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Disruption of a Neuropeptide
Gene, flp-1, Causes Multiple
Behavioral Defects in
Caenorhabditis elegans

Laura S. Nelson,* Marc L. Rosoff,i Chris Li}

Neuropeptides serve as important signaling molecules in the nervous system.
The FMRFamide (Phe-Met-Arg-Phe-amide)-related neuropeptide gene family in
the nematode Caenorhabditis elegans is composed of at least 18 genes that may
encode 53 distinct FMRFamide-related peptides. Disruption of one of these
genes, flp-1, causes numerous behavioral defects, including uncoordination,
hyperactivity, and insensitivity to high osmolarity. Conversely, overexpression
of flp-7 results in the reciprocal phenotypes. On the basis of epistasis analysis,
flp-1 gene products appear to signal upstream of a G protein—coupled second
messenger system. These results demonstrate that varying the levels of FLP-1
neuropeptides can profoundly affect behavior and that members of this large
neuropeptide gene family are not furictionally redundant in C. elegans.

FMRFamide-related neuropeptides (FaRPs)
represent a large family of peptides that have
been implicated as neurotransmitters or neu-

romodulators in many invertebrate and verte-
brate behaviors, including muscular control
(1), cardioregulation (2), pain modulation (3),
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C, Cla I. Bottom line: Ex- i
panded genomic region to i
show organization of flp-1. = v

Exons are indicated as
boxes (peptide coding se-

yn2 deletion

quences are indicated in

yn4 deletion

black), introns as lines;
the site of the Tc1 inser-
tion is indicated by an in-
verted triangle. Two dele-
tions of the flp-1 gene
were isolated by PCR screen-
ing of populations of Tc1
insertion strains for an
imprecise Tc1 excision (73).
The extent of the yn2
(1.4 kbp) and yn4 (2.1
kbp) deletions are shown;

both deletions remove upstream and coding regions. Primers used to screen for deletions are
indicated by arrows. (C) Backcrossed yn2 and yn4 strains are homozygous deletion lines. Genomic
DNA was isolated from backcrossed yn2 and yn4 animals, digested with Cla |, and Southern blotted.
The position of the probe is shown in (B). Solid arrow indicates wild-type hybridizing fragment;
double arrows indicate smaller hybridizing fragments resulting from the yn2 and yn4 deletions. No
hybridizing fragment corresponding to the wild-type fragment is detected in DNA from homozy-
gous yn2 and yn4 animals. Molecular weight markers (kilobase pairs) are indicated to the left. (D)
Expression of flp-1 in wild-type animals is detected only in anterior head neurons. Transgenic
animals were stained for B-galactosidase activity to visualize expression of flp-1-lacZ reporter

constructs (70). Scale bar, 25 pm.

and learning (4). Although a single organism
may express multiple FaRPs encoded by mul-
tiple genes (5), little is known about the
function of distinct FaRPs or the cellular and
molecular mechanisms whereby different
FaRPs exert their effects. We used a genetic
approach to determine the role of a distinct
set of FaRPs in the simple nematode model
system, Caenorhabditis elegans.

Eighteen genes, designated fIp-1 (FMRF-
amide-like peptide) through fIp-16, in C. el-
egans potentially encode 53 distinct FaRPs,
all of which contain the COOH-terminal RF-
amide (Arg-Phe-NH,) epitope characteristic
of the FaRP family. At least 15 of these fIp
genes are expressed (6, 7). The fIp-1 gene
consists of six exons and produces two tran-
scripts by alternative splicing; these two tran-
scripts encode seven distinct FaRPs, which
range from seven to ten amino acids in length
and which contain a FLRFamide sequence at
their COOH-termini (6). By standard two-
and three-factor crosses, we determined that
flp-1 is located on the right arm of chromo-
some IV between unc-24 and dpy-20 (Fig.
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1A) (8). This map position has been con-
firmed by the C. elegans Genome Sequenc-
ing Consortium (9), which places fIp-/ on
cosmid F23B2. To determine the expression
pattern of fIp-1, transgenic animals carrying
lacZ or green fluorescent protein (GFP) re-
porter constructs were generated. Thus far,
we have detected flp-1 expression only in
neurons in the anterior region of the animal
(Fig. 1D) (10). flp-1—expressing cells include
AVK, AVA, AVE, RIG, RMG, AlY, AIA,
and MS5. These cells are a subset of the
FMRFamide-like immunoreactive cells pre-
viously described (11).

To determine the function of flp-I in C.
elegans, we screened for flp-1 deletion mu-
tants by using a Tcl transposon-dependent
polymerase chain reaction (PCR) method
(12). Populations of a Tcl transposon inser-
tional allele of flp-1 [NL242 (pk41)] were
screened for germline deletions (73). Mutants
with 1.4 kilobase pairs (kbp) [NY7 (yn2)] and
2.1 kbp [NY16 (yn4)] deleted from the flp-1
gene were isolated (Fig. 1B). By DNA se-
quence analysis, we determined that the yn2
deletion removed 570 bp of the promoter
sequence, the start site of transcription (6),
exons 1 through 3, and most of exon 4; the
yn4 deletion removed 1.1 kbp of the promoter
sequence, the start site of transcription, and
exons 1 through 4. Thus, both alleles are
likely to represent severe loss of flp-1 func-
tion. DNA was isolated for Southern blot
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Fig. 2. Varying the level of flp-1 expression has
reciprocal effects on locomotion. (A) Wild-type
animal shows a characteristic sinusoidal wave-
form; sinusoidal tracks can also be seen in the
bacterial lawn. (B) flp-1(yn2) animal. flp-
1(yn2) animals show an exaggerated waveform
characterized by an increased wave amplitude.
flp-1(yn4) animals had a less loopy phenotype
than flp-1(yn2) animals (Table 1). (C) Animal
in which flp-1 is overexpressed (ynis9). After
heat shock, transgenic animals carrying a flp-1
¢DNA under the control of a heat shock pro-
moter show a much flattened waveform com-
pared to that of wild-type animals (Table 1).
Scale bar, 0.1 mm.

analysis to confirm the presence of the dele-
tions in homozygous strains (Fig. 1C) (14).
The pattern of FMRFamide-like immunore-
activity did not differ between fIp-1 mutants
and wild-type animals (/5), suggesting that
individual cells expressing FLP-1 peptides
also express other FaRPs.

To determine how loss of FLP-1 peptides
might affect behavior, both flp-I mutant
strains were backcrossed multiple times into
a wild-type Bristol background to remove
unlinked copies of Tcl. Several motor de-
fects were immediately apparent in flp-I an-
imals. Wild-type animals move on a food
source with a characteristic sinusoidal wave-
form (16). By contrast, homozygous flp-1
mutants had loopy, uncoordinated move-
ment; the sinusoidal waveform was exagger-
ated (Fig. 2), such that the wave amplitude
was significantly greater than that of the wild
type (Table 1). The action of FLP-1 peptides
on waveform may be through the fIp-1—ex-
pressing interneurons, AVE and AVA, both
of which synapse onto ventral nerve cord

1687
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motoneurons important for coordinated move-
ment in the animal (/7).

A second obvious motor abnormality seen
in flp-1 animals was hyperactivity, character-
ized by an increased rate of movement and a
tendency to crawl off the agar onto the side of
the plate even in the presence of food (wan-
dering). To quantitate hyperactivity, we
counted the number of body bends per minute
on a food source and recorded the frequency
with which the animals crawled off the agar.
Homozygous yn2 animals were significantly
more hyperactive than wild-type animals and
showed significant wandering behavior (Ta-
ble 1). Surprisingly, homozygous yn4 ani-
mals, which have the larger deletion in flp-1,
were not as hyperactive as yn2 animals and
showed little wandering behavior (Table 1).
This difference in behavior between the two
strains suggests that there is a low level of
expression from the remaining flp-/ exons in
yn4 animals, perhaps due to expression from
a cryptic promoter, as has been reported for
other C. elegans genes with deletions in the
5’ region (/8). Alternatively, a novel delete-
rious product may be made in yn2 animals,
resulting in a more severe phenotype. Trans-
heterozygotes with one yn2 and one yn4 al-
lele, however, show phenotypes (hyperactiv-
ity, wandering, and uncoordination) similar
to yn4 homozygotes (/5), suggesting that the
more severe phenotypes in the yn2 animals
arc not due to a novel product. Hyperactive
and wandering behaviors are also seen in
food-deprived animals (/9). Because flp-1
animals have normal chemotaxis responses to
soluble and volatile substances (including
food), flp-1 animals may be defective in the
pathway responsible for signaling animals to
slow down once they reach food.

Several sensory behaviors were also ex-
amined in the flp-/ deletion animals. Wild-
type animals recoil when lightly touched on
the nose (nose touch sensitivity) (20), move
backward or forward when gently touched on
the head or tail, respectively (mechanosensi-
tivity) (27), avoid areas of high osmolarity
(osmotic avoidance) (22), and are attracted or
repelled by specific soluble and volatile
chemicals (chemosensitivity) (23); for the
most part, these four behaviors are mediated
by independent neural circuits. Two sensory
defects were detected in fIp-/ animals (Table
1). First, flp-1 mutants were nose touch—
insensitive: homozygous flp-/ animals re-
sponded to nose touch stimuli less than 30%
of the time compared to ~80% of the time for
wild-type animals. Second, homozygous
flp-1 animals were defective for osmotic
avoidance and did not hesitate to cross a high
osmolarity barrier. FLP-1 peptides, thercfore,
are necessary in the pathways for response to
nose touch and high osmolarity. Two flp-I—
expressing interneurons, AVA and AlA, re-
ceive direct synaptic input from the ASH
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sensory neurons, which are multi-modal sen-
sory neurons that transduce both nose touch
and osmotic stimuli (20). flp-I mutants had
wild-type body mechano- and chemosensory
responses (24), indicating that FLP-1 pep-
tides are not necessary for these behaviors.

The entire coding region of fIp-1 lies with-
in the intron of a putative gene encoded on
the opposite DNA strand (9); because the yn2
and yn4 deletions extend further than the flp-/
coding region, a small part of the coding region
of this putative gene is removed. To confirm
that the phenotypes seen in flp-/ mutants are the
result of the absence of FLP-1 peptides, we
performed germline transformation of flp-1 an-
imals with a plasmid containing the wild-type
flp-1 gene and 6 kbp of flp-1 upstream sequence
(25). flp-1 transgenic animals carrying the plas-
mid (n = 37) were rescued for coordination
(67% rescued), hyperactivity (70% rescued),
and wandering (94% rescued), confirming that
control of these behaviors is dependent on
FLP-1 peptides.

To determine the effect of overexpression
of FLP-1 peptides, we generated transgenic
animals carrying a flp-/ cDNA under the
control of a heat shock promoter, Asp 16-2
(26, 27), in a wild-type (ynls9 and ynlsi0) or
a flp-1 (yn2;ynIs9) mutant background (28).
When ynis9 or ynlsl0 adult animals were
heat-shocked for 1 to 2 hours at 33°C, their
movement was decreased and animals showed
a flattened waveform compared to that of
wild-type animals that had been similarly
heat-shocked (Fig. 2 and Table 1). Further-
more, although 80% of wild-type (» = 90)

and fIp-1 (n = 41) animals continued to move
after heat shock, only 32% of the fIp-1 trans-
genic animals (# = 56) were moving after
heat shock, and this movement was highly
sluggish. Overexpression of FLP-1 peptides,
therefore, results in reciprocal movement
phenotypes to those seen in fIp-1 reduction-
of-function animals, further demonstrating
that FLP-1 peptides are involved in control-
ling the rate of movement and muscle coor-
dination. Interestingly, yn2;ynls9 animals,
which contained the heat shock transgene in a
flp-1 deletion background, showed slightly
more severe movement phenotypes after heat
shock than those seen in heat-shocked. ynls9
or ynls10 animals, which contained the trans-
gene in a wild-type background. The wave-
form of heat-shocked yrn2;ynls9 animals dis-
appeared and basically corresponded to the
width of the animal (Table 1); moreover, less
yn2;ynls9 animals (22%; n = 27) were mov-
ing after heat shock than yn9 or ynl0 animals
(32%). Recovery from the effects of flp-I
overexpression occurred after about 18 hours
(n = 24). The increased severity of the be-
haviors in a fIp-1 deletion background may be
due to a compensatory up-regulation of the
peptide receptors, resulting in greater sensi-
tivity when the peptides are overexpressed.
Because of the extreme sluggishness of the
transgenic animals after heat shock, we were
unable to test the animals for osmotic avoid-
ance. However, yn2;ynls9 animals responded
to nose-touch when fIp-1 was overexpressed;
moreover, this sensitivity was reversible, as
the animals became nose touch—insensitive

Table 1. Phenotypes seen in flp-7 deletion and overexpression animals. Adult hermaphrodites (except
where noted) were scored for nose touch, osmotic avoidance, uncoordination, movement rate, and
wandering. Mean values * standard errors are reported. Numbers of animals tested are indicated in
parentheses. ND, not determined; NC, not calculated.

Osmotic A Movement Wandering
Nose touch . Uncoordination
: avoidance . rate (body (percent off
Genotype (percent - (wave amplitude
) (escape time in millimeters)§ ber)ds/ agar after
response in minutes)? min)| 40 hours)q
Wild type 79.0 + 2.9 202 £ 15 0.20 £ 0.01 7.8 +08 1.4*0.0
(n=21) (n = 50) (A; n = 55) (n = 53) (n = 70)
0.15 £ 0.01
(L4; n = 8)
flp-1(yn2) 142 + 2.6* 45+ 0.5* 0.35 + 0.01* 13.8 £ 1.8* 650+ 0.1*
(n=12) (n = 40) (A; n = 51) (n=31) (n = 60)
flp-1(yn4) 29.7 = 4.0* 3.2 £ 0.4* 0.23 + 0.01* 10.1 = 1.7 15.0 = 0.6*
(n = 16) (n = 25) (L4; n = 8) (n = 22) (n = 40)
flp-1(ynis9) ND ND 0.15 * 0.00% 32+10 ND
(A n =37) (n=21)*
flp-1(yn2; ynls9)  65.9 + 0.1 ND 0.10 * 0.01* NCH# ND
(n=27) (An=17)

*Significantly different (Neuman-Keuls tests, P < 0.05) from the wild type (significance not determined for yn2;ynis9

animals in nose-touch assay).

scored 10 times; the mean response for the animal was considered one trial.
glycerol. The time for the animal to cross the ring was measured.
the peak to the trough of the sine wave. A = adult animals; L4 = animals in the fourth larval stage.

tAnimals were lightly touched on the nose with an eyebrow hair. Each animal was

fAnimals were placed in a ring of 6 M
§Amplitude was measured as the distance from
[The number

of body bends an animal made in 1 min was counted. The movement of animals and percent of animals moving at any
time is somewhat variable. Animals that did not move during the minute were also included in the calculations (four

animals for the wild type, three animals for yn2, five animals for yn4, and seven animals for yn/s9).

#Movement rate

for yn2;ynis9 animals could not be calculated, because most heat-shocked transgenic animals did not

move.

fAnimals were individually plated and scored after 40 hours.

SCIENCE www.sciencemag.org



again after overnight recovery (Table 1).

Serotonin (5-hydroxytryptamine or 5-HT)
also regulates the rate of movement in C. el-
egans. Exogenous 5-HT has an inhibitory effect
on movement in C. elegans (29), whereas
5-HT—deficient animals are hyperactive (30).
To determine whether FLP-1 peptides and
5-HT are involved in a common pathway con-
trolling movement, we tested whether flp-/ an-
imals are sensitive to exogenous 5-HT. When
exposed to 6.5 mM 5-HT, the movement of
wild-type animals was significantly inhibited
(Table 2). By contrast, the movement of flp-1
animals was not significantly decreased by
S-HT (Table 2). FLP-1 peptides, therefore, ap-
pear to act downstream or parallel to serotonin
in this signaling pathway. For instance, the
flp-1—expressing interneurons AVA, AVE, or
ATA could be influenced by the serotonergic
NSM (29) to modulate locomotion.

Most FaRPs are likely to signal through
a heterotrimeric GTP-binding protein (G
protein)—coupled receptor (37); to date,
however, the only FaRP receptor isolated is
a FMRFamide-gated sodium channel (32).
Caenorhabditis elegans animals with a mu-
tation in a G protein subunit, such as Ga
(goa-1), Ga, (egl-30), or GB (gpb-1), show

REPORTS

multiple phenotypes, including uncoordina-
tion and movement rate phenotypes similar
to those in fIp-I mutants (30, 33), suggest-
ing that FLP-1 peptides act via a G protein—
coupled second messenger system. To test
this hypothesis, we generated double mu-
tants between fIp-1 and G protein—subunit
mutant animals as follows: a fIp-I heat
shock overexpression animal (ynls9) was
mated with a Ga loss-of-function [goa-
1(n363)] (30) or a Ga, gain-of-function
[egl-30(syEx125)] mutant animal (33), and
a flp-1(yn2) reduction-of-function mutant
animal was mated with a constitutively ac-
tive Ga, [goa-1(syIs9)] (33), a loss-of-
function Ga, [egl-30(ad809)] (33), or a GB
overexpression [gpb-1(pkls372)] (33) mutant
animal. In each case, the resulting double mu-
tant demonstrated uncoordination and move-
ment rate phenotypes similar to those of the
single G protein—subunit mutant (Table 3).
These results suggest that FLP-1 peptides signal
upstream of these G proteins to control coordi-
nated movement. Recent work has shown that
chq is likely to act downstream of Ga, (34);
FLP-1 may be one of the signals that activate
the G protein pathway.

Our work demonstrates that individual

Table 2. flp-7 deletion animals are resistant to serotonin-induced movement inhibition. Adult animals

were placed on agar plates with or without 6.5 mM serotonin for 2 hours. Movement rates in the presence .

(#) or absence (A) of food (absence of food increases movement rates of animals) were determined as

in Table 1..
Movement rate (body bends/min)
Genotype
No serotonin With serotonin

Wild type 7.8 =08 (n=>53)# 1.5+ 0.5 (n = 25)#*

12.0 = 1.6 (n = 20)A 0.9 0.2 (n = 14)A*
flp-1(yn2) 13.8 = 1.8 (n = 31)# 11.8 = 2.4 (n = 25)#
flp-1(yn4) 19.1+ 1.9 (n = 20)A 15.1 £ 3.7 (n = 14)A

*Significantly different (Mann-Whitney tests, P < 0.05) from the wild type with no serotonin.

Table 3. FLP-1 peptides signal upstream of a G protein-mediated pathway. Double mutants with an fip-7
allele and an allele of one of the G protein subunits were generated; the phenotype of adult animals was

scored as in Table 1.

Uncoordination

Movement rate

Genotype (wave. a‘mplitude in (body bends/min)
millimeters)

Wild type 0.20 = 0.01 (n = 55) 7.8+ 0.8 (n = 53)
flp-1(yn2) 035 % 0.01(n = 51) 131+ 18(n=31)
goa-1(syls9) 0.13 = 0.01 (n = 18) 1.4+ 0.4 (n=10)
flp-1(yn2); goa(syis9) 0.12 = 0.00 (n = 20) 0.1+ 0.1(n=12)
egl-30(ad809) 0.16 = 0.01 (n = 20) 03=03(n=11)
egl-30(ad809); flp-1(yn2) 0.14 = 0.01 (n = 20) Not calculated*
gpb-1(pkis372) 0.13 = 0.01 (n = 20) 1.3+0.4(n=14)
flp-1(yn2); gpb-1(pkis372) 0.19 = 0.01 (n = 20) 0.4+03(n=14)
flp-1(ynis9) 0.15 = 0.00 (n = 37) 32+ 1.0(n=21)
goa-1(n363) 0.24 = 0.00 (n = 18) 124 = 1.1 (n = 18)F
flp-1(ynls9); goa-1(n363) 0.26 = 0.01 (n = 10) 13.4 *23(n=10)
egl-30(syEx125) 0.24 + 001 (n = 45) 7.6 =19 (n = 10)t

flp-1(ynis9); egl-30(syEx125)

0.20 + 0.01 (n = 20)

74+ 16 (n=15)

*Movement rates could not be calculated because animals did not move (91.8%) or barely moved (8.2%). tMove-
ment rates were calculated 1 hour after heat shock. egl-30 animals did not fully recover to their pre—heat shock values

at this time.
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FaRP-encoding genes have unique functions
in an organism. FLP-1 peptides are critical in
the functioning of multiple sensory and loco-
motory pathways and act as neuromodulators
of the classical neurotransmitter serotonin in
movement inhibition. Varying the levels of
FLP-1 peptides results in a spectrum of be-
havioral phenotypes in C. elegans, as dem-
onstrated by the range of phenotypes seen in
the reduction-of-function animals, yn2 and
yn4, and the fIp-1-induced overexpression an-
imals. Seven distinct FaRPs are encoded by
flp-1; it is unknown whether expression of
any FLP-1 peptide is sufficient for normal
sensory and motor function or whether cer-
tain peptides have unique sensory or motor
functions. However, FLP-1 peptides have
functions distinct from other FaRPs in C.
elegans. Given the number of additional fIp
genes and the possibility that each gene or
peptide has specific, nonredundant functions,
the possible complexity of FaRP activity in
C. elegans is enormous. Caenorhabditis el-
egans will provide a valuable system in
which the function of a complex neuropep-
tide gene family can be elucidated.
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Prevention of Cardiac
Hypertrophy in Mice by

Calcineurin Inhibition

Mark A. Sussman, Hae W. Lim, Natalie Gude, Tyler Taigen,
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Hypertrophic cardiomyopathy (HCM) is an inherited form of heart disease that
affects 1 in 500 individuals. Here it is shown that calcineurin, a calcium-
regulated phosphatase, plays a critical role in the pathogenesis of HCM. Ad-
ministration of the calcineurin inhibitors cyclosporin and FK506 prevented
disease in mice that were genetically predisposed to develop HCM as a result
of aberrant expression of tropomodulin, myosin light chain-2, or fetal B-tro-
pomyosin in the heart. Cyclosporin had a similar effect in a rat model of
pressure-overload hypertrophy. These results suggest that calcineurin inhibitors
merit investigation as potential therapeutics for certain forms of human heart

disease.

Heart failure is the major cause of disability
and morbidity in the United States and affects
about 700,000 individuals each year (7).
Heart disease can arise from extrinsic stimuli
such as hypertension or from intrinsic defects
within the heart itself. HCM is the most
common form of intrinsic heart disease and
has been cited as the most frequent cause of
sudden death in young people (/). HCM is
defined by a generalized enlargement of the
myocardium, but it can progress to heart di-
lation, functional insufficiency, and failure
(I). Several intrinsic cardiomyopathies are
caused by genetic mutations in contractile
proteins that organize into repetitive units
known as sarcomeres. Mutations have been
identified in the genes encoding B-myosin
heavy chain (MHC), cardiac troponin T,
a-tropomyosin, myosin-binding protein C,
myosin light chains (MLC), and cardiac
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a-actin (2). Normal sarcomeric function is
associated with a basal concentration of in-
tracellular calcium, which regulates contrac-
tility. It has been postulated that mutations in
sarcomeric proteins lead to increases in intra-
cellular calcium in order to maintain contrac-
tility and cardiac output (3). However, in-
creases in basal calcium concentrations are
also associated with cardiac hypertrophy.

We have shown that calcineurin, a calci-
um-regulated phosphatase, initiates cardiac
hypertrophy when it is expressed in a consti-
tutively active form in the heart of transgenic
mice (4), suggesting a link between calcium
concentration and a calcium-regulated signal-
ing molecule in the heart. Calcineurin is ac-
tivated by prolonged increases in basal con-
centrations of calcium, but not by transient
calcium spikes associated with the activation
of calcium-calmodulin—dependent kinase II
(CaMKII) and mitogen-activated protein ki-
nase (MAPK) (5). Together, these data sug-
gest that calcineurin may play a pivotal role
in signaling maladaptive hypertrophy in re-
sponse to alterations in calcium handling in
the heart.

To test this hypothesis, we treated four
transgenic mouse models of cardiomyopathy
and a rat model of pressure-overload hyper-
trophy with the calcineurin inhibitors cyclo-
sporin (CsA) and FK506. We initially tested
a mouse model of dilated cardiomyopathy
caused by cardiac-specific overexpression of
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