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MYOTROPINS are a diverse group of neuropeptides that either
stimulate or inhibit the contractile activity of visceral muscle. The
vast majority of insect myotropic peptides isolated to date stim-
ulate muscle contraction. Several reviews have discussed the iso-
lation, structure–activity, and function of several of these stim-
ulatory peptides, which include FMRFamide-related peptides
(FaRPs), kinins, pyrokinins, tachykinins, sulfakinins, and proc-
tolin (4,18,24,25,42,43). The FMRFamide and sulfakinin genes
have been cloned from dipterans (10,11,27,28,39) and the se-
quences have revealed that each precursor contains a family of
related peptides that may be processed and simultaneously re-
leased. This review will examine the inhibitory myotropic pep-
tides with emphasis on leucomyosuppressin (LMS). LMS is one
of a relatively small number of characterized myotropic peptides
that inhibit muscle contraction and is part of a subfamily of
FMRFamide-related peptides called the myosuppressins. LMS
has been characterized at the molecular level in the cockroach
Diploptera punctata and found to be among a growing number
of brain–gut expressed peptides identified in insects.

INHIBITORY MYOTROPIC PEPTIDES

The first inhibitory myosuppressin was isolated from the
cockroach Leucophaea maderae as an inhibitor of spontaneous

hindgut contraction (17). This peptide (pQDVDHVFLRFamide),
termed LMS because of its activity, belongs to a subclass of
the FaRPs, a wide-ranging family of structures found through-
out the Metazoa (34) . Structurally and functionally equivalent
peptides have now been identified in other insects including
the locusts Schistocerca gregaria (35) and Locusta mi-
gratoria (32,41) (SchistoFLRFamide; PDVDHVFLRFam-
ide ) , the locust L. migratoria (ADVGHVFLRFamide) (32) ,
the tobacco hornworm Manduca sexta (ManducaFLRFamide;
pQDVVHSFLRFamide) (19) , and the flies Drosophila
melanogaster ( 29 ) and Neobellieria bullata ( 14 )
(TDVDHVFLRFamide). A second type of myoinhibitory pep-
tide that is structurally unique from these myosupressins has also
been isolated from L. migratoria . This peptide, termed locus-
tamyoinhibiting peptide or Lom-MIP (AWQDLNAGWam-
ide) , suppresses spontaneous contractions in both hindgut and
oviducts of L. migratoria (40) . Recently, two structurally related
peptides (AWQDLNSAWamide and GWQDLNSAWamide)
were identified from the ventral nerve cord of adult M. sexta that
significantly reduce or abolish peristalsis in an isolated ilea (an-
terior hindgut) assay (2) . Other peptides, termed allatostatins,
that were originally isolated for their ability to inhibit the bio-
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FIG. 1. Organization of the D. punctata LMS gene. A schematic repre-
sentation of the genomic organization of the three exons of the LMS
gene is shown in the lower portion of the diagram. The sequence of the
splice junctions is shown for each exon/intron boundary. The location
of the LMS precursor relative to the mRNA, which is derived from the
genomic exon sequences, is shown above. The position of LMS within
the precursor is indicated by a stippled box.

synthesis of juvenile hormone by corpora allata (CA) of cock-
roaches [reviewed in (6,44)] have also been found to be potent
inhibitors of both spontaneous and proctolin-induced contrac-
tions of the hindgut of the cockroach D. punctata (20) . The
allatostatins are a family of peptides that are characterized by a
common carboxy-terminus -Y/FXFGL/I-NH2 (where X S, G,
D, A, N), which also appears to be the core region required for
both activities (6,44) . In contrast to Lom-MIP, D. punctata al-
latostatins do not inhibit contraction of oviduct muscle from D.
punctata or L. migratoria (20) . Calliphora vomitoria also has a
structurally related family of peptides known as Leu- or Met-
callatostatins dependent on the terminal amino acid (8) . Calla-
tostatins do not inhibit juvenile hormone biosynthesis in C. vom-
itoria CA but rather are inhibitors of spontaneous hindgut
contractions in both C. vomitoria (9) and D. punctata (20) . Post-
translational prolylhydroxylation of either proline in Met-calla-
tostatin (GPPYDFGM-NH2) increases the potency of
this peptide as an inhibitor of spontaneous hindgut contrac-
tion (12).

A fourth type of inhibitory myotropin has been isolated and
partially sequenced from L. migratoria (42,43). The sequence
pE?Y?KQSAFNAVS-NH2 is structurally unique and exhibits ac-
tivity as an inhibitor of contraction in L. maderae hindgut and L.
migratoria oviduct.

MOLECULAR CHARACTERIZATION OF LEUCOMYOSUPPRESSIN IN
DIPLOPTERA PUNCTATA

A peptide with the character and activity of LMS was iden-
tified in D. punctata brain extracts by high pressure liquid
chromatography (HPLC) using three systems. After initial
fractionation on a C-18 reverse-phase column, fractions that
were immunoreactive with anti-FMRFamide antisera in a ra-
dioimmunoassay (31) and had elution times that corresponded
with synthetic LMS were pooled. The pooled fractions were
then passed through a Phenyl column run with a 18–60% ace-
tonitrile gradient. The major FMRFamide-immunoreactive
peaks coeluting with LMS from this column were pooled and
then loaded onto a second Phenyl column run with a 20–29%
acetonitrile gradient. The final immunoreactive peak showed
the same elution profile as synthetic LMS and was found to
inhibit spontaneous contractions of isolated locust oviduct
with effects similar to that produced by 1006 M LMS (7) .

Having detected the presence of a peptide in the brain of this
cockroach with the characteristics of LMS, two overlapping de-
generate oligonucleotides were designed by reverse translation
of the LMS amino acid sequence to amplify the corresponding
gene using the polymerase chain reaction (PCR). PCR amplifi-
cation resulted in a 400-bp DNA fragment representing the 3*
portion of the LMS gene, which was then used to screen aliquots
of unamplified brain cDNA libraries for homologous clones.
Many of the isolated clones were found to contain an insert of
approximately 3500 bp, which correlates well with the major
band of about 3800 bp observed when Northern filter blots of D.
punctata brain mRNA were hybridized with the same fragment
of the LMS gene (7) .

The structure of the LMS transcription unit was investi-
gated by comparing the sizes of PCR amplification products
obtained from genomic DNA to those obtained from cDNA.
The locations of two introns in the LMS transcript were de-
duced by this method and the sequences of the resulting in-
tron /exon boundaries determined (Fig. 1 ) . Both introns were
found to conform fully with the GT-AG rule defining splice
sites of eukaryotic nuclear genes. Inverse PCR (30) was used
to determine the boundaries of the first intron (greater than

9000 bp) , as a PCR product could not be generated that
spanned this intron. Two overlapping genomic clones have
subsequently confirmed the PCR-deduced genomic organiza-
tion illustrated in Fig. 1 (Lee, unpublished) . Sequencing of
the LMS cDNA revealed that the 288-bp open reading frame
specifying the preproLMS was localized to the 5 * end of the
3800-bp transcript. In the genome, the preproLMS is inter-
rupted between the second and third exon by a second intron
of approximately 2000 bp. The coding sequence for the mature
portion of the peptide is found exclusively on the third exon
(Fig. 1 ) . As the amino-terminal region of the precursor is
found on a separate exon the possibility that alternative splic-
ing might occur cannot be ruled out. However, no brain c-
DNAs examined thus far appear to use alternative exons to
those shown (Fig. 1 ) . Further investigation of transcripts in
other tissues is currently being pursued.

MYOSUPPRESSIN PRECURSORS

The sequence derived from D. punctata brain cDNA was
found to contain a single open reading frame encoding a
preproLMS of 96 amino acids. The amino-terminus of this
10.8-kDa precursor contains either a 17- or 25-amino acid hy-
drophobic signal peptide (50) found in most eukaryotic se-
cretory proteins. This signal peptide serves to target secretory
protein translocation into the lumen of the endoplasmic retic-
ulum after which time the sequence is removed by endopro-
teolytic cleavage (51) . If the signal endoproteolytic cleavage
signal sequence after residue 25 is used, further endoproteo-
lytic cleavage at dibasic endoproteolytic cleavage sites would
result in three peptides of 18, 35, and 11 amino acids, respec-
tively, with the last peptide being LMS. In searches of Gen-
bank and Swissprot databanks the first 18-amino acid peptide
shares weak homology with the FMRFamide gene from the
snail Cepia nemoralis but does not have the necessary se-
quence to be carboxy-terminally amidated, as are other FaRPs.
The functional significance of the 18- and 35-amino acid pep-
tides is unclear as their sequences have not been conserved in
a similar precursor containing a ManducaFLRFamide from the
moth Pseudaletia unipuncta (Fig. 2; Lee, unpublished) . In
contrast, the carboxy-terminal localization of the 11-amino
acid LMS and ManducaFLRFamide is conserved between the
cockroach and moth precursors (Fig. 2 ) . Potential dibasic
(KR) and tribasic (RRR) endoproteolytic cleavage sites sur-
rounding the extended FLRFamide sequences have also been
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FIG. 2. Schematic representation of various precursor proteins for extended FLRFamides. The or-
ganization of the extended FLRFamide specifying precursor in the cockroach D. punctata and the
moth P. unipuncta are similar. Each contains a single peptide, either unmodified LMS or
ManducaFLRFamide, both of which are found at the C-terminus. The arrows indicate the positions
of potential di- or tribasic endoproteolytic cleavage sites. The two precursors of L. stagnalis are
derived from alternate mRNA splicing. The peptides derived from the precursor after endoproteolytic
cleavage and C-terminal amidation are shown below each precursor. Alternative mRNA splicing also
results in two extended FLRFamide specifying precursors in Caenorhabditis .

conserved. Most prohormones are cleaved at paired dibasic
residue sites, primarily RR or KR, within the secretory path-
way. Cleavage of the tribasic site would precede carboxyl-
terminal amidation that is required for bioactivity of all
FaRPs.

COMPARISON WITH OTHER FARP PRECURSORS

The presence of a single peptide, LMS or Manduca-
FLRFamide, in both the cockroach and moth precursors is
unique to this family of peptides. Other known FaRP precur-
sors contain multiple peptides. In Drosophila , the FMRFam-
ide precursor contains 10 or 13 FaRPs dependent on the spe-
cies (26,38,46) , and in D. melanogaster the drosulfakinin
precursor encodes two cholecystokinin-related peptides that
terminate in the sequence MRFamide (28) . Similarly, the
blowflies C. vomitoria and Lucilia cuprina express precursors
that specify 18 FaRPs, 16 of which are potential FMRFamides

and 2 potential FIRFamides (10) . Blowflies also express a
sulfakinin precursor that contains two sulfakinins and resem-
bles that expressed in Drosophila in both organization and
peptide sequence (11) . The dipteran myosuppressin,
TDVDHVFLRFamide, appears to be expressed from a sepa-
rate gene as this sequence is not found within the FMRFamide
or sulfakinin precursors. Possibly the dipteran myosuppressin
precursor will resemble that found in the cockroach and moth.
Multipeptide FMRFamide-containing precursors have also
been characterized in the mollusks (1,3,37) . Mollusks such as
Lymnaea stagnalis produce two FaRP-containing precursors
by alternate splicing of the gene transcripts (1,3 ) . One pre-
cursor contains two FLRFamides and nine FMRFamides and
the alternate precursor contains 13 extended-FLRFamides of
two types, as well as other extended FaRPs (Fig. 2 ) . Aplysia
californica , on the other hand, produces only one precursor
sharing sequence identity with the Lymnaea transcript that en-
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FIG. 3. Schematic representation of the cockroach brain (A) illustrating
the position of the pars intercerebralis of the protocerebrum (pi) and the
corpora cardiaca/corpora allata complex (cc/ca) . Scale bar Å 150 mm.
(B) Illustrates the three regions of the cockroach digestive tract with
gastric caecae (gc) and Malpighian tubules (Mt) as indicated. Scale bar
Å 1 mm. The boxes on the tissues in (A) and (B) depict areas shown
as photomicrographs in Fig. 4(A) and (B), respectively.

codes the tetrapeptides (37) . Alternate splicing also generates
two transcripts in Caenorhabditis species that translate into
precursors containing seven extended FLRFamides (36,38)
(Fig 2) . Genes encoding FaRPs in Drosophila and Caeno-
rhabditis differ from that of mollusks in that both encode mul-
tiple copies of amino-terminally extended versions of the pep-
tides but no copies of the tetrapeptides. As noted above, there
is as yet no evidence to suggest that alternative splicing occurs
during the expression of the cockroach LMS gene. The organ-
izational variation found in the extended FaRP-containing pre-
cursors may reflect a physiological need for greater quantities
of some peptides relative to others. Furthermore, myosup-
pressins appear to represent a functionally different class of
extended FLRFamides compared to those identified in the
Lymnaea and Caenorhabditis precursors.

STRUCTURE–ACTIVITY STUDIES

Structure–activity studies on FaRPs have shown that C-ter-
minal amidation is generally required for biological activity
(5,33). The terminal RFamide may also be an evolutionarily con-
served feature of receptor activation as analogue substitution of
these amino acids results in complete loss of biological activity
in SchistoFLRFamide(52) and FMRFamide (16). However, ex-
ceptions do exist. The Lymnaea peptide EFLRIamide has a direct
transmitter effect that inhibits the frequency and amplitude of the
heart beat, which is directly opposite to the effect of FMRFamide
(1) . SchistoFLRFamide and the amidated LMS both decrease
the amplitude and frequency of myogenic contraction of locust
oviducts. This activity is retained by the N-terminally truncated
peptide HVFLRFamide but abolished in VFLRFamide (32). Ac-
tivity reversal or stimulatory activity is seen with this latter pep-
tide. Activity reversal has also been demonstrated using a non-
amidated SchistoFLRF. A similar effect results from shortening
the N-terminal extension to produce either FLRFamide or
FMRFamide or altering the N-terminal extension as in
YGGFMRFamide or TNRNFLRFamide (31). Other studies
have demonstrated that VFLRFamide is the minimum sequence
capable of receptor binding. However, inhibitory biological ac-
tivity appears to be dependent on the presence of the His residue
in HVFLRFamide (52). Similar studies have also emphasized
the importance of the His residue for inhibitory activity of LMS
in the cockroach hindgut assay (25). In Lymnaea , the heptapep-
tides GDPFLRFamide and SDPFLRFamide, although lacking
His, act as interneuronal inhibitory transmitters, hyperpolarizing
the postsynaptic follower cell (1) . Functional specialization may
have selected for different critical residues, because the stimu-
latory peptide counterparts in this system may be the sequences
HDYMRFamide and SKPYMRFamide (1) . It may be that the
structure–function relationships of residues in LMS and similar
molecules may differ for alternate, potentially tissue-specific,
functions. For example, ManducaFLRFamide increases the force
of contraction of a skeletal muscle, the dorsal longitudinal flight
muscle, and is likely to promote or sustain flight behavior (19)
yet also inhibits contractions of midgut of the sphingid moth,
Agrius convolvuli (15) . Functional differences may also exist in
different insect orders. In contrast to the effects on moth flight
muscle, LMS was found to inhibit glutamate-mediated neuro-
muscular transmission in ventral longitudinal skeletal muscle fi-
bers in the mealworm, Tenebrio molitor (53) .

DISTRIBUTION OF LEUCOMYOSUPPRESSIN AND RELATED
MOLECULES

Immunohistochemistry

The similarity of the C-terminal moiety in the FaRPs has
made generating specific antisera difficult. As a result, puzzling

differences in distribution based on the differences in the nature
of the antisera used have appeared in the literature. Specific an-
tiserum against the amino-terminus of SchistoFLRFamide (45)
produces different cell staining patterns in S. gregaria from that
produced by an anti-FLRF antiserum (13). Similarly, an anti-
SchistoFLRFamide antiserum used in studies against the CNS of
L. migratoria appear to identify cells in various ganglia (41) that
do not appear immunoreactive in Schistocerca (45) . This may
again reflect a difference in antiserum specificity. Anti-LMS an-
tiserum stains eight pairs of medial and five pairs of lateral neu-
rosecretory cells of the stable fly Stomoxys calcitrans brain but
the majority of immunoreactive neurons are in the thoracico–
abdominal ganglia (22). This contrasts with the pattern of ex-
pression detected by a specific antiserum raised against the
amino-terminus of dromyosuppressin. In Drosophila , cells of the
medial protocerebrum are detected by anti-TDVDHV as early as
the late embryo stage. During development the number of cell
types expressing dromyosuppressin increases as cells of the su-
perior protocerebrum and ventral ganglia also participate in ex-
pression (21). Similarly, an anti-LMS antiserum detects eight
pairs of LMS-immunoreactive cells in the pars intercerebralis of
L. maderae brain and several cells in the ventro-lateral region of
each protocerebral lobe (23). The ventro-lateral immunoreactiv-
ity can be competed with anti-FMRFamide and thus in this study
it was unclear as to whether these cells actually express LMS.
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FIG. 4. In situ hybridization of whole-mount preparations of tissues from
D. punctata . (A) Positive cell bodies (arrows) in the pars intercerebralis
of the protocerebrum after hybridization with DIG-labeled Diploptera
LMS cDNA (7). (B) Positive cell bodies (arrows) in the posterior mid-
gut after hybridization. Scale bar is 50 mM .

Using an anti-FMRFamide antiserum, which cross-reacts with
LMS, 30 to 35 medial cells of the D. punctata protocerebrum,
two lateral cells and three cells near the optic lobes were found
to be immunoreactive (7) .

In Situ Hybridization

The availability of LMS gene sequences allows detection of
cells that are expressing LMS-specific mRNA transcripts through
in situ hybridization (47). An LMS gene probe detects only a
single gene and one major gene transcript in Southern and
Northern filter-blot hybridizations, respectively (7) . In situ hy-
bridization (47) using the D. punctata LMS gene to detect spe-
cific mRNA expression demonstrated that approximately 15–20
cells of the pars intercerebralis express the LMS gene (7) [Figs.

3(A), 4(A)] . As transcript detection is specific to LMS se-
quences, the additional cells in the protocerebral region detected
by anti-FMRFamide antiserum can be attributed to the expression
of other FaRPs. This is further emphasized by the appearance of
multiple FMRFamide-like immunoreactive peaks after HPLC
separation of brain extracts. Two lateral cells and one cell near
the optic lobe also express LMS mRNA. Some cells in the deuto-
cerebra and tritocerebra appear to contain LMS mRNA but are
not immunoreactive to anti-FMRFamide antiserum. This may
suggest that, in these cells, the LMS precursor is not processed
immediately, is processed and the products rapidly transported
to other areas, or is processed in limited amounts. The presence
of numerous immunoreactive axonal processes in the region of
these nonimmunoreactive cell bodies may suggest that rapid pro-
cessing and transport is taking place. In situ hybridization with
the LMS gene also detects LMS-specific mRNA transcripts in
numerous endocrine cells of the D. punctata posterior midgut
[Figs. 3(B), 4(B)] . The LMS mRNA expression only occurred
in a subfraction of endocrine cells that display FMRFamide-like
immunoreactivity, indicating that there are other FaRPs likely to
be present. This has recently been corroborated by the sequenc-
ing of a novel RFamide peptide from the midgut of the cock-
roach, Periplaneta americana (49) . Although there is little un-
derstanding of the physiological role of the LMS-expressing
endocrine cells in midgut of Diploptera , it is worth noting that
in the weevil, Rynchophorus ferragineus , LMS stimulates the
release of the digestive enzyme alpha-amylase into the lumen
of ligated midgut (26) . A similar pattern of D. punctata midgut
endocrine cell expression was also detected by in situ hybridi-
zation with the allatostatin gene (54) . As LMS and allatostatin
both have myoinhibitory activity their expression and actions
may be coordinated. Interestingly, a colocalization of FaRPs
and allatostatin-like immunoreactivity has been demonstrated
in the lateral heart nerve of Periplaneta (48) . Anti-FMRFamide
antisera also detects the presence of FaRPs in numerous endo-
crine cells in D. punctata (not shown) and resembles the pattern
shown when using a similar antisera with midguts of Blaberus
(55) and Manduca (56) . Surprisingly, anti-dromyosuppressin
antibodies do not stain cells of the proventriculus, midgut, or
hindgut in Drosophila but rather stain only two cells of the
rectum (21) . This again suggests that peptides with very similar
structures may have adapted unique functions through evolu-
tion. A clearer picture of species-specific expression pattern
variation will emerge as FaRP family genes become available
to complement antibody studies.
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