta tissue samples. In one placenta sample with
the expression of three types, the relative intensity of the
hybridization signal was strongest in the order of M-type,
N2-type and H-type. The R-type ChAT, VAChT and CHT1
mRNAs were not detected in any placenta tissue samples.
Bands were not observed in the PCR products generated
without a step of reverse-transcriptase reaction.

4 5 6 7 8 9 10

Fig. 4. Semiquantitative PCR analysis of N2-type (A) and H-type (B) mRNAs in the human spinal cord. Lanes 1-5, Southern blot following PCR with
mRNA isolated from the spinal cord; lanes 610, with 1 pg of the control DNAs. Lanes 1 and 6, PCR for 20 cycles; lanes 2 and 7, for 25 cycles; lanes

3-and 8, for 28 cycles; lanes 4 and 9, 31 cycles; lanes 5 and 10, 34 cycles.
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Fig. 5. (A) Agarose-gel electrophoresis of the RT-PCR products of B-actin (

SC PL

lane 1), REST/NRSF (lane 2, with a set of forward primer 1 and reverse

primer 1; lane 3, with a set of forward primer 2 and reverse primer 2), and CoREST (lane 4, with a set of forward primer 1 and reverse primer 1; lane
5, with a set of forward primer 2 and reverse primer 2), using RNAs isolated from human spinal cord (SC) and term placenta (PL) tissue homogenates.
Lane 6, PCR for REST/NRSF using a set of forward primer 2 and reverse primer 2, without a step of reverse-transcriptase reaction. Lane 7, PCR for
CoREST using a set of forward primer 2 and reverse primer 2, without a step of reverse-transcriptase reaction. (B) Relative quantification of
REST/NRSF and CoREST transcriptions in the spinal cord (SC) and term placenta (PL).

Detection of REST/NRSF and CoREST mRNAs

REST/NRSF and CoREST mRNAs were detected both in
the spinal cord and term placenta by RT-PCR. Direct se-
quence analysis of the PCR products for REST/NRSF
showed that exon N was not included between exons V
and VI, either in the spinal cord, or in the placenta, sug-
gesting that REST/NRSF of the spinal cord is identical to
that of the placenta. However, the amounts of the REST/
NRSF and CoREST RT-PCR products in the placenta
were approximately 2.8 and 3.5 times as many as those in
the spinal cord, respectively (Fig. 5). Further laser capture
microdissection analyses showed that the amounts of PCR
products for REST/NRSF and CoREST mRNAs in the
placental trophoblastic cells were approximately 2.3 and
2.6 times as many as those in the spinal large motor
neurons, respectively (Fig. 6).

Immunohistochemical detection of ChAT and VAChT

Spinal cord.  The cytoplasm of the large motor neu-
rons in the anterior horn was diffusely or focally stained
with anti-ChAT antibody (Fig. 7A), as already reported
(Muroishi et al., 2000). Granular immunoreaction products
for VAChT were observed diffusely in the cytoplasm of all
large motor neurons (Fig. 7B). VAChT-immunoreactive
nerve fibers were scattered throughout the gray and white
matter of the spinal cord. Most of the fibers were discon-
tinuously labeled with anti-VAChT antibody.

Placenta. Immunoreaction product deposits for
ChAT were evident in the spindle-shaped stromal cells
and the endothelial cells of the placental villi (Fig. 7C).
Flat trophoblastic cells were occasionally stained with
anti-ChAT antibody. There were no immunoreaction
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Fig. 6. (A) Agarose-gel electrophoresis of the RT-PCR products of B-actin (lane 1), REST/NRSF (lane 2, with a set of forward primer 1 and reverse
primer 1; lane 3, with a set of forward primer 2 and reverse primer 2), and CoREST (lane 4, with a set of forward primer 1 and reverse primer 1; lane
5, with a set of forward primer 2 and reverse primer 2), using RNAs isolated from spinal large motor neurons (MN) and placental trophoblastic cells
(TB), obtained by microdissection. Lane 6, PCR for REST/NRSF using a set of forward primer 2 and reverse primer 2 without a step of
reverse-transcriptase reaction. Lane 7, PCR for COREST using a set of forward primer 2 and reverse primer 2 without a step of reverse-transcriptase
reaction. (B) Relative quantification of REST/NRSF and CoREST transcriptions in spinal large motor neurons (MN) and placental trophoblastic cells

(TB), obtained by microdissection.

products for VAChT in any structures of the placenta
(Fig. 7D).

Control experiments in which the primary antibody was
replaced by a non-immune rabbit or rat Ig G resulted in no
specific cell staining in the spinal cord and placenta tissue
sections.

DISCUSSION

in this study, an anti-human VACHT antibody was devel-
oped using the C-terminal cytoplasmic domain. The anti-
body detected a single band of approximately 75 kDa in
the crude membrane fractions of the spinai cord. The
molecular weight was in good agreement with a report
regarding human VAChT expressed in cultured PC-12
cells using the cDNA (Varoqui and Erickson, 1996). The
present result not only verifies the specificity of the anti-
body developed in this study, but also indicated the mo-

lecular weight of the native VAChT protein in the human
spinal cord. The molecular weight was much greater than
the calculated molecular weight of a deduced amino acid
sequence from the VAChT DNA (approximately 57 kDa),
indicating that the human VAChT is glycosylated, as al-
ready speculated (Erickson et al., 1994).

As far as human materials are handied to the experi-
ments, the possibility of degradation of mRNAs is not com-
pletely excluded. However, a recent report (Preece et al.,
2003) has shown that postmortem human brain mRNA can
be used as a quantitatively and statistically ordered study. We
examined multiple samples, in which 8-actin and 2-micro-
globulin mRNAs, intrinsic markers, were well preserved. In
addition, the postmortem periods in the autopsy cases were
relatively short. Therefore, we think that the present study
could provide limited but important information on the regu-
lation of the cholinergic gene locus in vivo.
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Fig. 7. Immunohistochemistry of ChAT (A and C) and VAChT (B and D) in the human spinal cord (A and B) and term placenta (C and D). CT,
cytotrophoblast; E, endothelial cells; SS, spindle-shaped stromal cells; ST, syncytiotrophoblast. Scale bar=100 pm.

Southern biot analysis following RT-PCR showed that the
human spinal cord contains the H-type, M-type, N2-type, and
R-type ChAT mRNAs. The H-type, N2-type, and R-type mR-
NAs encode the small form of the ChAT protein with a mo-
lecular weight of approximately 68 kDa (Misawa et al., 1997;
Robert and Quirin-Stricker, 2001), and the M-type can gen-
erate the large (approximately 82 kDa) and the small forms of
the ChAT protein (Oda et al., 1992; Misawa et al., 1997;
Resendes et al., 1999). The M-type, N2-type, and R-type
ChAT mRNAs were isolated from the human spinal cord
(Oda et al., 1992; Misawa et al.,, 1997). The H-type ChAT
mRNA was identified at first in the placenta, and not detected
in the human spinal cord or human neuroblastoma cell lines
(Robert and Quirin-Stricker, 2001). However, the present
study showed that the spinal cord tissue from all three autop-
sied patients contained the H-type ChAT mRNA. in our study,
short lengths between exon H and the common coding exon
1 (Robert and Quirin-Stricker, 2001) were targeted to amplify,
so that the H-type mRNA could be more easily detected in
the autopsied human spinal cord where mRNAs were de-
graded into small fragments. In addition to ChAT mRNAs,
VAChT and CHT1 mRNAs were detected in the spinal cord.
Immunohistochemistry showed the VAChT protein in the
large motor neurons of the spinal cord. VCAhT-immunoreac-
tive nerve fibers were present not only in the anterior horn,
but also in other areas, including the white matter. Most of the
immunoreactive nerve fibers were probably derived from
cholinergic neurons in other segments of the spinal cord or
outside the spinal cord. The present study did not reveal the
locatization of the CHT1 molecules in the human spinal cord.
However, by in sifu hybridization histochemistry and immu-
nohistochemistry, Kobayashi et al. (2002) and Misawa et al.
(2001) have already demonstrated the CHT1 mRNA and the

protein in the somatic motor neurons, sympathetic pregangi-
onic neurons, and neurons in the medial part of lamina VIl of
the human spinal cord. The mRNA for CHT1 is co-localized
with the mRNAs for VAChT and ChAT in the somatic motor
neurons (Kobayashi et al., 2002).

In contrast, the human term placenta exclusively tran-
scribed the M-type ChAT mRNA. The H-type and N2-type
were minor transcripts, and the R-type was not expressed
in the term placenta. These results are partly consistent
with those by Robert and Quirin-Stricker (2001), showing
that the human placenta at 8 months’ gestation transcribes
the H-type and M-type mRNAs, but not the N- and R-types.
It is possible that the H-type and N-type ChAT mRNAs are
not abundantly, nor constantly expressed in the term pla-
centa, and therefore, these types of ChAT mRNA might be
undetected in some instances.

The present study clearly demonstrated by both RT-
PCR and immunohistochemistry that VAChT was not ex-
pressed in the human term placenta. The regulatory ele-
ments of ChAT and VACHhT genes in mammalian cholin-
ergic cells are not fully understocod. However, recent in
vitro expression studies have demonstrated that a 2336-bp
rat genomic region upstream from exon R of the ChAT and
VAChKT exons, which contains a 21-bp sequence homoio-
gous to RE1/NRSE, contributes to the neuron-specific ex-
pression of ChAT and VAChT (Lénnerberg et al., 1996; De
Gois et al., 2000). In non-neuronal cells, the activities of
native promoters for both R-type ChAT and VAChT are
strongly suppressed by several nuclear proteins binding
with this region (De Gois et al., 2000). The 5’-region up-
stream from exon R in the human cholinergic gene locus is
highly homologous to the corresponding rat genomic re-
gion, and contains a RE1/NRSE consensus sequence
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(Hahm et al., 1997). Therefore, it is reasonable to suppose
that transcriptions of both the R-type ChAT and VAChT
mRNAs are co-suppressed in the human term placenta by
similar mechanisms involving the consensus motif, but
those of the M-type and N-type mRNAs, which generate
the same enzyme, are independent of the control by RE1/
NRSE. This hypothesis is further supported by transgenic
mice experiments. Lonnerberg et al. (1995) showed that a
rat 2336-bp-long segment from the 5'-flanking region of
ChAT exon R directs reporter gene expression (chioram-
phenicol acetyltransferase) by a heterologous promoter in
the ventral spinal cord and brain. On the other hand, Naciff
et al. (1997) found a promoter that provides expression of
the B-galactosidase reporter gene in the cholinergic neu-
rons of fransgenic mice within a 6417-bp DNA fragment
between mouse ChAT exons R and M. These studies
indicate the presence of at least two separate regulatory
elements upstream and downstream of exon R in rodents,
both of which control ChAT gene expression.

RE1/NRSE binds to a nuclear factor, REST/NRSF, and
represses the transcription of several neuron-specific
genes in non-neuronal cells (Schoenherr and Anderson,
1995a; Schoenherr et al., 1996). REST/NRSF is known to
further interact with other co-repressors, such as mSin3
and CoREST, and recruits histone deacetylase to form a
complex. The complex is believed to change chromatin
conformation near RE1/NRSE, causing the expression of
RE1/NRSE-containing genes in non-neuronal cells to be
repressed (Jones and Meech, 1999). However, diverse
results have been reported as to the expression of REST/
NRSF in cultured nerve cells or the neuronal tissues of
laboratory animals; some neuronal cell lines express
REST/NRSF (Chong et al., 1995: Bessis et al., 1997), but
some others do not (De Gois et al., 2000). A developmen-
tal study of the mouse embryo detected REST/NRSF
'mRNA in undifferentiated neuronal progenitors, but not in
differentiated neurons (Schoenherr and Anderson, 1995b).
On the other hand, primary cultures of newborn rat dorsal
root ganglion neurons expressed REST/NRSF (Chong et
al., 1995). These results suggest that expression depends
on cell lines, conditions, or developmental stages. Up to
now, the expressions of REST/NRSF and CoREST have
not been recognized in human nervous tissue in vivo.

in the present study, we examined whether the different
transcriptional regulation of the R-type ChAT and VAChT
between the human spinal cord and placenta is related to the
presence or absence of REST/NRSF and CoREST in the
tissues. REST/NRSF and CoREST were transcribed in the
spinal cord and term placenta. Neuron-specific REST/NRSF
transcripts, which contain a 4- (hREST N4) or a 62-bp
(hREST N62) insertion between exons V and VI and encode
truncated REST protein isoforms with low DNA-binding ac-
tivity (Palm et al., 1999), were not detected in the spinal cord.
However, the amounts of the REST/NRSF and CoREST
mRNAs were higher in the placenta than in the spinal cord.
Further comparative analyses using a microdissection tech-
nique were added to investigate whether these regulatory
molecules are expressed differently in the spinal motor neu-
rons and placental trophoblastic cells, revealing that there

were more REST/NRSF and CoREST mRNAs in the placen-
tal trophoblastic cells than in the spinal large motor neurons.
These results are consistent in part with the experimental
studies of REST/NRSF expression using adult rat brains
(Palm et al., 1998), rat dorsal root ganglion neurons (Chong
et al.,, 1995), and cultured cell lines (Chong et al., 1995;
Bessis et al., 1997), which showed that REST/NRSF is also
expressed in mature neurons, but the transcription level is
relatively low in neurons compared with non-neuronal cells.
Chong et al. (1995) suggested that the effect of REST/NRSF
is graded and high expression levels of REST/NRSF are
necessary to silence neuron-specific genes in non-neuronal
cells. Thus, taken together with these experimental studies ~
and the present results, it is suggested that transcription of
R-type ChAT and VACHT is suppressed in the term placenta
with high transcription levels of REST/NRSF and CoREST,
but not in the spinal cord with iow transcription levels of both
molecules. However, REST/NRSF silencing is likely to be
promoter specific. The specificity may be determined by the
particular combination of regulatory factors, some of which
have not been identified yet (Jones and Meech, 1999).
Therefore, the control mechanism for the expression of the
cholinergic gene locus involving RE1/NRSE may function
with a combination of other regulatory elements with REST/
NRSF and CoREST in the human term placenta. Further
studies are required to resolve the issue.

In conclusion, the present study showed that gene
expression of the molecules responsible for ACh metabo-
lism is different between the human spinal cord and term
placenta. It is suggested that at least two separate regu-
latory mechanisms of gene expression are present for the
human cholinergic gene locus, which are possibly selected
by different combinations of DNA motifs and binding pro-
teins to function in neuronal and non-neuronal cells.
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Abstract

The search for signalling systems regulating development of noradrenergic and cholinergic sympathetic neurons is a classical
problem of developmental neuroscience. While an essential role of bone morphogenetic proteins for induction of noradrenergic
properties is firmly established, factors involved in the development of cholinergic traits in vivo are still enigmatic. Previous studies
have shown that the c-ret receptor and cholinergic properties are coexpressed in chick sympathetic neurons. Using in sifu
hybridization we show now that a loss-of-function mutation of the c-ret receptor in mice dramatically reduces numbers of cells positive
for choline acetyltransferase (ChAT) and the vesicular acetylcholine transporter (VAChT) in stellate ganglia of homozygous newborn
animals. The number of neurons positive for tyrosine hydroxylase (TH) mRNA, the rate-limiting enzyme of noradrenaline synthesis, is
reduced to a smaller degree and expression levels are not detectably altered. Already at embryonic day 16 (E16), ChAT and VAChT-
positive cells are affected by the c-ret mutation. At E14, however, ChAT and VAChT mRNAs are detectable at low levels and no
difference is observed between wildtype and mutant mice. Our data suggest that c-ret signalling is necessary for the maturation of

cholinergic sympathetic neurons but dispensable for de novo induction of ChAT and VAChT expression.

Introduction

The development of the transmitter phenotype in sympathetic neurons
is a classical model for studying the molecular basis of neuronal
differentiation (reviewed in Emsberger, 2001). Different populations
of sympathetic neurons employ noradrenaline or acetylcholine,
respectively, for synaptic transmission and can be distinguished by
expression of the respective transmitter-synthesizing enzymes
(reviewed in Emnsberger & Rohrer, 1999). While there is general
consensus that bone morphogenetic proteins (BMPs) at the dorsal
aorta are necessary for induction of the noradrenergic transmitter
phenotype (reviewed in Emsberger, 2000; Goridis & Rohrer, 2002),
the molecular bases of induction of cholinergic properties is
incompletely understood. Whereas sympathetic sweat gland innerva-
tion in rodents develops cholinergic properties in response to target-
derived signals (reviewed in Landis, 1990; Schotzinger ef al., 1994),
other sympathetic neuron populations become cholinergic before
target innervation (reviewed in Emsberger & Rohrer, 1999).

Studies in chick embryos have indicated that early and late
embryonic expression of cholinergic properties in sympathetic
neurons may be regulated via different signalling systems. gpl30
and the leukaemia inhibitory factor receptor § (LIFRp), components
of the neurokine receptor complex, are involved in the late, possibly
target-dependent maturation of cholinergic sympathetic neurons
(Geissen et al., 1998; Duong et al., 2002). Suppression of gpl130 or
LIFRP expression by retrovirally mediated antisense RNA interferes
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with expression of vasoactive intestinal polypeptide (VIP), a widely
used marker of cholinergic neurons, without altering expression of the
enzyme for acetylcholine biosynthesis, choline acetyltransferase
(ChAT), and the vesicular acetylcholine transporter (VAChT). This
suggests that different features of cholinergic properties may be
distinctly regulated in vivo. In vitro, the neurokine ciliary neurotrophic
factor (CNTF) affects ChAT expression at advanced but not at young
developmental stages (Emsberger et al, 1997). In addition to
neurokines, members of the glial cell line-derived growth factor
family (GFL) and the neurotrophin family were shown to promote
cholinergic properties in vitro (Brodski et al., 2000, 2002).

c-tet, a receptor tyrosine kinase involved in GFL signal transduction
(Airaksinen & Saarma, 2002), is coexpressed with cholinergic markers
in chick sympathetic neurons (Emsberger ef al., 2000; Brodski ef al.,
2002). The onset of c-ret expression prior to cholinergic differentiation
(Robertson & Mason, 1995; Ernsberger et al., 1997) had suggested
that signalling via c-ret may be involved in the development of the
cholinergic transmitter phenotype in sympathetic neurons in vivo. In
the present study, mice with a mutation in the kinase domain of c-ret
(Schuchardt et al., 1994) were analysed to provide evidence that c-ret
signalling is involved in the development of cholinergic sympathetic
neurons. Expression levels of ChAT or VAChT mRNA are strongly
reduced in sympathetic stellate ganglia of homozygous mutant mice at
the time of birth, but unaffected at embryonic days 13 and 14. Our
results suggest that initial induction of cholinergic properties occurs
independent of c-ret activity. For expression of normal levels of ChAT
and VAChT mRNAs at later stages, however, c-ret activity is
indispensable. Preliminary parts of these data have been presented
in abstract form (Burau ez al., 2002).
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Materials and methods
Animals

Mice with a targeted mutation of the gene coding for c-ret consisting of a
truncation of the infracellular tyrosine kinase domain (Schuchardt et al.,
1994) were bred in a C57B16 background. Genotyping was performed
with PCR on genomic DNA as described by Allmendinger ez al. (2003)
and supported by analysis of kidney development as well as analysis of
c-ret mRNA expression by in situ hybridization.

Animals are kept at the Central Animal Facility (ZTL) of the
Heidelberg University according to the Regulations for Animal
‘Welfare (Tierschutzgesetz).

Tissue preparation

Offspring was collected immediately after birth or at embryonic
days 13 (E13), 14 (E14), and 16 (E16). The time when the vaginal
plug was detected was counted as day 0. Pregnant females were killed
by CO, asphyxiation. Newborn animals were kept on ice prior to
transcardial perfusion with 4% paraformaldehyde and postfixed in 4%
paraformaldehyde overnight. Embryos were fixed by immersion in 4%
paraformaldehyde overnight. After fixation, animals were dehydrated
by treatment with 15% sucrose overnight and cryosectioned after
embedding in Tissue Tec (Sakura, Zoeterwoude, Netherlands). Cross
sections from the neck and upper thoracic regions were taken at 12 pum
thickness, dried at 37 °C for 1 h and stored at —~20 °C.

In situ hybridization (ISH)

TH and dopamine B-hydroxylase (DBH) riboprobes (generously
provided by Drs C. Goridis and J.F. Brunet, Ecole Normale
Supérienre, Paris, France) were used for ganglion localization and
detection of noradrenergic properties as described (Huber et al., 2002).
Riboprobes for mouse ChAT (Ishii ef al., 1990) and VAChT (741b;
position 1124-1864, GenBank accession number AF019045) were
used to analyse expression from the cholinergic gene locus. In sim
hybridization was performed as described by Emsberger ef al. (1997,
2000). Specificity of the reaction product in ChAT and VAChT ISH
was confirmed with corresponding sense riboprobes.

Histological analysis

At E16 and PO, ISH signals were sufficiently strong to allow
quantitative analysis of positive cells. At E13 and El4, ChAT and
VACHT ISH signals were distinctly above background but too low to
count positive cells.

To quantitatively assess ganglion size and cell number in newbomn
and E16 animals, cross sections of the neck region were taken at 12 pm
thickness and ganglion area was determined after TH or DBH in situ
hybridization from every tenth section. The rostral end of the ganglion
could be easily identified. Due to different degrees of fusion with
thoracic ganglia, the caudal end of the stellate ganglion was defined as
the section with the first ganglionic area minimum showing less than
50% of the largest extension of the ganglion. Ganglion volume was
derived from the rostrocaudal extension and the area measurements. To
estimate the number of ganglionic cells, somata with large round to
oval nucleus were counted on 12-pun cross-sections hybridized for TH,
VAChHT or ChAT, and controlled by DAPI staining. These numbers are
shown as cell counts per area. To derive ganglionic cell numbers, cell
counts are transformed to counts per volume and corrected according to
the Linderstrom-Lang/Abercrombie equation (Hedreen, 1998).

To estimate numbers of ChAT and VAChT-positive cells in newbomn
stellate ganglia, the number of positive cells and ganglionic area were
determined fromeverytenth section. Toestimatenumbers of positive cells
in ganglia of E16 animals, the number of sections analysed was increased
2-4-foldto compensate forsmaller cell numbers. The density of ChATand
VAChT-positive cells was determined from the counts of positive cells
and the atea measurements. To derive ganglionic cell numbers, cell
counts are transformed to counts per volume and corrected according to
the Linderstrom-Lang/Abercrombie equation (Hedreen, 1998).

Statistical analysis !

The significance of differences between cell counts was determined
with ANOVA (Origin 6.1 software, OriginLab, Northampton, MA,
USA) and the Mann-Whitney test (Byrkit, 1987)

Results

Position, size, and cell numbers of stellate ganglia in newborn
c-ret mutant mice

As mutation of c-ret may affect the localization of sympathetic
ganglia (Enomoto et al., 2001), we first analysed the distribution of
sympathetic neurons in the cervical and thoracic region, in particular
the stellate ganglia, of wildtype and c-ret mutant mice. For the
localization of sympathetic neurons, ISH for TH or DBH mRNAs
was performed. In all wildtype animals and heterozygous mutants,
large nerve cell aggregates were well aligned with the thymus
(Fig. 1). The rostral start of these ganglionic structures was clearly
defined, whereas the caudal end was less distinctly recognizable due
to different degrees of fusion with more caudally located nerve cell
clusters. In homozygous mutants, the situation was the same in two
out of three animals. In one animal, the large nerve cell clusters were
markedly displaced along the rostrocaudal axis such that ganglionic
structures came to lie rostrally and caudally to the thymus (Fig. 1, .
animal 2.8). This comroborates and extends previous observations
concerning discrete alterations in the position of sympathetic ganglia,
especially the superior cervical ganglia, in c-ret and GFL alpha-
receptor knockout mice (Nishino et al., 1999; Enomoto et al., 2001).

Sympathetic ganglion size including stellate ganglion size was
reported to be reduced in ret mutants (Enomoto ef al., 2001). Due to the
various degrees of fusion of stellate and thoracic ganglia already in
wildtype animals, this is difficult to quantify. To attempt an estimate of
ganglion size and cell number, we defined the stellate ganglion to extend
from the easily recognizable cranial end to the first area minimum
showing less than 50% of the largest extension of the ganglion. The
volume of'this ganglionic region was reduced by approximately 50% in
homozygous ret mutants as compared to wildtype animals (Table 1).
Due to the smaller size of cells in mutant ganglia, as also reported for the
SCG of ret mutant animals (Enomoto et al., 2001), and the denser
packing in mutant ganglia, the decrease in the estimated ganglionic cell
number amounts to 24% (Table 1). Already in heterozygous mutants,
similar alterations in ganglion volume, cell density, and estimated cell
number were observed (Table 1).

Expression of noradrenergic and cholinergic transmitter
phenotypes in stellate ganglia and spinal cord of newbomn
c-ret mutant mice

Cross sections of the neck region were analysed for noradrenergic
and cholinergic differentiation by ISH. mRNAs for TH (Figs 2 and

© 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 20, 353-362
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F1G. 1. Position of stellate ganglia in newbormn wildtype and c-ret mutant mice. Serial sections in the cervical and thoracic region of wildtype (+/+), heterozygous
{(+/-), and homozygous (—/-) c-ret mutant mice were hybridized with TH and DBH riboprobes to detect sympathetic ganglion neurons. Ganglion size was
determined for the right (black) and left (grey) side independently. Each data point represents the area covered by TH or DBH expressing cells in one section.
Adjacent data points are 120 pm apart. Rostral is to the left, caudal to the right. The position of the thymus is indicated by the bar above the plot for each individual
animal. The rostral end of the sympathetic neuron aggregates, forming the stellate ganglia, are sharply demarcated. The caudal end is not unequivocally defined due
to various degrees of fusion with more caudally located nerve cell clustexs The ganglion position on the right and left side is not always in register. In homozygous
c-ret mutants, ganglion position appears normal in two out of three mice. In one animal (2.8), ganglia on both sides are displaced towards the rostml and caudal ends
of the thymus. In two homozygous mutants (2.8 and 3.2), two main ganglionic aggregates appear on the right side at the level of the thymus.

TaBLE 1. Reduction of stellate ganglion size and cell number in newborn
animals

Geno- Ganglion volume Cell densxty Cell number estimate
type {mmy (per mm?) {per ganglion)

+/+ 0.052 + 0.0052 4530 + 339 10375 = 720

/- 0.030 + 0.0027** 5897 + 132* 7847 + 772%

) 0.026 + 0.0024** 6369 * 438* 7936 * 473*

Ganglion volume and cell density were determined as described in Materials
and methods. The cell numbers per ganglion were estimated by transforming
the density per area into density per volume and correction by the Linderstrom-
Lang/Abercrombie equation (Hedreen, 1998). Mean cell diameters used for
correction were obtained from at least 60 cells per genotype: 10.4 um, wild-
type; 10.9 um, heterozygous; 9.0 um, homozygous mutants. Values given in
the table are means + SEM from six ganglia each in wildtype and heterozygous
mutants and from five ganglia in homozygous mutants. Mutant animals are
significantly different from wildtype: *P < 0.05, **P < 0.005 (ANOVA).

3) and DBH (not shown), enzymes of the noradrenaline biosynthesis
cascade, are expressed in stellate ganglia of homozygous c-ret
mutant animals supporting the notion that noradrenergic neurons

differentiate in spite of the lack of c-ret signalling (Durbec ef al,
1996; Enomoto et al., 2001). Choline acetyltransferase (ChAT), the
enzyme of acetylcholine biosynthesis, and the vesicular acetylcho-
line transporter (VAChT) could be detected in spinal cord motor
neurons of homozygous c-ret mutants (Fig. 2B and C). In stellate
ganglia of homozygous animals, however, expression of the
cholinergic markers was drastically reduced, while heterozygous
animals showed apparently normal cholinergic cells (Figs 2B-D,
and 3A-D).

The relative loss of ChAT and VAChT-positive ceils largely
exceeds that of total stellate ganglion cells in homozygous c-ret
mutant mice

In Fig. 4 the distribution and numbers of ChAT and VAChT mRNA
expressing cells are plotted for serial sections through stellate
ganglia of wildtype, heterozygous, and homozygous mutant mice.
While wildtype and heterozygous stellate ganglia displayed cells
positive for ChAT and VAChT mRNAs in almost every section,
only very few sections from homozygous mutants contained
cholinergic cells. Figure 5 presents numbers of ChAT and

© 2004 Federation of European Neuroscience Societies, Evropean Journal of Neuroscience, 20, 353-362
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F1G. 2. Expression of noradrenergic and cholinergic properties in sympathetic ganglia and spinal cord of c-ret mutant mice. Sections from heterozygous (+/-) and
homozygous (—/-) c-ret mutant mice were hybridized with riboprobes for tyrosine hydroxylase (TH), choline acetyltransferase (ChAT), and the vesicular
acetylcholine transporter (VAChT). TH expression is detectable in sympathetic ganglia (<) of homozygous c-ret mutants (A). ChAT (B) and VAChHT (C and D) are
detected in spinal motoneurons (*) of homozygous (B and C) and heterozygous (D) mutant animals. In sympathetic ganglia (<) of heterozygous animals (D),
VAChT expressing cells (v) are detectable whereas no ChAT or VACHT expression is found in sympathetic ganglia (<) of homozygous mutants (B and C). Scale bar,

120 pm.

VAChT-positive cells (identified by ISH) per mm’ for wildtype,
heterozygous, and homozygous c-ret mutant mice. Overall, the
density of cells positive for these cholinergic markers is decreased
by more than 80% in homozygous mutants as compared to
wildtype littermates. No reduction is observed in heterozygous
animals.

The absolute number of ChAT-positive cells per stellate ganglion is
estimated to be 63.1 = 12.1 in wildtype and 1.3 £ 1.3 in homozygous
mutants, corresponding to a highly significant decrease by 98% (n 2 5
ganglia per genotype; = SEM; P = 0.001, ANOVA). The number of
VAChT-positive cells is estimated to be 117.9 £22.4 in wildtype
animals as compared to 8.8 + 3.8 in homozygous mutants (n =5
ganglia per genotype; = SEM; P = 0.002, ANOVA), corresponding to
a highly significant decrease by 93%.

Taken together, the data show a reduction by 24% in total
ganglionic cell number and by more than 90% in ChAT and
VAChT-positive stellate cells in homozygous c-ret mutant mice.
This massive reduction in cells expressing cholinergic markers is
due to the combination of reduced ganglionic cell number and a
much stronger reduction in the density of cells with detectable
ChAT and VAChT mRNA levels. The reduction in density may
result from the loss of cells with cholinergic properties or from the
lack of detectable expression of cholinergic markers in still existing
cells. As numbers of stellate cells expressing ChAT and VAChT
mRNAs are small, comparison with total ganglion cell estimates
does not allow a decision to be made between the two possibilities.
Heterozygous mutation, though sufficient to reduce ganglionic cell
numbers, does neither result in reduced densities of ChAT and
VAChT-positive cells nor in reduced staining intensities as judged
by in situ hybridization.

c-ret mutation does not affect TH mRNA expression levels
in mouse stellate ganglia

To investigate whether the reduction in cholinergic markers seen in
c-ret homozygous mutant mice was transmitter-specific or paralleled
by a similar decrease in noradrenergic marker expression, we analysed

'TH mRNA by ISH. Figure 3E and F shows that TH mRNA positive

cells occurred at several distinct levels of staining intensities.
Consequently, Fig. 6 presents percentages of TH mRNA positive
cells classified according to four distinct levels of mRNA expression
(-, +, ++ and +++) by two independent observers. No significant
alterations were observed for any of these four categories in c-ret
mutant mice. Consequently, the proportion of TH-positive cells
including all cells with detectable TH ISH signal (+, ++ and +++) is
not altered significantly. They amount to 94.0 = 2.1% of ganglionic
cells in wildtype animals and to 95.7 = 0.3% in homozygous mutants
(n =3 animals, = SEM). These data demonstrate that the vast
majority of ganglionic cells are catecholaminergic cells. Thus, the
overall decrease in cell number in c-ret mutants by approximately 25%
affects the noradrenergic cell population albeit, relative to population
size, to a much smaller degree than >90% reduction of ChAT and
VAChT-positive cells in homozygous c-ret mutants.

Expression of cholinergic properties in stellate ganglia is
affected already in 16-day-old c-ret mutant animals

In order to establish whether the above changes in cholinergic marker
expression of stellate neurons were associated with ontogenetic
maturation or initial induction of the cholinergic phenotype, we
studied E16 and earlier stellate ganglia.

© 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 20, 353-362
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FIG. 3. Specific loss of cholinergic properties in stellate ganglia of homo-
zygous c-ret mutant mice. Sections from heterozygous (+/-) and homozy-
gous (—/—) c-ret mutant mice were hybridized with riboprobes for choline
acetyltransferase (ChAT), the vesicular acetylcholine transporter (VACOT),
and tyrosine hydroxylase (TH). In heterozygous animals, a small but distinct
number of cells in stellate ganglia express detectable levels of ChAT
(A) and VAChT (C). Such cells are almost entirely absent from
homozygous mutant mice (B and D). TH expression is detectable in the
vast majority of ganglionic cells in heterozygous (E) and homozygous
(F) mutants. Expression levels differ strongly between cells such that TH-
positive cells with strong (>), medium (+) and weak (*) expression were
distinguished from TH-negative cells (). Scale bar, 25 um.

We first analysed by TH and DBH ISH the distribution of neurons
in the region of the stellate ganglion along rostrocaudal levels and in
relation to the thymus at E16. Similar to newbom animals, E16
wildtype and heterozygous mutant animals displayed ganglionic
structures at the height of the thymus that were sharply demarcated
cranially and partially fused with more caudally located, smaller nerve
cell clusters (data not shown). The cranial end of the stellate ganglia
was located close to the cranial end of the developing thymus in
wildtype and heterozygous animals. In two out of three homozygous
mutant animals, relatively large neuron aggregates were observed
cranial to the thymus in addition to ganglionic structures at the level of
the thymus. Whether the more cranially located cell clusters are
misrouted superior cervical ganglion or stellate ganglion precursors,
cannot be decided with certainty.
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Quantitative analysis was performed for stellate ganglion size and
cell number (Table 2) as described for newborn animals. Ganglionic
volume in homozygous mutants appears reduced by 47% as compared
to wildtype animals and the comresponding reduction in estimated
ganglionic cell number amounts to 42%. In contrast to newbom
animals, no significant difference in cell density is found. Also
different from newborn animals, heterozygous animals show no
significant alterations in ganglionic volume and cell number as
compared to. wildtype animals (Table 2).

Already at El6, c-ret mutation affects cholinergic properties in
stellate ganglia (Fig. 7). ChAT mRNA signals are detectable in
wildtype (Fig. 7A) and heterozygous (not shown) animals at low
signal intensities. In homozygous c-ret mutants, ChAT-positive cells
are largely missing (Fig. 7B). VAChT mRNA signals are stronger and
positive cells are more numerous than ChAT-positive cells in the
wildtype (Fig. 7C and E) and heterozygous (Fig. 7G) animals. In
addition to strongly VAChT-positive cells, a fraction of cells, observed
at E16 but not PO, express VAChT mRNA signals just above detection
threshold (compare Fig. 7E and H). In homozygous c-ret mutants,
cells with strong VAChT expression are largely absent (Fig. 7D and F)
while weakly VAChT-positive cells are still detectable (Fig. 7F).

Quantitative analysis of ChAT-positive cells shows a highly
significant reduction by 82% from 67.1 = 17.2 cells per ganglion in
wildtype animals to 11.9 + 4.0 cells in homozygous mutants (n = 5
ganglia per genotype; = SEM; P = 0.008, ANOVA). In heterozygous
animals, the estimate of ChAT-positive cells is increased to
101.3 £ 10.3 cells per ganglion, which is due to a significantly
enhanced density of ChAT-positive cells in heterozygous (73.9 =
57/mm?) as compared to wildtype animals (61.6 % 9.3/mm?)
(n = 10 ganglia per genotype; P < 0.05, Mann—Whitney U-test).

Quantitative analysis of VAChT mRNA-positive cells is complica-
ted by the variable detection of cells with expression levels just above
background whose number was affected by the batches of riboprobe,
alkaline phosphatase-conjugated antibody and colour substrate. In
experiments (n = 3) showing only few low-intensity VAChT-positive
cells (Fig. 7C and D), the estimate of VAChT mRNA-positive cells
was 119 £26 (wildtype), 195 & 20 (heterozygous), and 7 + 0.5
(homozygous c-ret mutants) per ganglion (12 2 5 ganglia per geno-
type; = SEM). The reduction in the number of positive cells per
ganglion by 94% in homozygous mutants is highly significant
(P = 0.001, ANOVA) and is paralleled by a decrease in the density
of VAChT-positive cells from 70+ 19/mm® in wildtype to
9 +2/mm? in homozygous mutants. Interestingly, the number of
VAChT-positive cells per ganglion in heterozygous mutants is
increased to 164% of wildtype animals under such detection
conditions, which is paralleled by an increase in the density of
VAChT-positive cells to 121 + 15/mm’? in heterozygous animals
(n = 8 (wildtype) and 14 (heterozygous) ganglia; P < 0.05, Mann—
Whitney U-test). Experiments (n = 3) showing significant numbers of
low-intensity VAChT-positive cells (as shown in Fig. 7E-G) yield an
estimate of 469 +49 (wildtype), 367 =30 (heterozygous), and
192 £ 22 (homozygous c-ret mutants) VAChT-positive cells per
ganglion (n = 5 ganglia per genotype; = SEM). The 59% reduction
between wildtype and homozygous mutant animals is highly signi-
ficant (P = 0.0004, ANOVA) yet remains closer to the reduction in
total cell number of mutant ganglia (42%) than to the reduction in
ChAT-positive cells (82%). VAChT-positive cell numbers per ganglion
from heterozygous animals are not significantly different from
wildtype animals, similar to the number of ganglionic cells.

The decrease in ChAT and VAChT mRNA signals in homozygous
c-ret mutant mice demonstrates the requirement of c-ret signalling for
development of cholinergic neurons already at this embryonic stage. An
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FiG. 4. Distribution of cholinergic cells in stellate ganglia of newbom wildtype and c-ret mutant mice. Serial sections from the ganglia shown in Fig. | are
hybridized with ChAT and VACHT riboprobes. The numbers of ChAT (black bars) and VACT (unfilled bars) positive cells are displayed against ganglionic
area {black squares) for the respective section. Cell number and ganglionic area from the left and the right side in each section are pooled. Numbers of positive
cells are given for each section where the ganglionic area is indicated by a black square. For sections where the ganglionic area is shown by a black square in
the absence of unfilled or black bars, no ChAT or VAChT-positive cells were observed. Such sections are found very infrequently in wildtype and heterozygous
ganglia whereas the vast majority of sections from homozygous mutants are devoid of detectable ChAT or VAChT expression. Unfilled squares show regions

of the ganglia not analysed for ChAT or VAChT expression.

increase in density of ChAT and strongly VAChT-positive cells in
heterozygous mutants indicates that c-ret action on cholinergic devel-
opment may not be linearly related to gene dosage. This is mnot
unprecedented as colonization of the colon by enteric neural crest cells in
endothelin-3 mutant mice is more extensive in heterozygous c-ret
mutant mice than c-ret wildtype animals (Barlow et al, 2003). The
presence of a weakly VAChT-positive cell population in E16 stellate
ganglia complicated the quantitative analysis. The interesting observa-
tion that the effect of the ¢-ret mutation on this population barely exceeds
the effect on the total ganglion cell number suggests that c-ret signalling
is specifically required for enhanced expression of cholinergic markers.

Analysis of E13 and E14 embryos reveals that c-ret is not
required for the initial induction of ChAT and VAChT mRNA
expression

In order to investigate whether c-ret is necessary for the induction of
cholinergic properties, we analysed E13 and El4 stellate ganglia.
Previous studies had shown that VAChT mRNA is detectable at E12 in
primary sympathetic ganglia and at El4 in secondary sympathetic
ganglia of the rat (Schéfer ef al., 1997; Schiitz et al., 1998). As shown
in Fig. 8, no overt difference was seen in VAChT and ChAT mRNA
expression between stellate ganglia from El4 wildtype and c-ret
homozygous or heterozygous mice. Expression levels were low and
did not permit the precise determination of the numbers of positive

neurons. [dentical observations were made at E13. Together, these data
suggest that c-ret is not essential for initiating the onset of VAChT and
ChAT expression, but important for the subsequent expression of
cholinergic markers at enhanced levels in a small subpopulation of
stellate neurons.

Discussion

The present study provides evidence for a requirement of c-ret signal
transduction for the development of cholinergic sympathetic neurons
in vivo. Homozygous mutation of the c-ret kinase domain results in a
massive loss of ChAT and VAChT mRNA in the mouse stellate
ganglion. This effect becomes apparent during embryonic develop-
ment (E16) when ChAT and VAChT become strongly expressed in a
subset of sympathetic ganglion nenrons. Before this time, expression
of cholinergic properties is detectable at low levels and cannot be
distinguished between wildtype and mutant mice. Thus, the data also
demonstrate that c-ret kinase activity is not required for initial
induction of expression from the cholinergic locus in sympathetic
neurons but becomes necessary for development of cholinergic
sympathetic neurons at more advanced developmental stages.
Apparently, development of this neuron population is differently
regulated at different stages as originally observed in the chick
embryo (Emsberger et al.,, 1997; Geissen et al., 1998; Duong et al.,
2002).
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FiG. 5. The density of ChAT and VAChT-positive cells is reduced by more
than 80% in homozygous c-ret mutant mice. The density of ChAT and
VAChT-positive cells was determined in wildtype (+/+), heterozygous
(+/-), and homozygous (~/-) c-ret mutant mice. For each genotype, three
animals were analysed and for each animal at least four sections were
counted. The bars show the mean number of positive cells per mm*
(n = 3, = SEM). The density of ChAT and VAChT-positive cells is signi-
ficantly reduced in homozygous mutant mice (*P < 0.05, Mann—Whitney and
ANOVA) as compared to heterozygous and wildtype animals.
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F1G. 6. The proportions of cells with different levels of TH expression are
not affected by the c-ret mutation. The proportion of stellate ganglion
neurons with strong (TH +++), medium (TH ++), weak (TH +), or no
detectable (TH ~) TH expression was determined in wildtype (+/4),
heterozygous (+/-), and homozygous (—/-) ret mutanis. At least three
animals were analysed for each genotype and for each animal at least three
sections of the stellate ganglia are counted. Numbers shown are means +
SEM. No statistically significant differences are observed when neuron
classes are compared between the different genotypes (Mann—Whitney and
ANOVA).
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TABLE 2. Reduction of stellate ganglion size and cell number in E16 mice

Geno- Gan%lion volume Cell den§ity Cell number estimate
type (mm”) (per mm") (per ganglion)

+/+ 0.038 = 0.0032 5212 £ 620 9003 + 1430

+/~ 0.032 + 0.0017 6262 £31 9254 + 531

-/ 0.020 + 0.0012** 5104 = 174 5249 + 509*

Ganglion volume and cell density were determined as described in Materials
and methods. The cell numbers per ganglion were estimated by transforming
the density per area into density per volume and correction by the Linderstrom-
Lang/Abercrombie equation (Hedreen, 1998). Mean cell diameters used for
correction were obtained from at least 60 cells per genotype: 9.6 um, wildtype;
9.9 um, heterozygous; 8.1 pm, homozygous mutants. Values given in the table
are means + SEM from five (wildtype), six (heterozygous), and four (homo-
zygous) ganglia. Ganglion volume and total estimated cell number from
wildtype and homozygous mutants are significantly  different:
*P < 0.05, **P < 0.0005 (aNOvA). No significant differences were observed
between wildtype and heterozygous animals.

Several mechanisms may result in the reduced detection of
cholinergic properties in c-ret mutant sympathetic ganglia. A loss of
cholinergic neurons due to alterations of cell proliferation, cell
migration, cell death, and effects on transcription from the cholinergic
locus may account for the observed changes. As cholinergic neurons
in the newborn mouse stellate ganglion amount to approximately 1%
of total cells only, we cannot unequivocally favour or exclude any of
the above possibilities.

Quantitative analysis of cell number (this study) as well as apoptotic
figures (Enomoto ef al., 2001) indicates enhanced cell loss in stellate
ganglia of newborn and embryonic c-ret mutant animals. As
TH-positive cells amount to more than 90% of total ganglionic cells
in newborn wildtype and mutant animals, the reduction in ganglionic
cell number estimated to be 24% in c-ret mutants must include the
catecholaminergic cell population. Thus, a role of c-ret signalling in
cell survival may affect the mimber of catecholaminergic stellate cells.
This cannot be easily extended to cholinergic VAChT and ChAT-
positive cells, however. Even though the loss of cholinergic markers
appears much more dramatic than the reduction in ganglion cell
number and consequently catecholaminergic cells, the minute size of
the cholinergic population cannot be expected to show significantly in
ganglion cell estimates. :

In fact, indirect evidence suggests an effect of c-ret signalling on
expression of cholinergic properties rather than on survival of
cholinergic cells. Increased apoptosis in newbom c-ret mutants does
not occur preferentially in the cell population that expresses GFP from
the ret locus (Enomoto et al., 2001). These cells correspond to ret-
positive cells in wildtype animals and, surprisingly, appear nonover-
lapping with the dying cells in mutant sympathetic ganglia. Indeed, the
proportion of GFP-positive cells in newbormn stellate ganglia is almost
identical between heterozygous and homozygous mutant animals
(Enomoto ef al, 2001). As c-ret is coexpressed with cholinergic
properties in chick sympathetic ganglia (Ernsberger ef al., 2000), these
observations suggest that cells of the cholinergic population persist in
c-ret mutant animals without expression of wildtype levels of
cholinergic markers VAChT and ChAT. Due to comparatively low
levels of VAChT and ChAT expression already in stellate ganglia of
wildtype mice, coexpression analysis between cholinergic markers and
¢-ret could neither be performed on RNA nor on protein level (UE.,
unpublished observations) to directly strengthen this conclusion.

Taken together, homozygous c-ret mutation reduces ganglionic cell
number estimates by more than 40% at E16 and more than 20% at PO.
This may result from survival effects of c-ret signalling, even though
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F1G. 7. Reduction of ChAT and VAChT mRNA signals in stellate ganglia of
cret mutant mice at embryonic day 16. Sections from wildtype (+/+),
heterozygous (+/-) and homozygous (~/—) c-ret mutant mice were hybridized
with riboprobes for choline acetyltransferase (ChAT) and the vesicular
acetylcholine transporter (VAChT). Cells with weak ChAT signals (<) are
found in wildtype animals (A), whereas homozygous mutants are largely
devoid of ChAT-positive cells (B). Cells with relatively strong VACHT signals
(< >) are detected in wildtype (C and E) and heterozygous (G) animals but
absent from homozygous c-ret mutants (D and F). Depending on the batch of
riboprobe, alkaline phosphatase-conjugated antibody, and colour substrate,
cells with weak VACHT signals (*) can be detected in both wildtype
(E) and homozygous mutants (F). Comparison with sense riboprobe
(H) shows that low intensity signals are above background. Panels C and D
show results obtained with one batch of solutions, panels E-H were obtained
with different solutions. Scale bar, 50 um.

effects on proliferation and migration cannot be excluded. A specific
reduction by more than 80-90% of ChAT and VAChT-positive cells is
observed at PO and at E16, at least for cells with high expression
levels. The mechanism of this reduction is currently unclear even
though indirect evidence favours an effect on gene expression rather
than cell death. Whether the effects of c-ret on total cell number and
on ChAT and VAChT-positive cells are mediated by the same or by
different ligands and alpha receptor subunits, remains to be deter-
mined.

Both ChAT and VACHT are expressed from the cholinergic gene
locus in several animal species where the coding sequence for VAChT
is located in the first intron of the ChAT gene (Eiden, 1998). The
regulation of expression by common promoter elements is considered
responsible for the coexpression of both genes even though

Fi1G. 8. ChAT and VAChT are expressed at low levels in sympathetic ganglia
of 14-day-old wildtype and ret mutant mice. Sections from wildtype (+/+) and
homozygous (—/-) c-ret mutant mice were hybridized with antisense
riboprobes for tyrosine hydroxylase (TH) (A and B), choline acetyltransferase
(ChAT) (C and D), the vesicular acetylcholine transporter (VAChT) (E and F),
as well as sense riboprobes for ChAT (G) and VAChT (H). TH expression
allows localization of sympathetic ganglia (A and B). ChAT (C and D) and
VACHT (E and F) mRNAs are detectable in wildtype and homozygous mutant
animals at low expression levels. Sense riboprobes for ChAT (G) and VAChT
(H) give no signal and demonstrate that the weak signals detected with the
antisense riboprobes are clearly above background. Scale bar, 50 pm.

differences in relative expression have been reported in rat develop-
ment (Holler et al., 1996; Schiitz et al., 2001).

In our study, numbers of VAChT-positive cells are consistently
higher than ChAT-positive cells. As VAChT ISH signals tend to be
higher than ChAT signals in sympathetic neurons, we suspect VAChT
mRNA levels to be higher than ChAT mRNA levels. A similar
observation is made in chick sympathetic ganglia (U.E., unpublished
observations) and the rat peripheral nervous system (Schiitz et al.,
2001). It is hypothesized that such observations may be explained by
usage of different promoters in the cholinergic gene locus. Conse-
quently, ChAT mRNA could be expressed in some VAChT-positive
cells below ISH detection threshold. This suggests that VAChT is the
more sensitive marker for cholinergic gene expression and differen-
tiation, at least for anmalysis in the peripheral nervous system.
Compared to immunohistochemistry (IHC) for VAChT (Stanke
et al., 2000), ISH provides more sensitive detection due to higher
signal-to-background ratios and the absence of signals from fibers and
terminals that may obscure faint staining of ganglionic cell bodies.
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Despite the limitation of histological methods such as ISH by
detection thresholds, altered cholinergic transmission in sweat glands
of GFRalpha2 mutant mice (Hiltunen & Airaksinen, 2002) supports
the conclusion that the effect of c-ret signalling on ChAT and VAChT
expression may affect cholinergic neurotransmission.

Whether c-ret acts directly or indirectly is an important question to
be resolved. It has been demonstrated that outgrowth of sympathetic
fibers is compromised in c-ret mutants (Enomoto et al., 2001) as well
as GFRalpha3 and artemin mutants (Nishino et al.,, 1999; Honma
et al., 2002). As expression of cholinergic properties in a subpopu-
lation of sympathetic neurons innervating rodent sweat glands is a
consequence of interaction with target tissues (reviewed in Landis,
1990; Ernsberger & Rohrer, 1999), c-ret mutation may act via
interfering with target innervation. Thus, target-derived cholinergic
differentiation factors may not access neurons in niutant animals. As
some SCG neurons encounter their peripheral targets already at E15.5
(Fagan et al., 1996) this may also be the case for stellate neurons even
though the time of innervation of peripheral targets by mouse stellate
neurons is currently not known. Neurokine growth factors were, for a
long time, hypothesized to act as cholinergic differentiation factors in
sweat glands (Rohrer, 1992; Habecker ef al., 1997). Thus, lack of c-ret
signalling may alter neurite outgrowth and prevent access of
sympathetic neurons to neurokines in the target tissues. Alternatively,
GDNF family ligands may act directly. Indeed, neurturin is detectable
in mouse sweat glands (Hiltunen & Airaksinen, 2002) and may
directly affect cholinergic differentiation.

In addition, growth factors along the neurite outgrowth paths may
also play a role. The demonstration of artemin expression along
embryonic blood vessels (Honma et al., 2002) provokes the question
of whether signalling along this outgrowth pathway for sympathetic
neurites may contribute to cholinergic development either by promo-
ting target access or by directly affecting expression from the
cholinergic gene locus. The complex regulation of c¢-ret and GFRal-
phas during embryogenesis at least in the SCG (Nishino ez al., 1999)
indicates that GDNF family ligands may exert multiple functions in
sympathetic neuron development.

In summary, we have shown that c-ret is not required for the initial
induction of cholinergic properties in sympathetic neurons. c-ret
activity, however, is indispensable for cholinergic sympathetic neurons
at later embryonic and postnatal stages. As we show, to our knowledge
for the first time, the requirement of a specific signalling system for
normal development of ChAT and VAChT-positive neurons in
embryonic and newbom sympathetic ganglia, a number of questions
arises. Is the moderate reduction of ganglionic cell number and the
massive reduction of ChAT and VAChT-positive cells in c-ret mutants
due to interference with signalling from one or from different c-ret
ligands? Is the undeslying mechanism the same, i.e. cell death, or are
several functions such as proliferation, cell death, and gene expression
affected? In addition, the question remains to be settled as to whether
c-ret acts directly or indirectly, for example by promoting access to
target-derived cholinergic differentiation factors and/or survival
factors. Irrespective of the answers to these questions, the massive
and specific effect of c-ret mutation on ChAT and VAChT-positive
cells in stellate ganglia establishes c-ret signalling as a key player in
transmitter phenotype diversification of sympathetic neurons.
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The LIM homeobox gene, L3/Lhx8, is necessary for proper
development of basal forebrain cholinergic neurons
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Abstract

Basal forebrain cholinergic neurons (BFCNs) are involved in cognitive functions such as learning and memory, and are affected in
several neurodegenerative diseases (e.g. Alzheimer's disease). Despite their importance, the molecular mechanisms of their
development are not fully elucidated. A recent report demonstrated that some BFCNs in adult rat are positive for L3/Lhx8, a LIM
homeobox transcription factor. To examine the function of L3/Lhx8 in the development of BFCNs, we generated L3/Lhx8 gene-disrupted
mice. In these mice, cells expressing cholinergic neuron markers, such as choline acetyltransferase, vesicular acetylcholine transporter
and p75 low-affinity NGF receptor, were markedly reduced in the basal forebrain, whereas other cholinergic neurons including brain
stem and spinal motor neurons expressed the markers. Neurotransmitter phenotypes other than cholinergic in the basal forebrain
appeared intact. From these results, we suggested that L3/Lhx8 has a pivotal and specific role in the development and/or maintenance

of BFCNs.

Introduction

Cholinergic neurons in the basal forebrain (BFCNs) have been exten-
sively studied in several species of mammals and accumulating
evidence indicates that they play important roles in arousal, attention,
learning and memory (Everitt & Robbins, 1997). They are affected in
several neurodegenerative disorders such as Huntington’s disease
(Ferrante et al., 1987) and Alzheimer’s disease (Whitehouse et al.,
1982). In spite of their importance in cognitive functions, the mole-
cular mechanisms of their normal development and of degeneration in
the above-mentioned disorders have not been fully elucidated.
Transcription factors regulate neurotransmitter phenotypes with
sequential and combinatorial expression patterns (Goridis & Brunet,
1999); recent studies have demonstrated that certain transcription
factors were crucial in such regulation. For example, Nurrl, an orphan
nuclear receptor, is essential for the expression of the dopaminergic
phenotype in the midbrain (Saucedo-Cardenas et al., 1998). This
requirement is specific to the midbrain dopaminergic neurons, because
other populations with dopaminergic phenotype develop normally in
the absence of the gene (Zetterstrom et al., 1997). Serotonergic
neurons in the hindbrain require a LIM-homeobox (Lhx) transcription
factor Lmx 1b for their proper development (Cheng et al., 2003; Ding
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et al., 2003). These transcription factors are characteristically ex-
pressed in their corresponding neurons.

Many transcription factors are expressed in the developing basal
forebrain and gene-disrupted mice exhibit malformation of the fore-
brain (Kimura et al., 1996; Casarosa et al., 1999; Hallonet et al., 1999;
Sussel et al., 1999; Toresson et al., 2000; Yun ef al., 2001). However,
BFCNs were not affected in these mice. Among the transcription
factors, L3/Lhx8 is specifically co-expressed with GbxI in the adult rat
BFCNs (Asbreuk et al., 2002), suggesting its possible implication in
development of BFCNs by analogy to the Nurrl or Lmx1b cases. Zhao
et al. (1999) generated L3/Lhx8-deficient mice and reported that these
mice exhibited a cleft palate, but they did not discuss the phenotype of
their brains. A notable point in that study is that a complete cleft of the
secondary palate occurred in only 60% of the homozygous mice. They
supposed that in these knock-out mice Lhx6 might partially compen-
sate for the L3/Lhx8 function (Zhao et al., 1999), because L3/Lhx8 and
Lhx6 share about 60% amino acid sequence similarity and the dis-
tribution of L3/Lhx8 mRNA-positive cells in the embryo significantly
overlapped with those expressing L/x6 (Grigoriou et al., 1998; Kimura
et al., 1999; Zhao et al., 1999; Zhang et al., 2002). Taken together, a
different knock-out strategy would be required to circumvent the
potential compensation by Lhx6 in vivo.

The LIM domain of Lhx transcription factors is a protein—protein
interaction domain that is necessary for binding with Ldbs, co-factors
for the transcriptional activity of Lhx proteins (Dawid et al., 1998).
This domain, when overexpressed in vivo, could function as a
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dominant negative form that could sequester Ldbs (Taira et al., 1994;
Kikuchi et al., 1997; O'Keefe et al., 1998; Segawa et al., 2001). As an
attempt to curtail Lhx6 compensation, we generated another line of
L3/Lhx8-deficient mice in which the LIM domains of L3/L.hx8§ were
expressed from the recombinant allele. The LIM domain protein could
serve as a dominant negative form to limit Lhx6 functions in the
L3/Lhx8-targeted cells. Hereafter, we call these SHD/SHD mice to
distinguish them from the previously generated L3/Lhx8~—/— mice
(Zhao et al., 1999). The gross morphology and molecular marker
expression of the developing basal forebrain in our S3HD/SHD mice
were normal; the only defect we identified in the brain was marked
reduction of BFCNs.

Methods

Construction of the L3/Lhx8 targeting vector

In order to knock out the L3/Lhx8 gene and simultaneously to produce
a putative dominant-negative form of the L3/Lhx8 protein, we aimed at
exon7 of the L3/Lhx8 gene, which encodes the core region of the
homeodomain (see Fig.2a). About 7kbp genomic DNA fragment
flanking the exon7 was subcloned in pBlueskript-KS(+). Exon7
was replaced by a PGK-Neo cassette in the inverted orientation and
at both ends of the targeting vector MCI1-DTA cassettes were added. In
addition, a ‘SIGP’ cassette was inserted downstream of the PGK-Neo
cassette. ‘SIGP’ cassette stands for Splicing Acceptor 4+ IRES (internal
ribosomal entry site)-+GFP (green fluorescent protein) -+ PolyA
signal (see Fig.2a). By inserting this cassette in the targeting vector,
the truncated L3/Lhx8 mRNA (from the exonl to the exon6) and the
IRES-GFP-PolyA signal fusion mRNA can be expressed under con-
trol of the L3/Lhx8 promoter, and from this fusion mRNA, the GFP
protein could be translated via IRES (see Fig. 2c and d). All animal
experiments were carried out in accordance with the regulations of the
Animal Care and Use Committee of Nara University. For harvesting
tissues, animals were killed under deep anaesthesia with pentobarbital.

Generation of L3/Lhx8 §HD/SHD mice and genotyping

A D3 ES cell was maintained on mitomycin C-treated G418-1esistant
mouse embryonic fibroblasts (Harada ef al., 1999). ES cells (1.0 x 10"
suspended in PBS(-) were electroporated (240 V, 500 pF, about 6.0-
7.0 ms) with NotI-digested L3/Lhx8-targeted vector. Twenty four hours
after the electroporation, G418 was added to the medium (2 pM) and
(G418-resistant clones were selected. A total of 144 individual clones
were picked up and screened for homologous recombination by the
PCR method; the forward primer was 5'-AGGGGTATGGCTA-
CAGTTGTATCTC-3' and the reverse primer was 3-CAGCAG-
CCTCTGTTCCACATACACT-3'. After the PCR screening, final
confirmation of the homologous recombination was performed by
Southern blot analysis. A 5’ probe recognized a 3.0-kbp fragment of
the wild-type allele and a 10.0-kbp fragment of recombinant allele
digested with EcoRlI, and a 3’ probe recognized a 7.0-kbp fragment of
the wild-type allele and a 10.0-kbp fragment of recombinant allele
digested with EcoRV (see Fig.2b). We obtained six independent
targeted distupted ES clones. Four out of six clones were chosen
and injected into blastocysts derived from C57BL/6 to produce
chimeric mice.

Chimeric pups were identified by their agouti coat colour. Chimeric
males were bred to C57Bl/6] females and germline transmission was
determined by the coat colour of the offspring. Genotyping of progeny
was carried out by Southem blotting of tail or placental biopsy
genomic DNA, as mentioned above. As a result, two independent
lines of 3HD/8HD mice were produced and they exhibited the same

phenotype. For timed pregnancies, we designated E0.5 as 12:00h
when the morning vaginal plugs were identified.

Histological analysis and cell counting

To characterize and compare brain phenotypes of wild-type (WT),
heterozygotes and homozygotes, genotyped embryos, newborn pups
and young adults were subjected to in situ hybridization or immuno-
cytochemistry. All embryos used in this study were immersion-fixed in
4% paraformaldehyde/PBS at 4°C. Subsequently, they were cryo-
protected in 30% sucrose before sectioning at 12 pm on a cryostat.
Newborn pups and young adults were perfused transcardially with 4%
paraformaldehyde/PBS and brains dissected out and post-fixed with
the same fixative. Brains were then cryo-protected in 30% sucrase/PBS
and sectioned at 12 pum on a cryostat. Embryonic brains were exa-
mined with in sifu hybridization using gene probes that can character-
ize basal forebrain structures. Brains of pups and young adults were
checked primarily for neurotransmitter phenotypes using in sifu
hybridization or immunocytochemistry.

To compare the cholinergic phenotypes of young adult brains (4-/+,
3HD/-+, 3HD/8HD) in detail, the BFCNs were counted. Three animals
for each genotype were perfusion-fixed and serial brain sections were
subjected to choline acetyltransferase (ChAT) immunohistochemistry.
To avoid any counting bias, we first defined the anteroposterior
extension of each nucleus (e.g. from Bregma +1.34 mm to Bregma
+0.74 mm for the vertical limb of the diagonal band nacleus) accord-
ing to the mouse brain atlas of Paxinos & Franklin (2001). Five
sections were selected from the extension at regular intervals (e.g.
120-pum intervals for the vertical limb of the diagonal band nucleus)
and ChAT-positive cells in the sections were counted.

In situ hybridization

In situ hybridization (ISH) and double-labelling fluorescence ISH
was performed as described previously (Nikaido et al., 2001; Iseki
et al., 2002). cDNA probe templates for ISH and their providers are
listed below. EST clones were used after their nucleotide sequences
were confirmed, and their gene bank accession numbers were
indicated.

Nkx2.1, DIx-1, Dix-2 and DIx-5 (kind gift of Dr J. L. Rubenstein,
UCSF); L3/Lhx8 (Matsumoto ef al., 1996); Lhx6 (kind gift of Dr T.
Taga, Kumamoto University) (Kimura ef al., 1999); Gbx-2 (isolated
with PCR: forward primer: ATGAGCGCAGCGTTCCCGCCGTCG-
CT, reverse primer: CCGTCGACTGCACTCAACTCAAAAAGCC);
shh (kind gift of Dr M. Nakafuku, University of Tokyo); patched (Acc.
No. aa080038) (Tojo et al., 1999); smoothened (Tojo et al., 1999);
vesicular acetylcholine transporter (VAChT; Misawa et al., 2001);
GAD67 (Acc. No. W59173), substance P (Acc. No. AA982788);
enkephizlin (Acc. No. AA117032); somatostatin (Acc. No. AA051655);
neuropeptide Y (Acc. No. W70782).

Double-staining of fluorescence in sifu hybridization (FISH) was
performed with an FITC-labelled L3/Lix8 cRINA probe and digoxy-
genin-labelled Lhx6 cRNA, as described previously (Iseki et al.,
2002).

Immunohistochemistry

The antibodies used were: anti-GABA antibody (Sigma A2052), anti-
ChAT and anti-CHT-1 (Misawa et al., 2001), and anti-p75 NGF
receptor (Chemicon AB1554).

RT-PCR

Total RNA was prepared from El14.5 embryonic basal forebrain,
excluding the cerebral cortex, with TRIzol (Invitrogen), and was
treated with DNasel. Oligo-dT primed cDNA was synthesized with
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