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Individual neurons synthesize different peptide neurotrans- 
mitters and neuromodulators. In general, specificity is 
achieved by transcriptional regulation of neuropeptide-en- 
coding genes. In Lymnaea, the FMRFamide and GDP/ 
SDPFLRFamide neuropeptides are encoded by separate ex- 
ons. Here we provide evidence that the two exons are part 
of the same gene and that in neurons expressing the gene 
the two exons are spliced onto a common upstream exon 
encoding a hydrophobic leader sequence. In addition, in situ 
hybridization data show that there is mutually exclusive cy- 
toplasmic expression of each of the neuropeptide-encoding 
exons. Thus, differential neuropeptide synthesis is likely to 
be regulated by an alternative splicing mechanism. The cel- 
lular specificity of these splicing events is remarkable and 
suggests that cell-specific alternative splicing may be of 
major importance in establishing neuronal diversity in this 
system. 

Neuropeptide genes often encode multiple peptides that are 
members of families of structurally related molecules. Not all 
members of a family are necessarily required for physiological 
function in particular cells, and so differential expression of 
peptides may occur. The mechanism of differential expression 
and whether it operates at the level of single neurons is difficult 
to determine in complex vertebrate nervous systems. The pond 
snail Lymnaea stagnalis, with its simple networks of identified 
neurons, offers an important system in which to address the 
problem of determining differential expression of members of 
families of structurally related neuropeptides at the level of the 
single neuron. A family of FMRFamide-like peptides occur in 
Lymnaea (Ebberink et al., 1987; Linacre et al., 1990; Saunders 
et al., 1991) that are involved in a number of behaviorally 
important neural circuits involved in the control of heart beat 
(Buckett et al., 1990b), egg laying (Brussaard et al., 1989), and 
respiration (Syed et al., 1990). Identified neurons within these 
circuits contain FMRFamide-related peptides, for example, the 
E,, cells (Buckett et al., 1990b), heart excitatory motoneurons, 
and the Visceral White Interneuron (Benjamin et al., 1988). 

The genomic sequences encoding the native Lymnaea tetra- 
peptide FMRFamide and the heptapeptides GDP/ 
SDPFLRFamide have previously been described (Linacre et al., 
1990; Saunders et al., 1991). In each case, there is evidence to 
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suggest that the two genomic sequences are exons and may make 
up part of a larger gene. First, one of two sequenced partial 
cDNAs homologous to the tetrapeptide-encoding sequence di- 
verges from the genomic sequence at the extreme 5’ end at a 
good consensus splice site (Linacre et al., 1990), and second, 
the open reading frame encoding the heptapeptides GDP/ 
SDPFLRFamide lacks an inframe initiator methionine but is 
flanked by 3’ and 5’ consensus splice sites (Saunders et al., 199 1). 
As the two classes of peptide are encoded by different exons, 
the question arises as to whether these two exons are part of the 
same gene and whether all the cells that express the gene(s) 
produce both classes of peptide, or whether differential pro- 
cessing ofa common precursor RNA generates different mRNAs 
in different cell types. To investigate this, we have sequenced 
the DNA between the two exons and we have used PCR (Saiki 
et al., 1988) to amplify cDNA sequences 5’ to the tetra- and 
heptapeptide exons. In order to determine whether individual 
cells express both peptide-encoding exons, in situ hybridizations 
were performed on alternative sections with exon-specific probes 
and intron sequences between the two exons. The data suggest 
that both exons are spliced onto a common hydrophobic leader 
sequence and that the individual peptide-encoding exons are 
alternatively spliced in a cell-specific manner. 

Materials and Methods 
Materials. Restriction enzymes were purchased from Anglian Biotech- 
nology or Boehringer Mannheim. Sequenase 2.0 was purchased from 
U.S. Biochemicals, and Taq DNA polymerase, from Perkin Elmer. 
Klenow for random priming, and nick translation kits were purchased 
from Amersham International. The &2P-dCTP was purchased from 
ICN Radiochemicals; @S-dATP, Hybond-N, and autoradiographic 
LM- 1 emulsion were purchased from Amersham. X-ray film was pur- 
chased from Kodak. Synthetic oligonucleotides were synthesized on an 
ABI 380A synthesizer. The sequences of the Xgt 10 primers were based 
on the New England Biolabs forward and reverse primers. 

Molecular procedures. Standard procedures were carried out as de- 
scribed by Sambrook et al. (1989). 

PCR analysis of hcDNAs. A plate lysate was made of a Xgt 10 Lym- 
naea stagnalis CNS cDNA library (titer, 5 x lOlo plaque-forming units 
ml-‘); 500 ~1 was phenol extracted and ethanol precipitated andresus- 
uended in TE at 0.5 ma/ml. Five hundred nanograms of DNA were 
resuspended in 100 ~1 x 1 PCR buffer (50 mM KCl, 0.2 mM dATP, 
dCTP, dGTP, dTTP, deoxynucleotide triphosphate (dNTP), 10 mM 
Tris, pH 8.4, 1.5 mM MgCl,); 100 pmol of Xgt 10 primer [forward 2 1 mer 
5’d(AGCAAGTTCAGCCTGGTTAAG)3’ or reverse S’d(CTTA- 
TGAGTATTTCTTCCAGGGTA)3’] and 98 pmol of FMRFamide 
primer 5’d(GTAGTGTCCAGAGCTCGGCCAAACC)3’ complemen- 
tary to the sequence encoding RFGRALDTT were then added. After 
denaturing for 10 min at 95°C and making up to 100 ~1 with water, 1 
U of Taq DNA polymerase (Perkin Elmer) was added and the sample 
cycled in a Techne Thermal cycler PCH- 1 TCl under the following 
conditions: 95°C 2 min; 55°C 2 min; and 12°C 2 min. After 30 cycles, 
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a. 
genomic 5'... TTT CAC TCT GCA GTG ACC AAA CGC TTT TTG AGO TTT GGC CGA GCT CTG GAC ACT ACG...3' 
cDNA 5'... TTT CAC TCT GCA OTC ACC MA CGC TTT TTG AGG TTT GGC CGA GCT CTG GAC ACT ACG...3’ 
protein . . . FHSAVT K R [P L R I?1 Q R A L. D T  ‘I’... 
PCR primer -3' CC AAA CCG GCT CGA GAC CTG TGA TO 5' 

b. 
splice site 

genomic 5'... TTT CAC TCT GCA I&G ACC AAA CGC TTT TTG AGO TTT GGC CGA GCT CTG GAC ACT ACG...3' 
cDNA 5'... GAT ATG TGC AGT ATG ACC AAA CGC TTT TTG AGO TTT GGC CGA GCT CTG GAC ACT ACG...3' 
protein . . . DMCSMT K R IF I. R E-1 G R A I, D T  -I’... 
PCR primer -3' CC AAA CC0 GCT CGA GAC CTG TGA TO 5' 

genomic 5'... TTC TAT TTT TTA $AC TCT 
cDNA 5'... GAT ATG TGC AGT AAC TCT 
protein . . . DMCSNS 
PCR prber 

GTG GAT TTA GAC AGA AAG GAG TTC TTC CCC CTT . ..GGT GAC CCT TTT CTA AGG TTT GGG CGG AGC...3' 
GTG GAT TTA GAC AGA AAG GAG TTC TTC CCC CTT... GGT GAC CCT TTT CTA AGG TTT GGG CGG AGC...3’ 

V D L D R K $ F F P L]...IG D P F L R Fl G R E.., 
-3' CC AAA CC0 GCT CGA.....S’ 

Figure I. Comparison of Lymnaeu genomic sequence and the corresponding cDNA sequences generated by PCR utilizing a Xgt 10 cDNA library 
as a template. The sequences obtained are divided into three classes (a-c) corresponding to the genomic tetrapeptide-encoding sequence (a), spliced 
tetrapeptide-coding sequence (b), or spliced heptapeptide-coding sequences (c). The region of homology to the PCR oligonucleotide is shown in 
each case. In all cases, the PCR sequences correspond precisely to the genomic sequences except where indicated (I), and at this point the sequences 
diverge. The site of divergence corresponds to consensus 3’ splice sites in the genomic DNA (T/C)nN(C/T)AGl. The sequence of the first peptide 
in each precursor class is shown, as is part of the common spliced hydrophobic leader sequence. The lengths [in base pairs (bp)] of the amplified 
PCR products are 259 bp (a); 201, 215, and 253 bp (b); and 123, 129, and 192 bp (c). 

the reaction was chloroform extracted and kept at -20°C. Aliquots of 
the PCR products were withdrawn and ligated into pUC9 and trans- 
formed into DHSar, and white colonies were selected on agar plates 
containing ampicillin (100 &ml), X-gal, and isopropyl- 1 -thio-P-n-gal- 
actopyranoside. White colonies were further screened by hybridization 
with FMRFamide genomic sequences and mixed oligomers to GDPF 
and SDPF. 

DNA sequencing. Cloned PCR products were sequenced using tem- 
plates prepared by a recently described miniprep method (Saunders and 
Burke, 1990). Reactions were carried out using (uY&~ATP and Se- 
quenase 2.0 following manufacturers’ instructions. Deoxyinosine tri- 
phosphate (dITP) was used where appropriate to resolve compressions. 
Genomic sequencing of 6.0 kilobases (kb) of the Lymnueu genome was 
performed using nested deletions (Saunders et al., 199 l), supplemented 
with M 13 sequencing, and completed using synthetic primers and dou- 
ble-stranded templates. 

In situ hybridization. Brains were dissected and frozen in Freon (Freeze- 
Jet, Agar Scientific). Fixation was performed in paraformaldehyde vapor 
(2 hr, 60°C). The brains were transferred to clear molten Paramat in an 
embedding mold a’nd sectioned, and ribbons of embedded material were 
placed on slides. Slides were dewaxed in xylene (30 min), dehydrated 
in 100% methanol (2 min), immersed in 0.15% pepsin in 0.2 M HCl 
(37°C 10 min), rinsed in phosphate-buffered saline (PBS), fixed in 2% 
paraformaldehyde in PBS (5 min), rinsed in PBS, immersed in II 
hydroxylamine ammonium chloride (15 min), rinsed in PBS (10 min), 
upgraded in 100% ethanol, and air dried. Hybridization was performed 
in a moist chamber for 16 hr at 37°C with ?S-labeled nick translated 
cDNA probes (specific activities of probes ranged from 1 x 108 to 3 x 
lo8 dpm pg-l, used at 10 ng per slide) in a buffer containing 50% 
formamide, 3 x saline-sodium citrate (SSC), 5 x Denhardt’s solution, 
5% dextran sulfate, 10 mM dithiothreitol, and 0.5 mg ml-l transfer 
RNA. Sections were washed in 2 x SSC (30 min), 0.1 x SSC at 60°C 
(10 min), 2 x SSC ( 10 min); upgraded in alcohol; dipped in Amersham 
LM-1 emulsion; exposed for 7 d; and developed. Sections were coun- 
terstained with hematoxylin and eosin. 

Genomic DNA isolation. Genomic DNA was extracted using a pre- 
viously described procedure (Linacre et al., 1990). 

Results 

PCR ampltjication of FMRFamide cDNAs 
To extend the two previously characterized partial cDNA se- 
quences encoding the tetrapeptide precursor, an oligonucleotide 

was synthesized that was homologous to a unique region of the 
tetrapeptide precursor, 3’ to the potential splice site (Fig. 1). A 
plate lysate was made of a Lymnaea brain Xgt 10 cDNA library, 
total DNA was extracted, and FMRFamide cDNA inserts were 
amplified using the FMRFamide precursor primer, a Xgt 10 spe- 
cific primer, and Taq DNA polymerase. After 30 rounds of 
amplification, the cDNA products were cloned into the SmaI 
site of pUC9 and transformed into DHSa, and colonies were 
selected for ampicillin resistance. From a single reaction, ap- 
proximately 300 colonies were obtained. White colonies were 
picked, minipreps made, and the inserts double-strand se- 
quenced using universal and reverse primers. 

Two classes of cDNA product were identified and compared 
with the genomic sequences (Fig. la,b). One class (Fig. la), of 
which only a single member was identified, corresponded exactly 
in DNA sequence to the 5’ genomic region of the tetrapeptide 
exon and included the first encoded FLRFamide. The second 
class (three individual clones) of cDNAs (Fig. 1 b) also encoded 
the first FLRFamide, but then the sequence diverged, before the 
presumptive initiating methionine at a 3’ splice consensus site 
in the genomic DNA. 

Screening of PCR library for GDPFLRFamide sequences 
The oligonucleotide designed to amplify FMRFamide sequenc- 
es should also be capable of amplifying GDPFLRFamide se- 
quences, as the 3’ nucleotides of oligonucleotide are comple- 
mentary to Arg-Phe-Gly, which is conserved between the two 
peptide precursors. The cloned PCR products were therefore 
rescreened by hybridization with genomic GDPFLRFamide se- 
quence. Several strongly hybridizing colonies were found, and 
the plasmid DNAs were isolated and sequenced. Three of these 
sequences (Fig. lc) were found to encode four copies of 
GDPFLRFamide, but diverged from the previously sequenced 
heptapeptide genomic sequence at a potential 3’ splice site 
(Saunders et al., 1991). Surprisingly, the DNA sequence ex- 
tending the heptapeptide sequence 5’ was identical to the 5’ 
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Figure 2. Translation of the hydrophobic sequence on the nonspliced tetrapeptide precursor (A) and the spliced (B) tetrapeptide (I) and heptapeptide 
(2) precursors. Amino acid sequences are derived by translation of the PCR products (Fig. 1). The translated sequences extend the open reading 
frames toward the N terminus and end at the last methionine in the open reading frame. The common hydrophobic leader sequence that is spliced 
infmme onto the tetrapeptide and heptapeptide coding sequences is underlined. 

sequence observed in the tetrapeptide spliced PCR products 
(Fig. lb). 

Common spliced exon encodes a hydrophobic leader 

The splicing ofthe identical 5’ sequence onto two different exons 
suggests that this common 5’ exon may have an important phys- 
iological function. Translation of the spliced sequence shows 
that it is hydrophobic, it contains four cysteine residues, and it 
is spliced inframe to the open reading frames of both the hepta- 
and tetrapeptide coding sequences (Fig. 2B, 1 and 2). Hydro- 
phobic leader sequences are commonly found on neuropeptide 
precursors (Walter and Blobel, 198 1). This common N-terminal 
hydrophobic sequence would provide a leader for the precursor 
protein encoded by the heptapeptide exon, and interestingly, it 
would replace the existing hydrophobic leader encoded by the 
N-terminus of the precursor protein encoded by the nonspliced 
tetrapeptide transcript (Fig. 2A). 

Organization of the FMRFamide gene 

The splicing of identical sequences onto each of the two neu- 
ropeptide encoding exons is consistent with the two exons being 
part of the same gene. However, the hydrophobic leader could 
be encoded upstream of each exon, each with its own transcrip- 
tional promoter. If this were the case, the neuropeptide exons 
would have to be considered as separate genes. 

To determine whether a spliced hydrophobic leader was en- 
coded upstream of the heptapeptide exon and downstream of 
the tetrapeptidgexon, the intervening DNA was sequenced. This 
region of DNA was isolated from the genomic hEMBL3 phage 
4.5 previously described (Saunders et al., 1991) which was used 
as a source of DNA for sequencing of the heptapeptide exon; 
a map of the total genomic region sequenced is shown in Figure 
3A. Manual and computer inspection of the genomic region 
sequenced, as well as hybridization of the genomic clone X4.5 
with an oligonucleotide specific for the spliced hydrophobic 
leader, failed to reveal any homologous sequences (data not 
shown). Lymnaea genomic DNA was digested with a variety of 
restriction enzymes and then subjected to a Southern transfer 
and hybridized with the same oligonucleotide. By washing at 
high stringency (6 x SSC at 65”C), a single band was observed 
in each track (Fig. 4). These data suggest that the spliced hy- 
drophobic leader is elsewhere in the genome and is not located 
between the tetra- and heptapeptide exons. 

A model based upon DNA sequencing and the PCR data is 
shown in Figure 3, A and B. In the genomic sequence (Fig. 3A), 
the exon encoding the common spliced hydrophobic leader se- 
quence is 5’ to the tetrapeptide exon, which is in turn 5’ to the 
heptapeptide exon. The PCR data (Fig. 3B) suggest that both 

the tetra- and heptapeptide exons are spliced onto the common 
5’ exon. To date, we have not been able to determine the distance 
between the tetrapeptide exon and the hydrophobic leader se- 
quence. It is likely to be greater than 20 kb as several genomic 
X-clones containing the tetrapeptide exon have been isolated 
and none contain the hydrophobic leader exon. 

In situ hybridization with neuropeptide-encoding exon and 
putative intron probes 

The model shown in Figure 3 suggests the possibility that al- 
tern-ative splicing between the neuropeptide exons could be used 
as a mechanism to regulate the cell-specific expression of the 
different exons and hence the production of different classes of 
neuropeptide. To test this in situ hybridization probes were 
generated (Fig. 3C) and hybridized to mRNA in consecutive 7 
pm brain sections. By hybridizing consecutive brain sections 

A. 
t 
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d::::::: 4 
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6. 
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2. cDNA u 

3. cDNA u 

Figure 3. Organization of the FMRFamide locus in Lymnaea stag- 
nalis. A, The genomic organization was determined by restriction en- 
donuclease mapping and DNA sequencing ofgenomic DNA cloned into 
XEMBW. The 6.0 kb region that has been sequenced is between the 

upstream Pst 1 site (P) of the tetrapeptide exon and the EcoRI site (6 
downstream of the heptapeptide exon. B, The three classes of PCR 
products (Fig. 1) are aligned with the genomic sequences; exon sequences 
are shown as boxes and introns as lines where the dotted area represents 
the tetrapeptide exon with its hydrophobic leader sequence (solid area) 
and the vertical striped area represents the heptapeptide exon. The spliced 
hydrophobic leader is shown as the horizontal striped area. C, The 
organization of probes used for in situ hybridization is indicated. Re- 
striction enzyme sites are indicated as E, EcoRI; B, BarnHI; S, Sa(I, 
P, PstI. 
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Figure 4. Southern transfer and hybridization of Lymnaea genomic 
DNA with a synthetic oligonucleotide labeled with +P-ATP 
5’d(CATCAAATGGCTGACCTGTGTCATGGC)3’ corresponding to 
part of the coding region of the spliced hydrophobic leader sequence 
shown in Figure 1. Lymnaea genomic DNA (10 pg) was digested with 
EcoRI (a), EcoRIIHindiII (b), Hi&II (c), and HindIIIIDraI (d). The 
ohgonucleotide was hybridized overnight at 65°C in 6 x SSC and washed 
at room temperature in 6 x SSC and then at increasing stringencies. An 
autoradiograph of the Southern blot after washing at 65°C in 6 x SSC 
is shown. The arrows indicate the predominantly hybridizing bands. 

with two different DNA probes, hybridization to different RNA 
molecules in the same cell can be observed. This is possible as 
the average size of a cell body is more than 25 pm in diameter. 

The autoradiographs in Figure 5, A and B, show neuronal cell 
bodies in consecutive sections in the visceral (Vise.) and right 
parietal (R.Pa.) ganglia hybridizing with tetrapeptide (Fig. 5A) 
and heptapeptide (Fig. SB) exon-specific probes. It can be seen 
that expression of the two exons in the cytoplasm is mutually 
exclusive. A group of cells (Fig. 5A, arrow) in the visceral gan- 
glion contains RNA in the cytoplasm that hybridizes very strongly 
with the tetrapeptide probe, whereas only two cells in the vis- 
ceral ganglion (Fig. 5B, N4 and N5) and three large cells in the 
right parietal ganglion (Fig. 5B, Nl, N2, and N3) hybridize with 
the heptapeptide probe. 

The differential expression of cytoplasmic mRNA encoding 
tetrapeptides or heptapeptides could occur by differential tran- 
scription of the two exons; however, there do not appear to be 
any transcriptional promoter sequences between the tetrapep- 
tide and heptapeptide exons (which have been sequenced), nor 
is differential transcription from separate promoters consistent 
with the PCR products in Figure 1, b and c. A more likely 
explanation, which is consistent with the model (Fig. 3), is that 
differential expression is a result of differential splicing from a 
single RNA transcript. It can be seen that neurons expressing 
the heptapeptide mRNA in their cytoplasm (Fig. 5B, Nl and 
N2) also contain tetrapeptide exon sequences in the nucleus (Fig. 
5A, Nl and N2). The converse is also the case. Though nuclear 

expression of heptapeptide RNA is weak in the visceral ganglion 
cell group heavily expressing tetrapeptide mRNA in its cy- 
toplasm (Fig. 5A,B, arrow), obvious nuclear expression of hep- 
tapeptide RNA is observed when a probe of high specific activity 
is used and when cell bodies are observed under a higher mag- 
nification as shown in Figure 5, C and D. Cells expressing tetra- 
peptide RNA in the cytoplasm (Fig. SC, arrows) contain hep- 
tapeptide RNA restricted to the nucleus (Fig. 5D, arrows). These 
findings are again consistent with the model whereby cytoplas- 
mic mRNA sequences are encoded by a common precursor 
RNA and transport of the two exons to the cytoplasm is the 
result of a cell-specific RNA splicing event. 

Confirmation that the two exons are likely to be derived from 
the same primary transcript is shown in Figure 5E. The con- 
secutive sections hybridized with either the probes specific for 
the tetrapeptide (Fig. 5c) or the heptapeptide (Fig. 5D) were 
also probed with a noncoding presumptive intron sequence (Fig. 
3C) between the two coding exons. This shows (Fig. 5E, arrows) 
that cells expressing the tetrapeptide exon in their cytoplasm 
also contain the heptapeptide and intron sequences in their nu- 
clei. 

Discussion 

Genes encoding FMRFamide-related peptides from Aplysiu and 
Drosophila (Schaefer et al., 1985; Nambu et al., 1988; Schneider 
and Taghert, 1988) have been described previously. From the 
sequence of a number of cDNAs in Aplysia, it was suggested 
that splicing could occur although no firm model was proposed 
(Taussig and Scheller, 1986). In Drosophila, the gene encoding 
FMRFamide-related peptides clearly contains two exons 
(Schneider and Taghert, 1988), but the first exon appears to be 
noncoding and there is no evidence of any differential splicing 
occurring. The simplest interpretation ofthe PCR data described 
here from Lymnaeu is that the predominant forms of tetrapep- 
tide and heptapeptide transcripts are spliced onto a common 
exon encoding a hydrophobic leader sequence. It is clear from 
DNA sequencing that the hydrophobic leader sequence is not 
encoded between the hepta- and tetrapeptide exons. From the 
genomic Southern data and the fact that the nucleotide sequenc- 
es of the hydrophobic leaders of the different PCR products are 
identical, it is likely that the hydrophobic leader is encoded as 
only a single copy, and therefore the tetra- and heptapeptide 
sequences are spliced onto the same sequence. However, we 
cannot rule out the possibility that the single bands observed 
in the Southern transfer may represent several identical copies 
of the leader grouped closely together, each with a transcrip- 
tional control region. In this case, tetra- and heptapeptide dif- 
ferential transcription could occur in different cells; however, 
to explain our in situ observations, cell-specific splicing of the 
neuropeptide-encoding exons would also have to occur. These 
data all suggest that the tetra- and heptapeptide exons make up 
part of a larger gene. Furthermore, from the sequence data there 
is no evidence of any initiating methionine or transcriptional 
regulatory sequences between the two neuropeptide-encoding 
exons. The single nonspliced tetrapeptide PCR product (Figs. 
1 a, 3B,) may represent a rare transcript from its own promoter 
that is produced in just one or a few cells, or is expressed at a 
low level in all cells producing FMRFamide. However, in the 
region sequenced upstream of the tetrapeptide exon there do 
not seem to be classic CAAT or TATA sequences encoded by 
the genomic DNA that are typical of many Lymnaea transcrip- 
tion promoters (Smit et al., 1988). Alternatively, this PCR prod- 



The Journal of Neuroscience, March 1992, 72(3) 1037 

Figure 5. In situ analysis of the expression of the tetrapeptide exon- and heptapeptide exon-encoding transcripts in consecutive sections of the 
CNS of Lymnaeu stagnnlis. The probes used were as follows: A and C, tetrapeptide probe, cDNA sequence (D3, described in Linacre et al., 1990) 
encoding nine copies of FMRFamide plus additional putative peptides; B and D, heptapeptide probe, cDNA sequence encoding four tandem copies 
of GDPFLRFamide, corresponding to nucleotides 16 l-284 of Saunders et al. (199 1). The fragment was cut out of pUCl9, gel purified, and self- 
ligated to create a larger template. E, Noncoding presumptive intron probe (695 base pairs) spanning the region between the EcoRI and Sun sites 
as shown in Figure 3, A and C. The visceral (EC.), right parietal (R.Pu.), and left parietal &Pa.) ganglia (A and B) are indicated. The group of 
neuronal cell bodies in the visceral ganglia expressing tetrapeptide mRNA is indicated (arrows), and cells expressing heptapeptide mRNA are 
labeled Nl-N5. 

uct may represent an incompletely spliced RNA that was cloned 
into the Xgt 10 cDNA library. Preliminary in situ data suggest 
that this nonspliced hydrophobic sequence is maintained in the 
nucleus and probably never reaches the cytoplasm. 

The observation that the tetrapeptide exon is spliced onto a 
hydrophobic leader is surprising since translation ofthe genomic 
tetrapeptide open reading frame appears to encode an appar- 
ently normal hydrophobic leader. However, this nonspliced 
leader is relatively short, containing only six hydrophobic amino 
acids, and is the least hydrophobic of over 300 hydrophobic 
leaders surveyed (Linacre et al., 1990). The spliced leader is 
more hydrophobic, containing 15 hydrophobic amino acids and 
a likely cleavage site (von Heijne, 1986) between tryptophan 
and lysine just adjacent to the cleavage site for the first predicted 
peptide, FLRFamide. The possibility exists that both hydro- 
phobic leader sequences are used, maybe in different cells. If 
this is the case, they could function to target the precursor pro- 
tein to specific cellular locations for processing or releasing. This 
can be tested by further in situ hybridization experiments and 
specific antisera against each leader sequence. 

Of particular interest is that the spliced hydrophobic leader 
sequence shares strong sequence conservation with one of the 
spliced Aplysiu tetrapeptide-coding sequences (Taussig and 

Scheller, 1986) (Fig. 6). The conservation of this splicing event 
between the two species indicates that it is likely to be of some 
physiological importance, not least in targeting these precursors 
to their specific locations for processing. It remains to be de- 
termined whether the same hydrophobic sequence is spliced 
onto a heptapeptide-coding exon in Aplysia, though we think 
this is likely. 

In vertebrate systems, several examples of tissue-specific al- 
ternatively spliced transcripts have been described (reviewed in 
Smith et al., 1989). Bovine preprotachykinin (PPT) is spliced 
in a tissue-specific manner (Nawa et al., 1984). The /3-PPT mRNA 
containing exons l-7 encoding both substance P and substance 
K is expressed predominantly in the thyroid and intestine, 
whereas the LU-PPT mRNA lacking exon 6 and therefore only 
encoding substance P is expressed in the nervous system. Sim- 
ilarly, the differential production of calcitonin/CRP and calci- 
tonin gene-related peptide in the thyroid and nervous system, 
respectively, of humans is regulated by alternative splicing (Ro- 
senfeld et al., 1983). 

The in situ hybridization data described here are consistent 
with the two peptide-coding exons being part of a common 
transcript that is then differentially spliced in different cells, in 
a defined cell-specific manner. Different splicing of the 
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Splice Site 
* * * A 

Lymnaea cDNA M K T  W S H V A L L A C L S 1 K W L T C - V M A D S 1 Y C D D P D M C S MjN ~MRFanide/GDPFLRFamide 
1. . ~1111111~IIII~ I I I Ill ,.I 

Aplysia cDNA MRPTCQLALLACLSLKWLTSHVTAESFLCDUSELCEN FMRFamide 

Figure 6. Comparison of the deduced amino acid sequences of the Lymnaeu spliced hydrophobic leader sequence and the signal sequence of the 
spliced Aplysiu FMRFamide-5 cDNA (Taussig and Scheller, 1986). Out of a total of 36 amino acids in Lymnaeu and 37 in Aplysiu [after the 
predicted 3’ splice site (l)], 19 are conserved (I), including 3 cysteines (*). In addition, nine amino acids represent conservative substitutions (.). 
The most highly conserved region of 12 amino acids, which forms part of the most hydrophobic region in the leader sequence, is underlined. 

FMRFamide gene differs from the vertebrate systems in that 
expression is cell specific rather than just tissue specific. In an- 
other invertebrate, Aplysiu, the R 15 neuropeptide precursor is 
encoded by two different mRNAs that can be generated by a 
mechanism of alternative splicing (Buck et al., 1987). The two 
different mRNAs differ in a single region whereby a 6 nucleotide 
sequence present in one mRNA (R15- 1) is replaced by a different 
48 nucleotide sequence in the alternative mRNA (R15-2) spe- 
cific to the R 15 neuron. The R 15-2 mRNA encodes three pep- 
tides, R 15a, R 150, and R 157. The physiological function of this 
system has recently been established (Alevizos et al., 199 la-c). 
Activity in the R 15 neuron increases the frequency of bursting 
in R25/L25, which triggers respiratory pumping; this is mod- 
ulated by the R15al peptide derived from a protein precursor 
that is created by the cell-specific splicing in RI 5. Excitation of 
L7 is also mediated by this peptide, as are peristaltic movements 
in the hermaphroditic duct of Aplysia. 

The physiological role of the alternative splicing observed 
here has yet to be established, although preliminary data (not 
shown) suggest that the E-group cells containing the heart mo- 
toneurons use the tetrapeptide exon specifically. This is consis- 
tent with the physiology of the heart in Lymnaea (Buckett et 
al., 1990a,b; Brezden et al., 199 1). A detailed study of this and 
other systems is in progress. 

The reproducibility of cell-specific alternative splicing of the 
tetra- and heptapeptide exons from one animal to another is 
extremely high. In over 250 individual cells expressing the tetra- 
peptide exon and approximately 50 cells expressing the hepta- 
peptide exon, not a single case of coexpression in the cytoplasm 
has yet been observed. No differences between individual ani- 
mals collected over a 2 year period have been observed. This 
high level of consistency most likely represents an extreme form 
of cell-specific differential splicing, although at this stage we 
cannot say whether splicing is responsible for differential ex- 
pression of the two exons in every cell in the Lymnaea brain. 
The regulation of alternate splicing is likely to be due to a com- 
bination of factors such as the DNA sequence in the intron 
between the-two neuropeptide-encoding exons and differential 
cellular expression of small nuclear RNAs and/or proteins that 
regulate the splicing event (Guthrie and Patterson, 1988). 
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