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Individual neurons synthesize different peptide neurotransmitters and neuromodulators.
In general, specificity
is
achieved by transcriptional
regulation of neuropeptide-encoding genes. In Lymnaea, the FMRFamide and GDP/
SDPFLRFamide neuropeptides are encoded by separate exons. 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 cytoplasmic expression of each of the neuropeptide-encoding
exons. Thus, differential neuropeptide synthesis is likely to
be regulated by an alternative splicing mechanism. The cellular 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 tetrapeptide
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 diverges 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 processing 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
wereperformed on alternative sectionswith exon-specificprobes
and intron sequencesbetween the two exons. The data suggest
that both exons are splicedonto a common hydrophobic leader
sequenceand that the individual peptide-encoding exons are
alternatively spliced in a cell-specific manner.

Materials

and Methods

Materials. Restrictionenzymeswerepurchased
from AnglianBiotech-

nology or BoehringerMannheim.Sequenase
2.0 waspurchasedfrom
U.S. Biochemicals,and Taq DNA polymerase,from Perkin Elmer.
Klenowfor randompriming,and nick translationkits werepurchased
from AmershamInternational.The &2P-dCTP waspurchasedfrom
ICN Radiochemicals;
@S-dATP, Hybond-N, and autoradiographic
LM- 1 emulsionwerepurchased
from Amersham.X-ray film waspurchasedfrom Kodak. Syntheticoligonucleotides
weresynthesized
onan
ABI 380A synthesizer.The sequences
of the Xgt10primerswerebased
on the New EnglandBiolabsforwardandreverseprimers.
Molecular procedures. Standardprocedures
werecarriedout asdescribedby Sambrooket al. (1989).
PCR analysis of hcDNAs. A platelysatewas made of a Xgt 10 Lymnaea stagnalis CNS cDNA library (titer, 5 x lOloplaque-forming
units
ml-‘); 500~1wasphenolextractedandethanolprecipitatedandresusuendedin TE at 0.5 ma/ml. Five hundrednanograms
of DNA were
resuspended
in 100~1 x 1 PCR buffer (50 mM KCl, 0.2 mM dATP,
dCTP, dGTP, dTTP, deoxynucleotidetriphosphate(dNTP), 10 mM
Tris, pH 8.4, 1.5mMMgCl,); 100pmolof Xgt10primer[forward21mer
5’d(AGCAAGTTCAGCCTGGTTAAG)3’ or reverse S’d(CTTATGAGTATTTCTTCCAGGGTA)3’] and 98 pmol of FMRFamide
primer
5’d(GTAGTGTCCAGAGCTCGGCCAAACC)3’complementary to the sequence encoding
RFGRALDTT werethen added.After
denaturingfor 10min at 95°Cand makingup to 100~1with water, 1
U of Taq DNA polymerase(PerkinElmer)wasaddedandthe sample
cycled in a TechneThermal cycler PCH-1 TCl under the following
conditions:95°C 2 min; 55°C 2 min; and12°C 2 min.After 30cycles,
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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 transformed into DHSar, and white colonies were selected on agar plates
containing ampicillin (100 &ml), X-gal, and isopropyl- 1-thio-P-n-galactopyranoside. 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 templates prepared by a recently described miniprep method (Saunders and
Burke, 1990). Reactions were carried out using (uY&~ATP and Sequenase 2.0 following manufacturers’ instructions. Deoxyinosine triphosphate (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 double-stranded templates.
In situ hybridization. Brains were dissected and frozen in Freon (FreezeJet, 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 counterstained with hematoxylin and eosin.
Genomic DNA isolation. Genomic DNA was extracted using a previously described procedure (Linacre et al., 1990).

Results

PCR ampltjication

of FMRFamide

cDNAs

To extend the two previously characterized
quences encoding the tetrapeptide precursor,

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 specific 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, approximately
300 colonies were obtained. White colonies were
picked, minipreps
made, and the inserts double-strand
sequenced 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 consensussite

in the genomic DNA.

Screening of PCR library for GDPFLRFamide
The oligonucleotide
designed to amplify
es should also be capable of amplifying

FMRFamide
sequencGDPFLRFamide
se-

quences,as the 3’ nucleotides of oligonucleotide are complementary to Arg-Phe-Gly, which is conserved between the two
peptide

precursors.

The cloned

PCR products

were therefore

rescreenedby hybridization with genomicGDPFLRFamide sequence. 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

partial cDNA sean oligonucleotide

sequences

genomic

sequence

at a potential

3’ splice site

(Saunders et al., 1991). Surprisingly, the DNA sequenceextending the heptapeptide sequence5’ 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.

sequenceobserved in the tetrapeptide spliced PCR products
(Fig. lb).
Common

spliced exon encodes a hydrophobic

leader

The splicingofthe identical 5’ sequenceonto two different exons
suggests
that this common 5’ exon may have an important physiological function. Translation of the spliced sequenceshows
that it is hydrophobic, it contains four cysteine residues,and it
is splicedinframe to the open reading framesof both the heptaand tetrapeptide coding sequences(Fig. 2B, 1 and 2). Hydrophobic leader sequencesare commonly found on neuropeptide
precursors(Walter and Blobel, 1981). This common N-terminal
hydrophobic sequencewould provide a leaderfor the precursor
protein encodedby the heptapeptide exon, and interestingly, it
would replace the existing hydrophobic leader encodedby the
N-terminus of the precursor protein encodedby the nonspliced
tetrapeptide transcript (Fig. 2A).
Organization
of the FMRFamide
gene
The splicing of identical sequencesonto each of the two neuropeptide encodingexonsis consistentwith the two exonsbeing
part of the samegene. However, the hydrophobic leader could
be encodedupstreamof eachexon, each with its own transcriptional promoter. If this were the case,the neuropeptide exons
would have to be consideredas separategenes.
To determine whether a spliced hydrophobic leader was encoded upstream of the heptapeptide exon and downstream of
the tetrapeptidgexon, the intervening DNA wassequenced.This
region of DNA was isolated from the genomic hEMBL3 phage
4.5 previously described(Saunderset al., 1991) which wasused
as a source of DNA for sequencingof the heptapeptide exon;
a map of the total genomicregion sequencedis 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 digestedwith a variety of
restriction enzymes and then subjected to a Southern transfer
and hybridized with the sameoligonucleotide. By washing at
high stringency (6 x SSC at 65”C), a singleband was observed
in each track (Fig. 4). These data suggestthat the spliced hydrophobic leader is elsewherein the genomeand is not located
between the tetra- and heptapeptide exons.
A model basedupon DNA sequencingand the PCR data is
shown in Figure 3, A and B. In the genomic sequence(Fig. 3A),
the exon encoding the common splicedhydrophobic leader sequenceis 5’ to the tetrapeptide exon, which is in turn 5’ to the
heptapeptide exon. The PCR data (Fig. 3B) suggestthat both

the tetra- and heptapeptide exons are spliced onto the common
5’ exon. To date, we have not beenable to determinethe distance
between the tetrapeptide exon and the hydrophobic leader sequence. 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
putative

with neuropeptide-encoding

exon and

intron probes

The model shown in Figure 3 suggeststhe possibility that altern-ative splicingbetweenthe neuropeptideexons could be used
as a mechanism to regulate the cell-specific expressionof the
different exons and hencethe production of different classesof
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.

PE
Genome

PB

t

.....
d::::::: 4

6.
1. cDNA

2. cDNA

u

3.cDNA
u
Figure 3. Organization
nalis. A, The genomic
donuclease
XEMBW.

of the FMRFamide
locus in Lymnaea
organization
was determined
by restriction
mapping
and DNA sequencing
ofgenomic
DNA cloned
The 6.0 kb region that has been sequenced
is between

stageninto
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.
Restriction
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 Lymnaeagenomic
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. Lymnaeagenomic 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
moleculesin the samecell can be observed. This is possibleas
the averagesize of a cell body is more than 25 pm in diameter.
The autoradiographsin Figure 5, A and B, showneuronal cell
bodies in consecutive sectionsin 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 expressionof the two exons in the cytoplasm is mutually
exclusive. A group of cells(Fig. 5A, arrow) in the visceral ganglion containsRNA in the cytoplasmthat hybridizes very strongly
with the tetrapeptide probe, whereasonly two cells in the visceral 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
tetrapeptidesor heptapeptidescould occur by differential transcription of the two exons; however, there do not appear to be
any transcriptional promoter sequencesbetween the tetrapeptide and heptapeptide exons (which have been sequenced),nor
is differential transcription from separatepromoters consistent
with the PCR products in Figure 1, b and c. A more likely
explanation, which is consistentwith the model (Fig. 3), is that
differential expressionis a result of differential splicing from a
singleRNA transcript. It can be seenthat 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 converseis also the case.Though nuclear

expressionof heptapeptide RNA is weak in the visceralganglion
cell group heavily expressing tetrapeptide mRNA in its cytoplasm (Fig. 5A,B, arrow), obvious nuclear expressionof heptapeptide RNA is observedwhen a probe of high specificactivity
is usedand when cell bodiesare observed under a higher magnification as shown in Figure 5, C and D. Cells expressingtetrapeptide RNA in the cytoplasm (Fig. SC, arrows) contain heptapeptide RNA restricted to the nucleus(Fig. 5D, arrows). These
findings are again consistentwith the model whereby cytoplasmic mRNA sequencesare 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 sameprimary transcript is shown in Figure 5E. The consecutive sectionshybridized with either the probes specific for
the tetrapeptide (Fig. 5c) or the heptapeptide (Fig. 5D) were
alsoprobed with a noncoding presumptive intron sequence(Fig.
3C) between the two coding exons. This shows(Fig. 5E, arrows)
that cells expressingthe tetrapeptide exon in their cytoplasm
alsocontain the heptapeptide and intron sequencesin their nuclei.
Discussion
GenesencodingFMRFamide-related peptidesfrom Aplysiu and
Drosophila (Schaeferet al., 1985; Nambu et al., 1988; Schneider
and Taghert, 1988) have been described previously. From the
sequenceof a number of cDNAs in Aplysia, it was suggested
that splicing could occur although no firm model was proposed
(Taussigand Scheller, 1986). In Drosophila, the geneencoding
FMRFamide-related peptides clearly contains two exons
(Schneider and Taghert, 1988), but the first exon appearsto be
noncoding and there is no evidence of any differential splicing
occurring. The simplestinterpretation ofthe PCR data described
here from Lymnaeu is that the predominant forms of tetrapeptide and heptapeptide transcripts are spliced onto a common
exon encoding a hydrophobic leader sequence.It is clear from
DNA sequencingthat the hydrophobic leader sequenceis not
encoded between the hepta- and tetrapeptide exons. From the
genomic Southern data and the fact that the nucleotide sequencesof the hydrophobic leadersof the different PCR products are
identical, it is likely that the hydrophobic leader is encodedas
only a single copy, and therefore the tetra- and heptapeptide
sequencesare spliced onto the same sequence.However, we
cannot rule out the possibility that the single bands observed
in the Southern transfer may representseveral identical copies
of the leader grouped closely together, each with a transcriptional control region. In this case,tetra- and heptapeptide differential transcription could occur in different cells; however,
to explain our in situ observations, cell-specific splicing of the
neuropeptide-encodingexons would also have to occur. These
data all suggestthat the tetra- and heptapeptide exons make up
part of a larger gene.Furthermore, from the sequencedata there
is no evidence of any initiating methionine or transcriptional
regulatory sequencesbetween the two neuropeptide-encoding
exons. The single nonspliced tetrapeptide PCR product (Figs.
1a, 3B,) may representa rare transcript from its own promoter
that is produced in just one or a few cells, or is expressedat a
low level in all cells producing FMRFamide. However, in the
region sequencedupstream of the tetrapeptide exon there do
not seemto be classicCAAT or TATA sequencesencoded by
the genomic DNA that are typical of many Lymnaea transcription promoters (Smit et al., 1988).Alternatively, this PCR prod-
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Figure 5. In situ analysisof the expression
of the tetrapeptideexon- andheptapeptideexon-encodingtranscriptsin consecutivesectionsof the
CNSof Lymnaeustagnnlis.The probesusedwereasfollows:A and C, tetrapeptideprobe,cDNA sequence
(D3, describedin Linacreet al., 1990)
probe,cDNA sequence
encodingfour tandemcopies
encodingninecopiesof FMRFamideplusadditionalputativepeptides;B andD, heptapeptide
of GDPFLRFamide,corresponding
to nucleotides16l-284 of Saunders
et al. (1991).The fragmentwascut out of pUCl9, gel purified,and selfligatedto createa largertemplate.E, Noncodingpresumptiveintron probe(695basepairs)spanningthe regionbetweenthe EcoRI andSun sites
asshownin Figure3, A andC. The visceral(EC.), right parietal(R.Pu.),and left parietal&Pa.) ganglia(A and B) areindicated.The groupof
neuronalcell bodiesin the visceralgangliaexpressing
tetrapeptidemRNA is indicated(arrows),and cellsexpressing
heptapeptidemRNA are
labeledNl-N5.

uct may representan incompletely splicedRNA that wascloned
into the Xgt10 cDNA library. Preliminary in situ data suggest
that this nonsplicedhydrophobic sequenceis maintained in the
nucleusand probably never reachesthe cytoplasm.
The observation that the tetrapeptide exon is spliced onto a
hydrophobic leaderis surprisingsincetranslation ofthe genomic
tetrapeptide open reading frame appearsto encode an apparently normal hydrophobic leader. However, this nonspliced
leaderis 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 15hydrophobic amino acidsand
a likely cleavage site (von Heijne, 1986) between tryptophan
and lysinejust adjacent to the cleavagesite for the first predicted
peptide, FLRFamide. The possibility exists that both hydrophobic leader sequencesare used, maybe in different cells. If
this is the case,they could function to target the precursor protein to specificcellular locations for processingor releasing.This
can be tested by further in situ hybridization experiments and
specific antisera againsteach leader sequence.
Of particular interest is that the spliced hydrophobic leader
sequencesharesstrong sequenceconservation with one of the
spliced Aplysiu tetrapeptide-coding sequences(Taussig and

Scheller, 1986) (Fig. 6). The conservation of this splicing event
between the two speciesindicates that it is likely to be of some
physiological importance, not least in targeting theseprecursors
to their specific locations for processing.It remains to be determined whether the same hydrophobic sequenceis spliced
onto a heptapeptide-coding exon in Aplysia, though we think
this is likely.
In vertebrate systems,several examples of tissue-specificalternatively splicedtranscripts have beendescribed(reviewed in
Smith et al., 1989). Bovine preprotachykinin (PPT) is spliced
in a tissue-specificmanner(Nawaet al., 1984).The /3-PPTmRNA
containing exons l-7 encodingboth substanceP and substance
K is expressed predominantly in the thyroid and intestine,
whereasthe LU-PPTmRNA lacking exon 6 and therefore only
encoding substanceP is expressedin the nervous system.Similarly, the differential production of calcitonin/CRP and calcitonin gene-related peptide in the thyroid and nervous system,
respectively, of humansis regulatedby alternative splicing (Rosenfeld 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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Figure 6. Comparison
of the deducedaminoacidsequences
of the Lymnaeu splicedhydrophobicleadersequence
andthe signalsequence
of the
splicedAplysiu FMRFamide-5cDNA (Taussigand Scheller,1986).Out of a total of 36 aminoacidsin Lymnaeu and 37 in Aplysiu [after the

(.).
predicted3’ splicesite(l)], 19areconserved(I), including3 cysteines(*). In addition,nine aminoacidsrepresentconservativesubstitutions
The mosthighly conservedregionof 12aminoacids,whichformspart of the mosthydrophobicregionin the leadersequence,
is underlined.
FMRFamide gene differs from the vertebrate systemsin that
expressionis cell specificrather than just tissuespecific. In another invertebrate, Aplysiu, the R 15 neuropeptide precursor is
encoded by two different mRNAs that can be generatedby a
mechanismof alternative splicing (Buck et al., 1987). The two
different mRNAs differ in a singleregion whereby a 6 nucleotide
sequencepresentin one mRNA (R15- 1)is replacedby a different
48 nucleotide sequencein the alternative mRNA (R15-2) specific to the R 15 neuron. The R 15-2 mRNA encodesthree peptides, R 15a, R 150,and R 157. The physiological function of this
systemhasrecently been established(Alevizos et al., 199la-c).
Activity in the R 15 neuron increasesthe frequency of bursting
in R25/L25, which triggers respiratory pumping; this is modulated by the R15al peptide derived from a protein precursor
that is created by the cell-specific splicing in RI 5. Excitation of
L7 is alsomediatedby this peptide, asareperistaltic 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) suggestthat the E-group cells containing the heart motoneurons usethe tetrapeptide exon specifically. This is consistent with the physiology of the heart in Lymnaea (Buckett et
al., 1990a,b;Brezden et al., 1991). A detailed study of this and
other systemsis 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 cellsexpressingthe tetrapeptide exon and approximately 50 cells expressingthe heptapeptide exon, not a singlecaseof coexpressionin the cytoplasm
has yet been observed. No differencesbetween individual animals collected over a 2 year period have been observed. This
high level of consistencymost likely representsan extreme form
of cell-specific differential splicing, although at this stage we
cannot say whether splicing is responsiblefor differential expressionof the two exons in every cell in the Lymnaea brain.
The regulation of alternate splicing is likely to be due to a combination of factors such as the DNA sequencein the intron
between the-two neuropeptide-encodingexons and differential
cellular expressionof small nuclear RNAs and/or proteins that
regulate the splicing event (Guthrie and Patterson, 1988).
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