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SUMMARY

We describe the direct and cell-specific regulation of the although the strength of its regulation is diminished.

Drosophila FMRFa neuropeptide gene by Apterous, a Apterous regulation of dFMRFa expression includes

LIM homeodomain transcription factor. dFMRFa and direct mechanisms, although ectopic Apterous does not
Apterous are expressed in partially overlapping subsets of induce ectopicdFMRFa. These findings show that, for a

neurons, including two of the seventeerdFMRFa cell  subset of neurons that share a common neurotransmitter
types, the Tv neuroendocrine cells and the SP2 phenotype, the Apterous LIM homeoprotein helps define
interneurons. Apterous contributes to the initiation of  neurotransmitter expression with very limited effects on

dFMRFa expression in Tv neurons, but not in those other aspects of differentiation.

dFMRFa neurons that do not express Apterous. Apterous

is not required for Tv neuron survival or morphological

differentiation. Apterous contributes to the maintenance Key words:Drosophila Neuropeptide gene, FMRFamidgterous

of dFMRFa expression by postembryonic Tv neurons, LIM homeodomain

INTRODUCTION responsible for producing distinct cell properties (Desai et al.,
1988; Lo et al., 1998). Therefore we also wish to define the
LIM homeoproteins are a family of transcription factors withinfluences of LIM homeoproteins in this context. To address
diverse roles in developmental regulation (Curtiss and Heilighese questions regarding regulatory mechanisms, we have
1998; Pfaff and Kintner, 1998). They are notable for theistudied the function of the Apterous (Ap) LIM homeoprotein,
involvement in mechanisms of cellular specification and theia developmental regulator in both neural and non-neural tissues
analysis offers the prospect of defining the organization obf Drosophila Outside the central nervous system (CNS), Ap
regulatory mechanisms that underlie the differentiation ofs involved in wing disk patterning (Diaz-Benjumea and
single cell types. To date, genetic analysis has reveale@iohen, 1993; Blair et al., 1994) and in muscle cell specification
diversity in the scope of LIM homeodomain regulation of(Bourgouin et al., 1992). Within the CNS, Ap regulates axonal
neuronal phenotypes. InCaenorhabditis elegansand  projections by a subset of interneurons (Lundgren et al., 1995).
Drosophila LIM homeoproteins regulate aspects of lateAlthough viable ap mutant adults eclose at low frequency, and
neuronal differentiation, including the guidance of neuronahre infertile and unco-ordinated: these features suggest both
growth cones (Lundgren et al., 1995; Thor and Thomas, 1997ndocrine and neural deficits (Altaratz et al., 1991). The
the establishment of proper synaptic connections (Way amatesent work considers these critical Ap functions at a cellular
Chalfie, 1988; Hobert et al., 1997, 1998) and the selection d¢ével. In particular, we have investigated the hypothesisafhat
appropriate neurotransmitters (Thor and Thomas, 1997). Fiygarticipates in the differentiation of one neuronal cell type, the
different LIM homeoproteins are dynamically expressed byieuroendocrine Tv neurons that express the neuropeptide gene
postmitotic motorneurons of the vertebrate CNS (Tsuchida etFMRFa(Schneider et al., 1991).
al., 1994), consistent with a hypothesis that their combinatorial The FMRFamide gene of Drosophila encodes multiple
expression helps co-ordinate the diversification of motorneurofunctional neuropeptides (Hewes et al., 1998) and is expressed
subtypes. in only ~44 neurons out of 10,000 in the larval CNS. This
Understanding what aspects of cell differentiation LIMrestricted pattern of expression represents at least 17 different
homeodomain proteins control, and under what limits andell types and derives largely from transcriptional regulation
compensatory mechanisms they operate, is a major challen@@chneider et al., 1991, 1993b). In vivo analysis has indicated
in developmental neurobiology. Developmental analyses hawbat the neuropeptide gene promoter is highly mosaic and
also suggested that neural cell differentiation represents sevenatiudes at least three non-overlapping enhancers that
separate regulatory programs within individual cells, eaclndependently activate transcription in differefMRFacells
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(Schneider et al., 1993b; Benveniste and Taghert, 1999). MoFuoview software; images were adjusted and assembled in Adobe
detailed analysis of the Tv neuron-specific enhancer suggestBtotoshop.
the participation of multipleis-elements, each making partial i

é—|eat-shock experiments

contributions to the activity of the larger fragment. Thes bined the 1ht (described in B in et al
i H H e recompine S-ap-lolransgene (describea In bourgouin et al.,
experiments suggest the generalization that a commoé*ggz) with theap”#4 allele and mated the resulting animals to animals

?eumtr.a?.sm't;ert phen(_)tt%/_pe may Fe reI?Utlated byd mutl;[]lpl omozygous for dv-lacZinsertion (see Fig. 5). Flies were maintained
ranscription factors within a single cell typ€, and Withing 540¢ anqg eggs collected on agar plates. Following larval hatching,
different cell types, by different sets of transcription factorsnimals were heat shocked in a bacterial incubator (15 minutes at
This pattern of transcriptional regulation represents a usefgl7°c) then returned to 24°C for subsequent recovery until dissection.
model for analyzing mechanisms that generate spatially diverse _ N _

neuronal gene expression. However, trans-acting factors  Electrophoretic mobility shift assays

have yet been identified that reguldfeMRFain any cell type = We used a truncated form of the Ap protein (lacking the LIM domains)
in vivo. for these experiments, because LIM domains may inhibit binding of

Our study ofap has generated three principal conclusionsthe homeodomain to DNA in vifro (e.g., Xue et al,, 1993). A PCR-
We show that Ap is necessary for the initiation ofderlved product from base 1322 of tag cDNA (Bourgouin et al.,

. . . _ . 992) to base 2171 gindlll site in the 3UTR) was cloned into the
neuropeptide expression in Tv neurans — which are only acterial expression plasmid pQE30, incorporating a 6xHIS tag

subset of_the neurons that normally share MRF&. (Qiagen). Truncated Ap protein was expressed in JM107 cells,
neuropeptide transmitter phenotype — and does so witho (Erified under non-denaturing conditions and stored in aliquots at
affecting their survival or morphogenesis. Further, we find-20°C until use. Double-stranded 25 bp (wild-type) oligonucleotides
that neuropeptide gene expression in the postembryonic Talled A, B and C) were labeled by filling it @verhanging ends
neurons remains sensitive to the levels of Ap, although theith Klenow enzyme (Promega) and-32P-dCTP (Amersham).
influence of the regulator appears weaker than durinf§ouble-stranded 17 bp (mutant) oligonucleotides were labeled by
embryonic stages. Finally, we deduce that control of th@nnealing, then trimming’3overhanging ends and treating with
neuropeptide transmitter phenotype by the Ap proteifklenow enzyme and-3P-dCTP. The sequences of wild-type and
includes mechanisms of direct regulation. These findinggmam probes were as follows, with their positions given in bp relative

. T - : 0 thedFMRFagene transcription start site (mutated sequenceag a
define principles of LIM homeoprotein action and support th(%esmction site, are shown in bold):

view that neuronal cell differentiation represents an assembly

of separable genetic programs each regulating distinct A (=752 t0-728): -GCCGGGCCGTAATTACAGACTTCCG-3
B (-574 t0-550): 3-GGCAATGGCAAATTATAACGCATAC-3
mB: 5-GGCAAGAGCTCACGCAT-3

MATERIALS AND METHODS C (-529 t0-505): B-GGCTAGAAGGCTAATTGGACGTGCC-3
mC: 3-AAGGCGAGCTCGACGTG-3
Immunohistochemistry 2 pmoles probe were incubated with 140 ng purified Ap protein in a

18-20 hour embryos were dissected with sharpened tungsten needéegution containing 150 mM KCI, 10 mM Hepes pH 7.8, 2.5 mM
on double-sided tape in phosphate-buffered saline (175 mM NacCl, 1dgClz, 0.1 mM EDTA pH 8, 1 mg/mL BSA, 1 mM dithiothreitol,
mM POy pH 7.4). CNS were transferred to a polylysine-covered slidel2% glycerol, and 250 ng poly(dl-d&oly(dI-dC) (Sigma).
and fixed 20-25 minutes at room temperature in 4% paraformaledhyd®llowing a 20 minute incubation at 30°C, samples were
in PBS. They were incubated overnight at 4°C in Brgalactosidase electrophoresed approximately 45 minutes, at 150 V at 4°C in a 4%
(Cappel) at 1:10,000 or rabbit anti-dFMRFa propeptide at 1:1000. Thg9.5:0.5 acrylamide:bisacrylamide) gel in Tris-glycine buffer
anti-dFMRFamide propeptide antiserum was generated to a synthetigusubel et al., 1993).

19-mer comprising the final nineteen amino acids of the pro-dFMRF ) )

precursor (Chin et al., 1990). The CNS were washed in PBS + 0.1§ynthesis of enhancer testing constructs

Triton X-100, incubated for 2 hours at room temperature in 1:150®PCR was used to mutate the homeodomain binding moti&ado
biotinylated anti-rabbit (Vector Laboratories). After further washesyestriction sites (TAATXX to GAGCTC). The primers used were the
color was developed using the Vectastain kit (Vector Laboratories). Ifollowing (mutated sequences shown in bold):

some experiments, FITC-conjugated avidin was used at 1:400 (VectormA’ sense: 5GGCCAAGCTC CAGACTTCCGTCTTT-3

fn%buor:ggr;ﬁ%aﬁg‘é’;yggl‘g ;'rff”es were then dehydrated in ethanol and ) \" - icense: 56 TCTGGAGCTC CGGCCCGGCAAAAGG-3
Larval CNS were dissected in saline (180 mM KCI, 46 mM NacCl, mg Zﬁ::gngg9§éég’%§gg¢g$$£géi$$égég.?c%3
2.2 mM CaCl, 10 mM Tris pH 7.2), fixed 1 hour at room temperature mC. sense: BAAGGCGAGCTC GACGTGCCCGGCCAG-3

in 4% paraformaldehyde in PBS, and stained overnight at 4°C in . i’
rabbit anti-dFMRFa propeptide and mouse @ngial (Promega) in mC, antisense:' ACGTCGAGCTC GCCTTCTAGCCAGTG-3

PBTN (PBS + 0.1% BSA + 0.3% Triton X-100 + 5% NGS-Gibco). Fragments containing mutated elements was cloned into the enhancer
Following secondary antibody incubations, they were cleared in 70%esting construchs43-CaSpeR-lacZSchneider et gl 1993b) and
glycerol and mounted in Vectashield (Vector Labs). sequenced.

Histochemical detection of  [3-gal Transgenic Drosophila

Animals were dissected in saline, fixed 15 minutes at roonWe purified P-element DNA using Qiagen tips and transformed
temperature in 0.04% glutaraldehyde, 0.1 M cacodylate and 0.02%mbryos using procedures described in Spradling (1986). The number

Triton X-100, and stained with X-Gal overnight at 37°C. of P-element insertions in each transgenic line was determined by
) ) ) Southern blot and only animals with one (haploid) copy of the P
Microscopy and imaging element were used. Two independent transgenic lines representing

For confocal imaging, we used an Olympus confocal microscope arehch mutant construct were tested.
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RESULTS adult, additional neurons begin to expredsd/IRFa(O'Brien
et al., 1991), and some of these, including the Tva and several
Co-expression of ap and dFMRFa subesophageal neurons, also expaga®R. J. B., unpublished

The fixation conditions required for the antiserum to Apobservations).
precluded double labeling with antisera to the dFMRFa ) )
propeptide. Therefore, to look for co-expression of Ap with@P regulates neurotransmitter phenotype in Tv
dFMRFa in the CNS, we used two differaqt enhancer trap Neurons
lines. The first wagp®Al4, apGawBinsertion in theaplocus ~ We tested the hypothesis that lossapfgene function would
(Calleja et al., 1996). 18-20 hour embryos carryingajifeh-4  affect dFMRFa expression in the Tv neurons. SP2 peptide
insertion and aJAS-tlacZreporter gene were double labeled expression was not yet strong enough at the late
with anti-Ap and antB-gal to confirm thatap®AL4 reports  embryonic/early larval stages to evaluate the role of Ap in the
expression of thapgene. Confocal imaging demonstrated thatdifferentiation of that neuron. We tested two independently
the patterns of Ap anfl-gal expression were identical (Fig. generated ap alleles as homozygotes and dasans
1A). The second enhancer trap line \@&>568 containing an  heterozygotes. The first &P44 which has a deletion of the
element inserted '50f the ap gene (Cohen et al., 1992). 5 exon of theap gene and is transcriptionally null (Bourgouin
Previous work showed thap’k568 accurately reports Ap cells et al.,, 1992). The second allele is thgcAl4 P-element
in embryos and larvae (Cohen et al., 1992). In addition, doubiesertion described above, which acts as a protein null allele
labeling of ap®568apGAL4 embryos demonstrated thak68  (O’Keefe et al., 1998). We assayed immunostaining of a
and ap®Al4 are active in the same neurons (S. T., data nalFMRFa-lacZfusion transgene or of dFMRFa propeptide in
shown). wild-type and irap mutant embryos. The ~8 kii-MRFa-lacZ

In the ventral gangliomap is expressed in up to ten of the fusion gene, called pWF3 (Schneider et al., 1993b), included
~350 neurons in each hemi-segment (Lundgren et al., 19955 kb of flanking DNA and was expressed in a pattern very
Fig. 1B). In each of six thoracic hemisegments and in the thirdimilar to that of dFMRFa immunoreactivity (Schneider et al.,
subesophageal hemisegments, e neurons include a 1993a; R. J. B. and P. H. T., unpublished data).
ventrolateral cluster of four or five cells (Fig. 1B). Double- We examined dFMRFa-lacZ expression inap mutant
labeling with antiserum to the dFMRFa propeptide showed thambryos. Tv neurons first stain with antibodies to the
one of the neurons in each cluster was the Tv neuron (Fitetrapeptide FMRFa during stage 17 (Schneider et al., 1991).
1C,D). Double-labeled Tv neurons showed cytoplasmidn 18-20 hour embryos (stage 17) heterozygous foafié*
dFMRFa immunoreactivity and nuclear B-gal allele,dFMRFa-lacZis active in 98% of Tv neurons, assayed
immunoreactivity (Fig. 1E). Thap gene is also expressed in by labeling with antB-gal (Fig. 2; Table 1). Irap mutant
several brain cells, one of which is tHEMRFapositive SP2 embryos, the percentage Bfgal" Tv neurons ranged from
neuron (Fig. 1F). Other larval braitrfMRFaneurons, such as 45% to 57% depending on the specific mutant background. The
the neighboring SP1 neuron, do not expagsé-ig. 1F). The loss ofdFMRFa-lacZactivity was restricted to Tv neurons, as
restriction ofap and dFMRFa co-expression to the Tv and SPB-gal immunoreactivity was observed in otlifMRFa cell
neurons was constant throughout mature larval stages; in thges not expressinap, like the strongly labeled SE2 neurons

Table 1. Occurrence ofdFMRFa and dFMRFa reporter activities in Tv and SE2 neurons of wild-type andap mutant
embryos and larvae

a4 a4 apPAL4 a4
+ a4 apPAL4 apfPAL4

dFMRFa-lacZ(embryos)-Tv 129/132 (98) 73/144 (50) 38/64 (45) 58/102 (57)
dFMRFa-lacZ(embryos)-SE2 46/46 (100) 42/42 (100) 26/26 (100) 36/36 (100)
dFMRFa-lacZ(larvae)

Tlv 16/28 (57) 17/28 (61) 11/19 (58)

T2v 21/28 (75) 26/28 (93) 18/19 (95)

T3v 16/28 (57) 26/28 (93) 18/19 (95)

Total 132/138 (96) 53/84 (68) 69/84 (82) 47/57 (82)
anti-dFMRFa (larvae)-Tv 142/148 (96) 37/60 (62) 54/84 (64) 46/57 (81)
anti-dFMRFa (larvae)-SE2 21/22 (95) 24/24 (100) 23/24 (96) 22/22 (100)
Tv-lacZ(embryos) 99/102 (97) 16/120 (13) N.D. N.D.
Tv-lacZ(larvae)

Tlv 3/54 (6)

T2v 25/54 (46)

T3v 45/54 (83)

Total 332/356 (93) 82/180 (46) N.D. N.D.

The ratios represent the numbers of marker-positive Tv or SE2 neurons and the total number of hemisegments scored;qfencehéagassitive neurons
are shown in parentheses. T1lv, T2v and T3v refer to activities in Tv neurons in the first, second and third thoracic espewivislyr SE2 values indicate
those hemisegments with at least 1 positive neuron; in a a small number of cases, more than one SE2 neuron was stauwtedeteéatnieed are marked as
N.D.
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(Table 1) and other, weakly labeled neurons (Fig. 2). Wappear to be in the proper locations, and of normal size and
obtained similar results with antiserum to the dFMRFashape (Fig. 3D). In addition, we observed labeled axons
propeptide in larvae (Table 1). In these experiments, rostral Tprojecting from the lateral cluster that projected to the midline

neurons were more affected than caudal Tv neurons.
The loss odFMRFagene activity inap mutant embryonic

Tv neurons was more pronounced w
assayed by the activity of a smaller, Tv-spe:
enhancer. Thigv-lacZtransgene consists o
446 bp Tv neuron-specific enhancer sequ
located within the first kB ofdFMRFa 5
flanking region (Benveniste and Taghert, 19
linked to a heterologoukss43promoter and
lacZ reporter. LikedFMRFa-lacZ Tv-lacZwas
active in 98% of Tv neurons in cont
embryos, but only 13% of Tv neuronsapP44
mutant embryos (Fig. 5; Table 1). Toget
these results indicate that Ap is required
normal initiation of neuropeptide expressior
the Tv neurons.

ap is not required for the survival or
morphological differentiation of the Tv
neuron cluster

Tv neurons may losdFMRFagene activity ir
theap mutant background because they rec
Ap for their generation or early survival. To t
this hypothesis, we examined embryos (1¢
hours after egg laying, AEL) that carried b
the ap®AL4 insertion and aUAStmyc axon-
targeted, reporter transgene (Thor and Tho
1997). In apCAL4+;UAS-tmyc  embryos
antiserum to the myc epitope labeled the
bodies and axonal processes (Fig. 3A) of
four to five cells in the clusters that contain
Tv neurons (Fig. 3B). Each cluster includec
average of 4.1 myaells. In afAL4apP44UAS-
mmyc embryos (Fig. 3C), these clusters ¢
included an average of 4.1 myaells (Fig. 3D)
suggesting that Ap is not required for genere
or survival of the cluster of cells that norme
includes the Tv neuron. Furthermore,

somata of the neurons i@p mutant cluster

Fig. 2. Effects ofap mutations ordFMRFa-lacZ
expression. Whole-mount immunostains of CNS
from 18-20 hour embryos carrying tHEMRFa-
lacZ transgene, labeled with arfdigal. The
schematic indicates the fragmentdéffMRFa
included in the construct5480 refers to bp
before the transcription start site.dpP44
heterozygotes (left), the six Tv neurons (arrows)
as well as the other neurons that express
dFMRFa including the SE2 neurons (asterisks),
are nearly alwayB-gal*. In ap®**homozyotes,
aptAl4homozygotes, oapP44 aptAl4trans:
heterozygotes, fewer Tv neurons Brgal™, but

other neurons, such as the SE2 neurons, are not

affected.

(Fig. 3C) and that reached the dorsal aspect of the ganglion
(data not shown) where they normally enter the neurohemal

Fig. 1. Co-expression ddpterousand dFMRFa in 2 of 1dFMRFaneuronal cell

types. (A) The CNS of ap®AL4CyO;UAS-tlacZembryo double-labeled with anti-

Ap (green) and an-gal (red): theap®AL expression pattern accurately represents
Ap expression. (B-E) The CNS of ap’*568/CyOfirst instar larva, double-labeled

with antif3-gal (green) and anti-dFMRFa propeptide (red). (B) A small number of
neurons (~3%) in the nerve cord express Ap. (C) dFMRFa is expressed in Tv
neurons (arrows) and in other neurons like the SE2 neurons (asterisk). (D) The
merged image shows that Tv neurons co-express Ap and dFMRFa, while the SE2
and other dFMRFa neurons do not. (E) A higher magnification view of the
ventrolateral Ap-positive cluster that includes the Tv neuron (arrow); the cytoplasm
is stained with anti-dFMRFa and the nucleus is stained witi3egei- (F)
Protocerebral region of the brainagf*>68CyOlarva, double-labeled with ari-

gal (green) and anti-dFMRFa propeptide (red). The SP2 interneuron is double-
labeled (arrow), while the SP1 interneuron is not (arrowhead). The drawing
illustrates the positions of A-D and F on a schematic of the larval CNS. The
positions of dFMRFa cells visible in this figure are shown in red outline; those
dFMRFa neurons filled with green ap-positive. Scale bar equals gt (A-D), 4

pm (E) and 1Qum (F).

dFMRFa-lacZ >
[ | I lacz |
-5480
ap.r'\‘-\‘ .apr"n'--' ‘apGALd ) ap.‘.‘J
. i . a-Iz ; dFMRFa-lacZ . a-lac
-——+ : dFMRFa-lacZ - ; dFMRFa-lacZ PGALA a-lac apGALT ' dFMRFa-lacZ
-
N V

Tv pgal*: 98 % 50 % 45 % 57 %



organs (NHO; Schneider et al., 1993a,b; Gorc
et al., 1994). Irap mutant embryos and larvae,
observed myc-stained processes in the N
consistent with the hypothesis that one or r
neurons, presumably including the Tv cells,
capable of reaching their normal point of axc
termination. Together, these observations
consistent with the hypothesis that Tv neu

show proper axonal pathfinding ¢
morphological differentiation inap mutan
embryos.

ap is required for maintenance of
neuropeptide expression in Tv neurons

We asked whether Ap continues to regt
dFMRFa expression in Tv neurons duri
postembryonic stages by increasing

decreasing Ap levels in separate experiments
first analyzedap loss-of-function phenotype
dFMRFa-lacZwas active in 97% of Tv neurons
wild-type first instar larvae that were within
hours of hatching. In comparablap mutan
larvae, the percentage®fgalt Tv neurons range
from 68% to 82% in different mutant backgrou
(Fig. 4A; Table 1). Some Tv neuronsapmutants
scored af3-gal positive expressed reporter m

Fig. 4. Ap regulatesiIFMRFaexpression in
postembryonic Tv neurons. (A) Histograms
showing the proportions of Tv neurons that
express thdFMRFa-lacZfusion gene in 18-2(
hour embryos (light bars) and in ~10 hour fir
instar larvae (dark bars). Values shown are
means =SE. Bothp mutant embryos and larv
show decreasedFMRFa-lacZactivity in Tv
neurons relative to heterozygous controls, b
the phenotype is less pronounced in larvae 1
in embryos. Values were compared by a twc
tailed, heteroscedasti¢est. For each

figal* Tv neurons per CNS

6
54
4 |
3
2 4
14
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ap-GAL4

ap-GAL4

JUAS-tmyc

embryos [arvae
o/

Fig. 3. Survival and morphology of Tv neuronsap mutant embryos. (A,B) Whole
mount of a CNS from an 18-20 hour ABRSAY+; UAS-tmycembryo, labeled

with anti-myc. (A) The thoracic ventrolateral clusters (arrows) that include the Tv
neurons are stained. All neurons in this cluster project axons in a single bundle
(arrowheads); two axons, including the Tv axon, diverge to the dorsal midline.

(B) Higher magpnification view of clusters (arrows) inag¥A4/+; UAS-tmyc

embryo. An average of 4.1 cells was counted in each of 21 clusters. (C-D) Whole
mount of a CNS from an 18-20 hour ABESAYapP44 UASmycembryo, labeled
with anti-myc. (C) The ventrolateral clusters show proper positioning (arrows) and
axonal bundles (arrowheads) appear normal. (D) Higher magnification view of
clusters (arrows) in aap®A/ag44 UASTmycembryo. An average of 4.1 cells was
counted in each of 15 clusters, the same numberagehieterozygotes.

ve)

h- w 6
=
95
T 2
w 4
]
5 3
@
=
z2
.
T 1
2
il i wpGALS _ap™ - - %+ hs-aptransgene
+ apPi ap-GALA ap-GALA - + - + 15 heat shock

comparison ofip mutants withapP44 heterozygotes?<0.01; for all comparisons afp mutant embryos witap mutant larvae of the same
genotypeP<0.01. (B) Histogram showing the proportions of larval Tv neurons that BdacZreporter activity, as assayed with X-Gal
histochemical staining. 2 hours after a 15 minute heat shock, activity in the Tv neurons increased in larvae cisyapiydmsgene, but not

in larvae that do not have the-aptransgeneR<0.01 by two-tailed, heteroscedagtiest). The number of animals studied ranged from 15 to 24.

Fig. 5. Effects ofap mutations on expression of tfig-
lacZtransgene. Left: Schematic of tHEMRFagene,

showing the 446 bp Tv-specific enhancer (gray) located

between bp-922 and-476 relative to the transcriptio

start site (bent arrow). Right: Whole mounts of 18-20

hour AEL embryonic CNS carrying tHev-lacZ
transgene, labeled with affdigal. Percentages of Tv
neurons in embryos and larvae thatugal" are

n

shown below. IrapP44 heterozygotes (left image), the

Tv-lacZtransgene is active in nearly all Tv neurons

dFMRFa

(arrows) and in two to four ectopic abdominal neurons
that do not exprestFMRFa(white arrowheads). Black

arrowheads indicate immunoreactivity in the Tv axon

terminals of the NHOs. lap*4homozygotes (right),

Tv-lacZis active in only 13% of embryonic Tv neurons

and 48% of larval Tv neurons, but expression in ectopic
abdominal neurons (white arrowheads) is not affected.

Tv-lacZ

a P44

pdd
L Tv-lacz;#

Tv-lacZ;

[ i

’ .

-922

i'l hs43-1acZ]

e

Tv pgal*:
embryos 98 % 13 %
larvae 97 % 48 %
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Fig. 6. Direct interaction between A| A B
and the Tv-specific enhancer of the

dFMRFagene promoter.

(A) Schematic of thelFMRFagene, DNAprobe A mA B mB
showing the 446 bp Tv neuron- AP - +- +- +- + - +- +
specific enhancer (gray) located b - - - - -
between bp-922 and-476 relative to dFMRfca

the transcription start site (bent . S
arrow). The Tv-specific enhancer : -

contains three TAAT motifs (labelec -922 -476

A, B and C). (B) EMSA showing the R m——ro— )...._
a truncated Ap protein (AP) binds ir A B C :'__" ' !

vitro to each of three oligonucleotid
probes corresponding to wild-type /
B and C sequences, respectively
(arrow), but not to mutated A, B or L
sequences (mA, mB and mC). Smaller binding complexes (arrowheads) may represent binding of incomplete Ap molecules.

: | B
8. LB

weakly than normal (data not shown). As in embryos, the lossas expressed throughout the CNS using a combination of
of dFMRFa-lacZactivity in larvae was restricted to Tv neurons elav-GAL4andUAS-aptransgenes (data not shown). Together
and not to othedFMRFacell types normally present at that these results indicate that in the wildtype Tv neudsiMRFa
stage.Tv-lacZ activity was also affected in larvae: ap™#*  expression is sensitive to Ap levels.
mutant larvaeTv-lacZwas active in 46% of Tv neurons (as ) )
compared with 13% impP44 mutant embryos; Table 1). The Mechanisms of dFMRFa gene regulation by ap
severity of thedFMRFa-lacZand Tv-lacZ phenotypes were We tested the hypothesis that Ap regulalesRFain the Tv
correlated with segmental identity; rostral Tv neurons wer@eurons directly by seeking potential Ap-binding sites within
affected more frequently than caudal Tv neurons. the dFMRFagene regulatory sequences. We limited the search
In a second set of experiments, we next asked if increaséal the 446 bp Tv neuron-specific enhancer, which is highly
levels of Ap would increase moderate levelsiBMRFagene responsive to Ap levels (Fig. 5) and located in théahking
activity in a wild-type genetic background. Under the stainingegion. The 446 bp enhancer contains three sequences
conditions that we used, wild-type first instar larvae carryingorresponding to the six-nucleotide consensus binding site for
one copy of alrv-lacZtransgene showe@-gal activity in an  homeodomain proteins (TAATNN — Gehring et al., 1994; Fig.
average of 0.24 Tv neurons per CNS (Fig. 4B). At 28*Gal  6A). All three of these sequences are shared between the
activity was detected in an average of 1.3 Tv neurons in larvdemologous regions of trdFMRFagenes of twdrosophila
carrying one copy of thév-lacZtransgene and one copy of a speciesP. melanogasteandD. virilis (Taghert and Schneider,
hs-ap transgene (Bourgouin et al., 1992); we ascribe thid4990). We used electrophoretic mobility shift assays (EMSA)
increase to low-level, constitutive expression of ltiseapat  to test the ability of Ap protein to bind in vitro to these three
24°C. Following a 15 minute induction and 2 hour recoverysequences, as represented by three different 25 bp
period,-gal activity increased to an average of 2.8 Tv neuronsligonucleotide probes. Recombinant Ap homeodomain bound
in larvae carrying thés-aptransgene, but did not increase in all three oligonucleotide probes with different affinities (Fig.
Tv-lacZlarvae that lacked thes-aptransgene (Fig. 4B). We 6B, lanes A, B and C), and at stoichiometries comparable to
did not observe ectopidFMRFagene activity when Ap was those observed for other LIM homeoproteins binding in vitro
expressed ubiquitously using the-aptransgene, or when Ap (Karlsson et al., 1990; Wang and Drucker, 1995). Ap binding
binding sequences. Whole mounts of X-

Gal d CNSf f | (mC)Tv-lacZ B (mABC)Tv-lacZ
al-staine rom first instar larvae ﬁ
homozygous for wild-type or mutai- 1 X

lacZ transgenes. The two schematics A 8 c A B C
indicate the sites in the Tv-specific enhancer
where mutations were introduced (marked
by Xs). (A) Activity from wild-typeTv-lacZ
sequence angnC)Tv-lacAwith a mutated

Fig. 7.In vivo activity of theTv-lacZ
transgene following mutagenesis of Ap- A

Tv-lacZ (mC)Tv-lacZ Tv-lacZ (mABC)Tv-lacZ

i
C element: both constructs display strong to b ?
moderate reporter gene expression in the Tv iy, ) -‘;_

neuronal cell bodies (arrows) and terminals
(black arrowheads). (B) Activity from wild-
typeTv-lacZand(mABC)Tv-lacZThe

latter construct contains mutations in all
three Ap-binding elements (altering a total
of 18 of 446 bp) and displays no enhancer
activity in the CNS.
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to these probes in vitro was sequence-specific.: mutambaintenance or modulation of gene expression in mature cells
oligonucleotide probes, with clusters of 6-point mutationgThor et al., 1991; Wang and Drucker, 1995). Bpenutant
replacing the TAATNN sequences did not bind Ap in thesghenotype in postembryonic stages was less severe: such
assays (lanes mA, mB and mC in Fig. 6B). diminishedap influence indicates upregulation of alternative
We then asked whether these Ap-binding sequences weaetivating mechanisms postembryonically within the Tv
functionally important in vivo. We synthesized two mutawt  neurons. The availability of conditionap mutations (Stevens
lacZ constructs incorporating the same clustered poinand Bryant, 1986) should allow further definition of these
mutations in the Ap-binding sequences used in the EMISA temporal changes in neurotransmitter regulation.
first instar larvae, a construct containing mutations in Ap- ]
binding site C [C)Tv-lacZ] showed slightly decreased ap and dFMRFa expression patterns overlap
activity in Tv neurons and in ectopic cells relative to the wild-partially
type enhancer (Fig. 7A). ConstrughABC)Tv-lacZ which  We found thafpis expressed in more than 100 neurons in the
included mutations in all three Ap-binding sequences, showddrval CNS, but thadlFMRFais expressed in only eight of
no detectable activity in Tv neurons or ectopic cells (Fig. 7B)these. Therefore, co-factors must be required to activate
These results show that at least two of the three elements withiffMRFatranscription in the Tv neurons or to reprds8/RFa
the Tv neuron-specific enhancer that bind Ap in vitro ardranscription in other neurons that express Ap. Two lines of
critical for proper enhancer activity in vivo evidence suggest that positively acting co-factors are required
for dFMRFagene activation by Ap. First, widespread ectopic
expression of Ap (ubiquitously or throughout the CNS) did not
DISCUSSION induce ectopidFMRFaexpression. Second, Ap expression in
embryonic Tv neurons begins soon after the birth of the cell
In this study, we showed that Ap, a LIM homeodomain(Lundgren et al., 1995) and preced#svIRFaexpression by
transcription  factor, regulates expression of theat least 3-6 hours (Schneider et al., 1991). LIM homeoproteins
neurotransmitterdFMRFa in a specific cell type, the Tv heterodimerize with other transcription factors (e.g., Xue et al.,
neuroendocrine cells. These results present an explanation ft893; Lichtsteiner and Tjian, 1995) and with adaptor proteins
cell-type-specificdFMRFa regulation: it derives from partial (e.g., Jurata et al., 1996; Morcillo et al., 1997). It will be useful
overlap with restrictedap expression. The analysis also to employ genetic methods to search for Ap-interacting
provides a basis for deducing more general principles of LIMproteins in Tv neurons that may participate in this cell-specific
homeodomain regulation of neuronal differentiatiomp  mechanism.
displays partial expressivity and direct binding to the target Previous studies afFMRFatranscription have suggested a
neurotransmitter gene; it has little effect on properties of thenodel in which different regulatory regions of the gene direct
Tv neurons other than transmitter phenotype, but has sustainisl expression by different neurons, termed cell-type-specific
effects in the mature neurons. These features are informativegulation (Schneider et al.,, 1993b, R. J. B. and P. H. T,
regarding the organization of regulatory cascades that campublished data). Our study ap is consistent with this

ordinate the production of distinct cellular phenotypes. general conclusion: neurons that share a common

neurotransmitter phenotype but that occupy different positions
ap regulates initial and maintained neurotransmitter within the nervous system, employ different mechanisms of
expression in the Tv neurons transcriptional control. Control of neurotransmitter phenotypes

Loss ofapfunction did not produce consistent losglBMRFa in C. elegansalso involves cell type-specific regulatory
expression by all Tv neurons, but reliably caused a change mechanisms: the UNC-30 homeodomain protein is required for
the transmitter properties of some. This observation suggestsermal expression of GABA by many GABAergic neurons, but
that several factors, of which Ap is one, normally contribute t@everal GABAergic cells do not normally express UNC-30 and
the proper initiation oflIFMRFagene activity in Tv neurons. are not affected byunc-30 mutations (Jin et al., 1994).
Alternatively, mechanisms that partially compensatedpr Likewise, in Drosophilg different transcription factors bind
may operate in the mutant backgrounds. The first hypothesBOPA decarboxylaseregulatory sequences in different
is consistent with studies of other LIM homeodomain geneseuronal cell types (Johnson and Hirsh, 1990; Lundell and
like ttx-3 or lin-11 of C. eleganswhose specific influences on Hirsh, 1992). Cell type-specific regulatory mechanisms do not
neural phenotypes may be complete or partially penetrapreclude the participation of more widely expressed
(Hobert et al.,, 1997, 1998). Previous studiesapfmutant transcription factors like Ap. For exampleanc-30 is not
phenotypes have also indicated a range in severity (Bourgouéxclusively associated with GABAergic cells, suggesting that
et al., 1992; Lundgren et al., 1995). Deficiencies inco-factors in GABAergic neurons must provide necessary
neuropeptide synthesis, stability, transport or release couldstructions for production of that transmitter phenotype.
explain decreasediFMRFa expression inap mutant Tv ) . )

neurons. We favor the hypothesis that the deficits were largegp is not required for survival or early

in neuropeptide synthesis because expressiondffMRFa-  Morphogenesis of Tv neurons

lacZ fusion transgene was decreasedpnmutants. Both loss- The observation of decreaselfMRFa-lacZ activity in Tv
of-function and gain-of-function experiments argue tapt neurons ofp mutants was consistent with either a specific loss
exerts an influence in mature neurons, well past the stage af neurotransmitter expression or a more general change in Tv
initial transmitter selection. Other LIM homeoproteins (e.g.neuronal cell fate, byransdetermination or death. Previous
Islet-1) regulate early stages of cellular differentiationstudies of LIM homeoproteins offer precedents for different
(Ahlgren et al., 1997), and are suggested to participate in thmossibilities (e.g., Pfaff et al., 1996; Porter et al., 1997; Way
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and Chalfie, 1988; Thor and Thomas, 1997). We concluded theggulatory cascade dedicated to transmitter production, and
Tv neurons survived iap mutants because the number of cellsthat it has little or no influence on other properties displayed
in the ventrolateral clusters of wild-type arap mutant by mature Tv neurons.
embryos was constant. Furthermore ammutants, the four
cells of the lateral clusters displayed normal sizes, shapes afifd regulates dFMRFa directly
positions, and continued to express amtransgene; these We presented evidence that Ap regulatéSMRFa gene
results suggest that the Tv neurons weretnaois-determined  expression in Tv neurons at least in part by direct activation.
in ap mutants. To what extent were other Tv cell propertiesSpecifically, we demonstrated that Ap binds to each of three
affected by loss oép function? The Islet LIM homeoprotein sequences within the 446 bp Tv neuron-specific enhancer in
co-ordinately regulates both neurotransmitter phenotype andtro and that these sequences are important in vivo. While
axon guidance in serotonergic neuronsDobsophila (Thor  these results are consistent with direct activation of the
and Thomas, 1997); in othBrosophilaneurons of the ventral dFMRFagene, they do not preclude the possibility that Ap also
ganglion,ap regulates axon guidance (Lundgren et al., 1995)egulates transcription via other genes, as in the caseecat
In contrast, we deduced that axon guidance by the neurons sKippedregulation bybicoid (Struhl et al., 1989; Small et al.,
the Tv cell cluster was normal & mutant embryos. The four 1991). Mutation of one of the Ap-binding sequences decreased
axon bundle displayed normal orientation to the dorsal midlinenhancer activity moderately in larval Tv neurons, while
and reached the target NHO: both observations indicate rautations of all three Ap-binding sites eliminated all enhancer
normal morphology. However, because we have no suitabkctivity. Mutagenesis of single binding sites in cell type-
marker to identify Tv neurons individually and prior to the specific enhancers often preserves some activity in vivo (e.g.,
differentiation of their transmitter phenotype, we could notSmall et al., 1992; Capovilla et al., 1994). Our observation that
positively identify theap-mutant Tv axon among the tightly mutations in all three binding sites totally abolisiadlacz
fasciculated axons, nor could we exclude the possibility thactivity was surprising, since wild-tyfde/-lacZwas still active
the mutant Tv axon occasionally stalled within the bundle. in 46% of Tv neurons in larvae homozygous forap&* null

A relation between the proper formation of Tv axonallele. To explain this result, we propose that other transcription
terminals in the NHO andFMRFaexpression has previously factors expressed by the Tv neurons (probably of the
been suggested: animals mutant fortthemanhomeobox gene homeodomain class — see Biggin and McGinnis, 1997) can
lack the NHO due to the absence of non-neuronal cells thaind to and activate at least one of the three Ap-binding sites
normally form this structure. In that mutant background, veryn Tv-lacZ.Thus our results are consistent with the supposition
few FMRFa-positive Tv neurons are seen in the embryonithatap is one of several factors that bind to and regulate the
CNS prior to the death of the animals (Gorzyca et al., 1994),v-specific enhancer in vivo.
although whether Tv neurons survivdiimmanmutant animals
is not known. In addition, mutations in ti& elegans ap We thank Doug Dean, Mike Nonet and John Majors for advice with
homologue ttx-3, lead to formation of synaptic terminals of the mob_lllty shift assays anq for reading an ea(her draft of the
normal appearance though of abnormal physiologic functioﬁ‘%r;g:gggg %?st\t]v?)?li( V?/’Z‘Z”de%goﬁsg bf)(/)ratELlﬁna\:\rqﬂllréﬁie(r:osn;ioecnacle
ﬁ]lgront):é:)rgieﬁ:',m;sga?éc;”tllgiir::i?gpgﬁeig%?;intdhi?écgy LJi rogram Fellowship (to S. T.) and grants from the NIH (GM 40613

! . ' VIdy 3. B. T. and NS-21749 to P. H. T.).

effects on the formation of axon terminals.

In the case oép regulation ofdFMRFain the Tv neurons,
we believe the hypothesis of indirect action is incorrect for fou
reasons. First, iap mutant animals, neurons in the Tv clusterhEFERE’\ICES
form axon terminals of normal appearance in the NHOuuen u. prafr, s. L., Jessel, T. M., Ediund, T. and Edlund, H(1997).
Second, failure of TWIFMRFa expression irtinman mutant Independent requirement for ISL1 in formation of pancreatic mesenchyme
larvae may reflect cell death or a failure to maintain and islet cellsNature385 257-260.
neuropeptide expression, and not necessarily a failure in ifdtaratz, M., Applebaum, S. W., Richard, D. S. Gilbert, L. I. and Segal,
normal initiation. Third, Ap binds theFMRFapromoter with D. (1991). Regulation of juvenile hormone synthesis in wild-type and

e ) . apterousmutantDrosophila Mol. Cell. Endocrinol.8, 205-216.
sequence SpeCIf-ICIty. n _V'tro' Fourth, our d?monSt.r.at'on tha&usubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
dFMRFaexpression in wild-type Tv neurons is sensitive to Ap smith, J. A., and Struhl, K., eds. (1993)Current Protocols in Molecular
levels suggests that Ap can influence neuropeptide geneBiology.Cambridge: J. Wiley & Sons.
expression in addition to any potential signals resulting fronenveniste, R. J. and Taghert, P. H(1999). Cell type-specific regulatory
cell interactions. Future experiments, employing different Ziﬂ‘éﬁ”cﬁzu‘ﬁg&zﬂiﬁ’;ﬂreesis)'o” of the Drosophila FMRE-hétdropeptide
selective markers of the Tv neurons, will help evaluate th@iggin, M. D. and McGinnis, W. (1997). Regulation of segmentation and
relationship between connectivity and transmitter expression in segmental identity bprosophilahomeoproteins: the role of DNA binding
Tv neurons. Although we emphasize caution in the infunctional activity and specificitpevelopment24, 4425-4433.
interpretation, our current evidence strongly argues that Ap'ar S: S. Brower, D. L., Thomas, J. B. and Zavortink, M(1994). The
- . L role of apterousin the control of dorso-ventral compartmentalization and

regulation of neurotransmitter expression in TV NEUroNs 0CCUrSpg jntegrin gene expression in the developing wingDessophila
independently of effects on cell morphology. We suggest that bevelopment20, 1805-1814.
the role ofapin Tv neuron development is thus limited in scopeBourgouin, C., Lundgren, S. E. and Thomas, J. B(1992).apterousis a
and favor the hypothesis that Tv neuronal differentiation Dfosophi!aLlM dlor:\lain gegeSrfglgigeld for the development of a subset of
rgpreser.lts. a mosaic of me(.:hamsms each controlling separ Irgjar,yl?ﬂr.],chn;;JeS:oe, Efulg(;rllaz’, S. and Morata, G(1996). Visualization of
differentiation events (Desai et al., 1988; Lo et al., 1998). In gene expression in living adirosophila Science274, 252-255.
this regard, we propose thatpterous contributes to a Capovilla, M., Brandt, M. and Botas, J. (1994). Direct regulation of
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