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Summary

Planula larvae of Hydractinia echinata (Cnidaria) migration by blocking the initiation and also shortening
settled on a substratum migrate toward light. We the length of the active periods. Since sensory neurons
observed that planula migration is not a continuous containing LWamides and RFamides are present in
process. Instead, it consists of repeating cycles of active planula larvae, it appears likely that planula migration is
migration (about 8 min on average) and inactive resting regulated by the release of endogenous neuropeptides in
periods (about 26min on average). This pattern of response to environmental cues.
periodic migration is regulated by LWamide and
RFamide neuropeptides. LWamide (16 mol I}
stimulates migration primarily by making the active  Key words: Hydractinia echinata planula migration, RFamide
periods longer, whereas RFamide (@ molI-1) inhibits  neuropeptide, LWamide neuropeptide.

Introduction

Hydractinia echinatais a colonial marine hydroid closely These processes are relatively thin, run mainly parallel to each
related to freshwater hydra. Fertilized eggs of this speciesther, have few varicosities, and do not form extensive cross-
undergo rapid cleavage divisions for about a day and develdipks (Plickert, 1989; Leitz and Lay, 1995; Schmich et al.,
into spindle-shaped planula larvae in about 3 days (Plickert 4998).
al., 1988). The planula larvae metamorphose into adult polyps Previous studies have shown that LWamides induce
when they receive appropriate environmental stimuli (Mullermetamorphosis of planula larvae to adult polyps (Leitz et al.,
1973; Leitz, 1998a,b). 1994; Gajewski et al., 1996; Takahashi et al., 1997). We have

Planula larvae have a simple neuronal network consisting eécently shown that RFamides inhibit metamorphosis induced
about 450 neurons (Plickert et al., 1988). About one-tenth (dyy LWamides or other inducing agents (Katsukura, 1998;
less) of them contain neuropeptides of the LWamide familyKatsukura et al., 2003). Thus, LWamides and RFamides work
which share the common C-terminal sequence Gly-Leu-Trpantagonistically to each other in regulating metamorphosis in
NH2 (Leitz et al., 1994; Schmich et al., 1998). A similar, orplanula larvae oH. echinata
somewhat smaller, number of neurons contain neuropeptidesLWamides and RFamides have also been shown to act as
of the RFamide family sharing the C-terminal sequence Glyreurotransmitters (or neuromodulators) in sea anemone. Both
Arg-Phe-NH  (Grimmelikhuijzen, 1985; Plickert, 1989). neuropeptides induce rhythmic contraction in small pieces of
Neurons containing LWamides or RFamides are located in thgarietal muscle tissue isolated from sea anemone (McFarlane
ectodermal cell layer. Their cell bodies are oval and slender iet al., 1987, 1991; Takahashi et al., 1997). Whether or not
shape and the tip of one end of the long cell bodies appearsit&/amides and RFamides similarly stimulate muscle
be exposed to the external environment, suggesting thabntraction in planula larvae &f. echinatais presently not
majority (if not all) of these cells probably function as sensorknown. This led us to examine the possible functions of these
cells to monitor the environment. The cell bodies are localizedeptides as neurotransmitters (or neuromodulators) in
exclusively in the anterior half, near the blunt-end of theplanulae.
planula body, and extend long processes into the posterior half. The muscle-stimulating activity of LWamides and
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Fig.1. Planula migration. Images of
single planula larva migrating toward li¢
were captured at the rate of 1 image
30s and superimposed to create one fig
Note that the specimen oriented the b
end of its spindle-shaped body toward |
and that contraction and relaxation
tissue along the body axis accompal
migration. The specimen shown was migrating fasterrtr@min-1) than average (0:3m min-1, see Fig5C) thus facilitating visualization of
changes in shape and position during migration. Scale Ibam.1

Light

RFamides in sea anemone was examined using isolated musafng an image recording system consisting of a dissecting
tissue. Similar experiments with planula larvae are not feasiblamicroscope (Nikon SMZ-U, Tokyo, Japan), a 3-CCD video-
since they are too small (aboutmin in length) to isolate camera (Hitachi HV-C20S, Tokyo, Japan), an analog/digital
muscle tissue. Therefore we used planula migration (Mulleconverter (Sony DVMC-MS1, Tokyo, Japan) and a computer
1969) as an alternative assay for muscle activity. The planu@acintosh G4). A small water bath maintained at 18°C was
of Hydractiniais covered by ciliated epitheliomuscular cells placed directly under a dissecting microscope. A glass
(Weis et al., 1985). We presume that ciliary activity is the basispectrophotometer cell having 8im light path and 1éhm
for planula migration. In addition, it will be shown that width was used as a container for observations of planula
contraction and relaxation of epitheliomuscular cells probablynigration. The planula larvae were placed ml3f seawater
also play an important role in migration (see Hig. in the cell and kept undisturbed overnight at 18°C. Next day,
We placed planula larvae in a glass container and allowdtie cell was gently moved to the water bath (18°C) under the
them to migrate towards light on the bottom surface of theissecting microscope, and light was introduced from a metal
container. We then captured images of migrating planulae a@lide lamp through a glass fiber cable into the cell from one
regular intervals and analyzed the migration process bgide. Light intensity was approximately 3080 at the
analysis of the images. entrance into the cell. Planula larvae, initially randomly
Our results show that planula larvae do not migratéocated on the bottom surface of the spectrophotometer cell
continuously. Instead, they undergo alternating phases @fere attracted toward the light source at one end of the cell
active migration and inactive resting behavior. LWamideafter approximately B. At this time, the orientation of the
stimulates migration primarily by increasing the length of thespectrophotometer cell was gently reversed, placing the
active periods and secondarily by increasing the speed afajority of animals near the end of the spectrophotometer
migration during the active periods. In contrast, RFamideell away from the light source.
inhibits migration by reducing the initiation and the length A small volume (3Qul) of seawater containing (or not
of active periods. Both neuropeptides produce these effects @ntaining) a peptide (see below) was then gently added and
concentrations that are one to two orders of magnitude lowénages of planula larvae migrating towards the light along
than those affecting metamorphosis (Katsukura et al., 2003jhe 3Cmm light path were captured at the rate of 1 frame per
Possible mechanisms for regulating both migration an@80s during a 2h period (in 240 consecutive frames). NIH
metamorphosis by the LWamides and RFamides arBnage (version 1.62) was then used to analyze planula
discussed. migration. Planula larvae have a slender spindle-shaped body
with a broad blunt shape at the anterior end and a slender
tapered tip at the posterior end (see ElgWe used the blunt
end to define the position of animals in migration
Animals experiments. The location of the blunt end in tkeY
The strains oHydractinia echinataused and their culture coordinates of the NIHmagewas determined for each step
were described by Katsukura et al. (2003). Briefly, a pair obf migration (from frame 1 to 240) for each animal. A set of
male (M4) and female (F5) strainsldf echinatagrowing on  data obtained in this way for each animal was then transferred
flat scallop shells (5-@m in diameter) were maintained in a to Microsoft Excel (version 98) and used to carry out the
tank containing about 300 liters of natural seawater. Fertilizetbllowing analyses.
eggs obtained from this culture were allowed to develop to Migration track(see Fig2) was prepared by connecting the
planula larvae at 18°C in flat-bottomed glass bowls placed canimal’s positions in thE—Ycoordinate from frame 1 to frame
a reciprocal shaker set at 70 strok@s— with a 2.5cm path. 240 (or the last frame when the animal reached the end of light
All experiments were carried out using 4- or 5-day old planulgath).

Materials and methods

larvae obtained in this way. Actogram of migratiorfsee Fig3) was prepared by plotting
_ individual ‘step lengths’ as a function of observation time. The
Image analysis step length (mm), defined as the distance migrated between

Migratory movement of planula larvae was examinedwo consecutive frames, was calculated from Equdtjon
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where xn and yn represent the animal’s position in teY Track and actogram of migration
coordinate in frame: A typical example of the migration track (Materials and
Step length = Krxn-1)2+ (Yryn-12 V2. (1) methods) made by a planula in normal seawater lnig

presented in FiA. The track is 11.8nm in length and nearly
Track lengthimm), defined as the sum of the individual stepstraight from a starting point on the left to an end point on the
lengths over a period ofti, was calculated by Equati@n right. Fig.3A is an actogram (Materials and methods) for the
Track length =5 [(XrXn-22 + (Yryn-1)2] /2. (2) same specimen shoyving the step lengths _(distancg moved
between 2 consecutive frames) as a function of time for
Length of active periodgnin) was calculated as the average120min. The striking feature of the actogram is that planula
length (min) of all individual active periods during the periodmoved periodically with active periods of migration

of observation. _ (5-1Cmin) separated by resting periods (10A36). Similar
Number of active periode/as calculated as the averagefeatures, i.e. movement in a nearly straight line toward the light
number of individual active periods per hour. source and repeating cycles of active and inactive migration,

Speed of migration during active periolemmin-l) was  were observed in almost all the specimens examined (see
calculated by dividing the sum of individual step lengths in ampelow).
active period by the length of the active period.
Effects of He-LWamide Il and Hydra-RFamide | on the
Peptides migration of planula larvae
Hydra-RFamide | (pGlu-Trp-Leu-Gly-Gly-Arg-Phe-NH He-LWamide II, a member of the LWamide neuropeptide
Moosler et al., 1996) and He-LWamide Il (Lys-Pro-Pro-Gly-family (Materials and methods), stimulated migration at very
Leu-Trp-NHy;  Gajewski et al., 1996) were used aslow concentrations. Fi®B shows the track made by a
representative members of the RFamide and LWamidgpecimen in seawater containing-aol I-1 He-LWamide II
families, respectively, as described by Katsukura et aluring a 120min period. The track appears similar to that made
(2003). by the control planula in normal seawater (24), but its
length (20.4mm) is significantly longer. The actogram for the
same specimen (Fi§B) indicates that the active periods

Resu!ts _ (13-15min) are considerably longer than those of the control
Planula migration animal (6—15min) (Fig.3A).
Planula larvae ofi. echinatamigrate toward light (Mdller, Hydra-RFamide |, a member of RFamide neuropeptide

1969). A typical example of migration is presented in Eig. family (Materials and methods), also affected migration, but in
It shows a series of 16 consecutive images of a single migratirtige opposite way from He-LWamide Il. The track (s,
planula larva captured at the rate of 1 image pes. Jthe 16
images were then combined into one image to show th
changes in shape and position of the specimen durir . A (Control)
migration. The migrating animal oriented its blunt end towarc '

light and moved its slender body like a whip, suggesting the h N\M M M

the planula propelled itself by ciliary activity as well as by Of- \
coordinated contraction and relaxation of the tissue along it g
i =
body axis. = B (He-Lwamide 1)
+= 0.5
C Ml
o L
: by
2 O0r
e A (Control) o - - - - - - -
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Fig. 2. Migration tracks of planula larvae in (A) normal seawater, (B) 0 20 40 60 80 100 120
seawater containing 1®mol I-* He-LWamide II, or (C) seawater Time (min)

containing 167 mol I-1 Hydra-RFamide I. The three tracks shown

were obtained from independent experiments, but are shown togettFig. 3. Actogram of migration for planula larva in (A) normal

to aid comparison. The rectangular box surrounding the trackseawater, (B) seawater containing8u@ol -2 He-LWamide I, or
represents the spectrophotometer cell withm®0 light path and (C) seawater containing 0mol I-1 Hydra-RFamide I. The time of
10mm width that was used as a container to observe planuobservation is plotted against step length (distance moved between
migration. two frames: 33).
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Fig. 4. Effect of He-LWamide 1l and Hydra-RFamide | on track length. Peptide concentration is plotted against the distancedoriggated
1h (track length). Values shown are mearseim. Asterisks indicate results that are significantly different from the control values (shown in
the far-left column in each panetjtést; **<0.05, **0.01). Sample size was minimally 50.

Fig. 2C) made by a planula in seawater containing &l -1 effects of He-LWamide 1l and Hydra-RFamide | treatment on

Hydra-RFamide | was significantly shorter than that of thehe migration of representative planula larvae. To obtain more

control animal. The active periods were also generally shorteuantitative data we examined larger numbers of specimens at

(7 min; Fig.3C) and fewer in number than in control animals.different concentrations of the two peptides. The results are
Planulae also migrated in the dark. This could be observeatesented in Figd and 5.

by placing a single planula in a container, leaving the container Fig. 4A shows the effect of He-LWamide Il on the track

in the dark for a fixed period of time (e.g. ®) and length. The average length of tracks made by control planula

comparing the locations of the specimen at the start and etatvae in normal seawater was #én. This length was

of the period. Planula migration in the dark was random imoughly doubled to 10.2 and 8@m, respectively, by

direction, i.e. planulae moved in all possible directions frontreatment with 16 and 167 moll-! He-LWamide II.

the starting site. The migration track, however, could not b&reatment with 16 moll-1 He-LWamide Il significantly

followed by the image analysis procedure employed in thishortened the track length. Since He-LWamide Il induces

study. For this reason the effect of the LWamide or RFamidmetamorphosis at this concentration (see2ifgin Katsukura

on migration in darkness was not investigated. et al., 2003), this strong negative effect on migration was
probably produced secondarily by the induction of
Quantitative analysis of planula migration metamorphosis (see Discussion).

The results shown in Figs and 3 demonstrate the basic By comparison, Hydra-RFamide | treatment significantly

Table 1.Summary of the effects of He-LWamide Il and Hydra-RFamide | on migratibrechinata
[Hydra-RFamide 1]

[He-LWamide 11] (mol 1) (mol 1)
0 0
Parameters of migration Dimension (Control) 40 107 (Control) 167
Track length (observed) mnth 4.6 10.2 8.8 5.1 2.3
(1) (2.2) (1.9) 1) (0.5)
Number of active period$\j h-1 1.8 1.8 1.7 1.7 1.1
@ @ (0.9) ) (0.6)
Length of active periods f min 8.0 15.3 145 8.7 6.6
(1) (1.9) (1.8) 1) (0.8)
Speed of migration during active perio& ( mm mirnrt 0.32 0.41 0.38 0.33 0.31
1) (1.3) (1.2) 1) (0.9)
Track length (calculated &xLxS) mm 1 4.6 11.3 9.4 4.9 2.3
(1) (2.5) (2.0) 1) (0.5)

The numbers in parentheses show ratios relative to the control values atbsebét 1.
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reduced track length (FigB). The average track length for methods). The effects of both peptides on each of these three
control animals in this experiment (51m) was reduced to parameters were analyzed using concentrations that do not
2.3mm at a concentration of 40mol -1 Hydra-RFamide |. affect metamorphosis. The results are presented irbFand
This length was further reduced to #n at 165mol -1, but ~ summarized in Tablg.
this is again the concentration affecting metamorphosis Fig.5A shows the effect of He-LWamide Il on the number
(fig. 2B in Katsukura et al., 2003). of active periods per hour. The number, which was about 1.8
To look for possible interactions between He-LWamide lifor control animals in normal seawater, was unaffected by He-
and Hydra-RFamide |, we treated planulae with both peptiddswamide Il at any concentration used. In contrast, the length
simultaneously, using concentrations that do not affecdf individual active periods (FiggB) was significantly
metamorphosis. As shown in F#C, the increased track increased from roughly 8/Min in control animals to 15.3 and
length produced by He-LWamide Il treatment at®ifol -1 14.5min in animals treated with t®and 167 mol -1 He-
(11.0mm) was significantly reduced by simultaneousLWamide II, respectively. The average speed of migration
treatment with Hydra-RFamide | at -¥Onol -1 (3.8mm),  during active periods was also increased, but only moderately,
suggesting that He-LWamide Il and Hydra-RFamide | workfrom 0.32mm min-1in control animals in normal seawater to
antagonistically to each other. 0.41 and 0.38mmin~1 in animals treated with 18 and
Track length is controlled by three separate parameters: ti®-" mol I-1 He-LWamide I, respectively (FigC).
number of active periods, the length of active periods, and the Fig. 5D—F shows the results of a similar analysis for Hydra-
speed of migration during active periods (Materials andRFamide I. This peptide significantly reduced the track length

Length of active periods Number of active periods

Speed of migration during
active periods (mm mind)

()

(min)

15

10

0.4

0.2

0

He-LWamide Il (mol 11)

Hydra-RFamide | (motf)

Fig.5. Effect of various concentrations of He-LWamide 1l and Hydra-RFamide | on three parameters of migration: the number of active
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periods per hour (A,D,G), the length of active periods (B,E,H), and the speed of migration during active periods (C,Eks islieate
results that are significantly different from the control values (shown in the far-left column in eachtgasgl®<0.05, **0.01). Sample size

was minimally 50.
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at 107 mol I-1 (Fig. 2C). At the same concentration, it also (Fig.4B). Thus, LWamides and RFamides were active at
reduced the number of active periods from the control value @iimilar concentrations both in the vitro muscle stimulating
1.7 to 1.1 per hour (FigD) and the length of individual active system, which lacks a permeability barrier, and in the intact
periods from the control value of 817in to 6.6min (Fig.5E).  planula migration system. These observations suggest that the
However, it had no effect on the speed of migration &#). planula epithelium does not represent a significant
Simultaneous treatment with He-LWamide 1l (Fsg—I)  permeability barrier. Thus, planulae, and also hydra polyps,
and Hydra-RFamide | produced basically similar effects tdhave some mechanism that allows uptake of peptides from the
those observed with single Hydra-RFamide | treatmengéxternal medium.
(Fig. 5D-F), except that Hydra-RFamide | treatment alone had
little effect on the speed of migration (F&F) whereas LWamide and RFamide neuropeptides play different roles
simultaneous treatment with He-LWamide Il caused a depending on concentration
moderate reduction in the speed (f&1. Katsukura (1998) and Katsukura et al. (2003) have shown
that, at higher concentrations than used here, the LWamides
and RFamides also act antagonistically to regulate
Discussion metamorphosis irH. echinata LWamides at 1 mol -1
Planula larvae ofHydractinia scan the environment for induce while RFamides at #0mol |- inhibit metamorphosis.
suitable settlement sites by migrating over the substratunf.aken together, these and our present observations suggest that
They have two types of neurons, one containing LWamidesWamide and RFamide neuropeptides are bifunctional
and the other containing RFamides. Both types appear to Ipeptides that play two different roles in the same organism. At
sensory neurons, based on morphology. They are localized fielatively low concentrations they affect migration, while at
the anterior end of planula body (Plickert, 1989; Leitz, 1993higher concentrations they control metamorphosis.
Leitz and Lay, 1995; Gajewski et al., 1996; Schmich et al., A similar situation has been described previously for cCAMP
1998). The presence of these sensory-type neurons suggedstshe slime moldDictyostelium In this organism, cAMP at
that the neuropeptides they contain might affect the migratioh08-10°moll-1 acts as a chemoattractant to stimulate
behavior of planulae. Our results confirm this hypothesisaggregation of single amoebae to form large aggregates. In
Planula larvae move in a periodic manner: active phases tifese developing aggregates high concentrations of cAMP
migration are interspersed with resting phases during which n@0-" mol I-1) control cell differentiation. These two effects are
movement occurs. LWamides at ~&@noll-1 stimulate mediated by different cAMP receptors having different
migration primarily by increasing the duration of the activeaffinities for cCAMP and different cytoplasmic domains (Parent
phases. LWamides also produce moderate positive effects and Devreotes, 1996).
the speed of migration, but no effects on the number of active Neuropeptides having more than one function have been
phases. In contrast, RFamides at’ifiol |- decrease the described in vertebrates. For example, the hypothalamic
initiation and duration of active phases and thus inhibiPACAP peptide, which stimulates adenylate cyclase activity in
migration (Figs4 and 5). Thus, LWamides and RFamides acthe pituitary gland of mammals, promotes proliferation of
antagonistically to each other to regulate migration. mouse primordial germ cells in culture (Pesce et al., 1996).
Substance P, which is involved in pain sensation in the central
Uptake of LWamides and RFamides by planula tissue  and peripheral nervous system, stimulates the proliferation of
Ectodermal epithelial cells of hydra polyps are connected toabbit intervertebral disc cells in culture (Ashton and
each other by septate junctions, providing a permeabilitEisenstein, 1996). ANP peptides, which regulate* Na
barrier to the polyp tissue (Wood, 1979). A similarhomeostasis in adult tissue, accelerate proliferation of chick
permeability barrier presumably also exists Hydractinia ~ myocardial cells in culture (Koide et al., 1996).
planulae. Nevertheless, peptides isolated from various Two different functions have been known for the LWamides
chidarian sources exert their effects when externally applied for some time. LWamides induce metamorphosis in
intact polyps or planulae (see, for example, Schaller anHydractinia (Leitz et al.,, 1994; Gajewski et al., 1996;
Bodenmueller, 1981; Leitz et al., 1994; Takahashi et al., 199T.akahashi et al., 1997) and also stimulate muscle contraction
Bosch and Fujisawa, 2001; Katsukura et al., 2003). How these the sea anemongnthopleuraand inHydra (Takahashi et
peptides penetrate, or bypass, the permeability barrier and exalt, 1997). Based on these observations, Takahashi et al. (1997)
their effect on intact animal is not presently understood. suggested that LWamides play two different roles depending
The dose response of LWamides and RFamides has beem developmental stages in cnidarians, serving as
previously examined using small pieces of muscle tissumorphogenetic factors to regulate metamorphosis in
isolated from sea anemone. LWamides and RFamidemmbryonic stage and as  neurotransmitters  (or
stimulated muscle contraction weakly at~8@oll-1 and neuromodulators) to stimulate muscle contraction in polyp
strongly at 16-10-mol I-1 (McFarlane et al., 1987, 1991; stage.
Takahashi et al., 1997). By comparison, LWamide strongly Our results now show that LWamides and RFamides can
stimulated planula migration at #mol -1 (Fig.4A) and play two different roles depending not on different
RFamide strongly inhibited migration at —I®noll-1  developmental stages, but on different concentrations. They
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regulate planula migration at relatively low concentrations antheir activity. If this type of cross-catalytic interaction exists
metamorphosis at higher concentrations. between the excitatory and inhibitory neurons, it could
How is this achieved? A complete molecular explanation igienerate a periodicity of migration in planula larvae. However,
not possible at present, since we do not know which cells areo evidence presently exists for direct interaction between the
targets for the LWamide and RFamide effects nor do we knowWamide- and RFamide-containing neurons.
if the target cells for metamorphosis and migration are the New assay systems to examine neuropeptide levels in tissue,
same or different. At least, however, the differenttheir release from neurons in response to stimuli from within
concentration dependence of the metamorphosis and migration without, and the response of various cell types in the tissue
effects appears to require the presence of receptors with the neuropeptides, will provide a better understanding of the
different affinities for both peptide families in a similar mannerregulatory mechanisms controlling the complex behavior of
to the cAMP receptors iDictyosteliumdescribed above. And migration and metamorphosis.
the receptors with different affinities are presumably connected
to different signal transduction cascades and could be in T.S. was a recipient of Alexander von Humboldt-
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