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Abstract

Although it has been shown that calcium is involved in the control of the luminous reaction of many invertebrate
phyla, its role in Echinoderms is poorly documented. The aim of this work was to carry out a comparative study of
calcium requirement of KCl-induced light emission by arm segments and dissociated luminous cells from three ophiuroid
species,Ophiopsila californica, O. aranea andAmphiura filiformis. Results show a gradual inhibition of the luminescence
when preparations are incubated in artificial sea water with lowered calcium concentration. The calcium substitutes
Ba and Sr could act either as blockers or as substitutes, depending on the ophiuroid species; while calcium blockers2q 2q

Co , Ni and Cd inhibit light emission inA. filiformis and in O. californica, but not inO. aranea. The nature of2q 2q 2q

putative calcium voltage-gated channel has been studied pharmacologically using 1,4-dihydropyridine, benzodiazepine,
phenylalkylamine and trifluoroperazine. From our results, it is proposed that calcium could act via anL-type voltage-
gated calcium channel inO. californica and A. filiformis but not in O. aranea. The precise role of calcium in
luminescence control still remains unknown; it could act as a second messenger or as a co-factor of the luminous
reaction.� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Within the echinoderm phylum, luminescence
has been mostly documented among theOphiuro-
idea class, but little is known about the control
mechanisms of the light emission. Recent studies
on the small brittlestarAmphipholis squamata have
shown that photogenesis is under nervous control.
Acetylcholine is the main transmitter triggering
light production (De Bremaeker et al., 1996,
1999a) though some other compounds(ATP,
GABA, SALMFamides S1 and S2,«) modulate
the cholinergic action(De Bremaeker et al.,
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1999b,c). Studying intrinsic control mechanisms,
it has been shown that calcium was necessary for
potassium chloride and acetylcholine-induced light
emission by both isolated arms and dissociated
photocytes ofA. squamata (Mallefet et al., 1994,
1998). A calcium requirement for light emission
has already been reported in other phyla like
Polychaeta(Herrera, 1979), Cnidaria (Charbon-
neau and Cormier, 1979; Dunlap et al., 1987) and
Ctenophora(Shimomura, 1985). In the hydrozoan
coelenterateObelia geniculata, the calcium ion is
a co-factor for the luminous reaction since light
emission is produced by photocytes containing a
calcium-activated photoprotein(Dunlap et al.,
1987) and in the polynoid polychaete wormHes-
peronoe complanata, the light flashes are produced
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when single calcium spikes occur(Herrera, 1979).
In echinoderms, Brehm(1977) already showed
that luminescence of entire arms ofOphiopsila
californica was completely blocked in the absence
of calcium.

Since it seems that the nervous control of
bioluminescence in ophiuroids differs from species
to species, the aim of this study was to investigate
the involvement of calcium ion in the KCl-induced
luminescence in three ophiuroid species:Ophiop-
sila aranea (Forbes, 1843), O. californica (Clarck,
1921) and Amphiura filiformis (O.F. Muller,¨
1776). Pharmacological experiments were per-
formed in order to identify the type of calcium
channel involved in the luminescence of these
brittlestars.

2. Materials and methods

2.1. Animals

Specimens ofOphiopsila aranea were collected
at the ARAGO biological station(C.N.R.S.) of
Banyuls-sur-Mer(France) by SCUBA at 20–25 m
depth whereas specimens ofOphiopsila californica
were collected by the same techniques at the
Marine Sciences Institute of the University of
California (Santa-Barbara). Specimens ofAmphi-
ura filiformis were collected at the Kristineberg
Marine Research Station(Fiskebackskil, Sweden)¨
by mechanical mud grab at 25–40 m depth. All
these animals were transported to our laboratory
in Belgium in aerated natural sea water and then
kept in aquaria filled with a recirculating mixture
of natural and artificial sea water at 128C. Food
was provided once a week.

2.2. Experiments on arm segments

After anesthesia of the animals by immersion in
3.5% wyw MgCl in artificial sea water(ASW),2

arms were isolated from the disc and divided into
sections of eight articles(Ophiopsila) or 20 arti-
cles(Amphiura), which were then rinsed in ASW
(NaCl 400.4 mM, CaCl 9.9 mM, KCl 9.6 mM,2

MgCl 52.3 mM, Na SO 27.7 mM, Tris 20 mM,2 2 4

pH 8.3).

2.3. Experiments on dissociated photocytes

The arms were isolated from the disc and
chopped into tiny pieces before enzymatic diges-

tion and differential centrifugation using the pro-
tocol described by Mallefet et al.(1998). The
enriched luminous-cell fraction was then aliquoted
(100 ml), and light emission was measured with a
FB12 Berthold luminometer linked to a personal
computer.

2.4. Stimulations

Stimulations were performed by injection of 200
mM potassium chloride(KCl). A stock solution
of 400 mM KCl was prepared in ASW without
NaCl, to keep roughly the same osmolarity than
normal ASW. For each experimental protocol, one
arm segment or one aliquot was stimulated in
normal ASW, as a control, while the other prepa-
rations were first immersed in ASW containing
the tested drug or the tested calcium concentration
for at least 10 min before stimulation with KCl.

2.5. Drugs

The following drugs were used at these concen-
trations in this study: A-23187(calcimycin 20
mM; ICN), strontium chloride hexahydrate(SrCl2
9.9 mM; Sigma), barium chloride dihydrate
(BaCl 9.9 mM; Janssen Chimica), cadmium chlo-2

ride (CdCl 1 mM; Sigma), cobalt(II) chloride2

anhydrous(CoCl 5 mM; Janssen Chimica), nick-2

el(II) chloride hexahydrate(NiCl 5 mM; Janssen2

Chimica), diltiazem HCl (100 mM; RBI), nifedi-
pine (100 mM; Sigma), (")-verapamil(100mM;
Sigma), trifluoroperazine dihydrochloride(100
mM; Sigma). All solutions were diluted in ASW,
except nifedipine and A-23187, which were dis-
solved in dimethylsulfoxide(DMSO), after which
the solutions were diluted in ASW with respec-
tively, 0.1% and 1% DMSO final concentration.

Statistical analyses(ANOVA) were performed
using the SAS program(Statistic Analysis
System).

Different parameters were used in order to
characterize the photogenesis:(1) L : the maxi-max

mum level of light emission expressed in Mega-
quanta per second(Mq s ) or as a percentage ofy1

the control;(2) LT: latency time, the time elapsed
between the stimulation and the beginning of the
light emission; and(3) TL : the time betweenmax

onset of light production and maximum of light
emission.
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Table 1
Effect of calcium concentration on the maximal intensity of light emission induced by KCl 200 mM, from arm segments ofOphiopsila
californica, O. aranea andAmphiura filiformis

9.9 mM Ca2q 5 mM Ca2q 0 mM Ca2q

(control)

Ophiopsila californica (ns15) 100"0 45.45"6.04* 6.22"1.62*

Ophiopsila aranea (ns12) 100"0 95.8"7.34 10.66"4.06*

Amphiura filiformis (ns20) 100"0 79.89"11.22 1.08"0.31*

Maximal intensities of light are expressed as a percentage of the light emitted in normal ASW(with 9.9 mM Ca ). Mean"S.E.M.2q

(standard error of mean).
P-0.01; nsnumber of stimulated segments.*

3. Results

3.1. Calcium concentration

Maximal intensities of light emitted by arm
segments of the three ophiuroid species strongly
decreased with the complete removal of Ca in2q

ASW (Table 1), compared to normal ASW with
9.9 mM of Ca (O. californica: 59 562"88632q

Mq s , O. aranea: 46 459"10 734 Mq s ,A.y1 y1

filiformis: 12 213"3492 Mq s ). Only O. cali-y1

fornica showed a gradual decrease of luminescence
when immersed in ASW with 5 mM of Ca .2q

Kinetic parameters of luminescence were also
significantly altered by the absence of calcium
(data not shown). Light productions were either
slowed or progressively abolished(number of
luminous responses decreased).

Fig. 1 shows original recordings from experi-
ments on dissociated photocytes fromOphiopsila
aranea (a), O. californica (b) and Amphiura
filiformis (c). Control stimulation of the photocytes
by 200 mM KCl in normal ASW produced a
monophasic light emission(left graphs). The max-
imum of light emission(L ) is reached nearlymax

immediately in bothOphiopsila species, while in
Amphiura, it took 5–10 s. In the middle graphs,
when the photocytes were suspended in calcium-
free ASW containing 1 mM EGTA before stimu-
lation by Ca -free KCl, no luminescence was2q

detected. The subsequent addition of calcium in
ASW partially restored light emission inOphiop-
sila species(approx. 15% of the control intensity).
In A. filiformis, the basal level of luminescence
slightly increased. The kinetics of the light reaction
was also slower. The right graphs on Fig. 1 show
that the addition of ASW with 19.8 mM of Ca2q

on dissociated photocytes treated with calcium
ionophore A-23187(calcimycin 20 mM) for 10
min only triggers very weak light emission, less

than 1% of the control in all the three species.
Moreover, subsequent injection of KCl produces
luminescence whose intensity is significantly lower
than the control inO. californica and O. aranea;
it represents 2.67"0.72% (ns9) and
17.48"14.05% (ns10), respectively. This was
not the case inAmphiura filiformis where a mean
value of 68.96"47.53%(ns12) is observed. Here
again, light emission was slower in all cases as
revealed by the significant increase of latency time
and time to reach the peak of luminescence,
compared to the control. Latency time is signifi-
cantly increased by 15%, 50% and 14% inO.
aranea, O. californica and A. filiformis, respec-
tively. TL is either not affected inA. filiformismax

response, or strongly increased: it is six-fold(O.
aranea) and 11-fold(O. californica) larger than
the control. It must be pointed out that spontaneous
light emission was observed during incubation of
the photocytes in solution containing the A-23187,
even in calcium-free ASW.

3.2. Inorganic ions

Calcium substitutes, strontium(Sr 9.9 mM)2q

and barium(Ba 9.9 mM) exhibited weak sub-2q

stitution of Ca in the KCl-induced luminescence2q

on Ophiopsila aranea arm segments, while in
Ophiopsila californica and inAmphiura filiformis,
more than 50% of control maximal intensity is
reached (Fig. 2). Kinetic parameters were not
modified in A. filiformis and in O. aranea, while
latency time (LT) and time to reach maximal
intensity(TL ) were increased inO. californica.max

Calcium channel blockers cobalt(Co 5 mM)2q

and nickel(Ni 5 mM) showed inhibitory effects2q

on the luminescence ofA. filiformis and O. cali-
fornica, but not of O. aranea. Luminous reaction
was slowed down since bothLT and TL weremax

increased. Cadmium(Cd 1 mM) completely2q
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Fig. 1. Representative original recordings of light emissions of dissociated photocytes treated for 10 min with normal ASW(1); Ca-
free ASW (2); and Ca-free ASW containing 20mM A-23187 (3), from Ophiopsila aranea (a), O. californica (b) and Amphiura
filiformis (c). Arrows show the stimulation of the photocytes with 200 mM KCl in normal ASW(KCl), with 200 mM KCl in Ca -2q

free ASW(Ca-free ASW), or with ASW containing double concentration of calcium(ASW 2=Ca ).2q

inhibited photogenesis inA. filiformis (remaining
luminescence being not significantly different from
zero) and in O. californica, only 18.7%"0.97%
of the control luminescence was emitted. InO.
aranea, 77.1%"8.15% was still produced.LT and
TL increased in all three species(data notmax

shown).

3.3. Pharmacology

Diltiazem (100mM DILT ), verapamil(100mM
VERA) and trifluoroperazine(100 mM TRIF)
strongly reduced the light emission of bothO.
californica and A. filiformis isolated arms while
nifedipine (100 mM NIF) only inhibited the light
production of O. californica (Fig. 3). None of

these drugs had any effect on the luminescence of
O. aranea.

No statistical variations of kinetic parameters
were detected for these treatments(data not
shown).

4. Discussion

4.1. Isolated arms

Our experiments reveal that removing calcium
from the external medium results in an inhibition
of the KCl-triggered luminescence from isolated
arm segments ofOphiopsila aranea, Ophiopsila
californica and Amphiura filiformis. The low per-
sistent level of light observed with isolated arms
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Fig. 2. Effect of inorganic calcium substitutes and blockers on maximal intensities(L ) of arm segments. Means"S.E.M.(standardmax

error of mean) are expressed as a percentage of photogenesis triggered by 200 mM KCl in normal ASW. *sP-0.05, **sP-0.01,
nsnumber of stimulated segments.

Fig. 3. Effect of calcium organic blockers on maximal intensities(L ) of arm segments. Means"S.E.M. (standard error of mean)max

are expressed as a percentage of photogenesis triggered by 200 mM KCl in normal ASW. *sP-0.05, **sP-0.01, nsnumber of
stimulated segments, DILT: diltiazem, NIF: nifedipine, VERA: verapamil, TRIF: trifluoroperazine.

incubated in a calcium-free solution might be due
to small amounts of calcium released from crys-
talline skeleton, which contains approximately
90% calcium carbonate(Hernandez et al., 1987)
andyor to the fact that most excitable cells always
maintain some levels of intracellular calcium
(Triggle, 1989). Calcium appears to be a necessary
factor in the luminescence control in the three
species of ophiuroids.

As shown in another luminous brittlestar,
Amphipholis squamata (Mallefet et al., 1994),
KCl-induced luminescence of isolated arms of the

three species studied is slower when calcium con-
centration is decreased, indicating that the kinetic
of the luminous reaction is calcium dependent.

It has been postulated that luminescent cells of
ophiuroids might be of neural origin(Brehm and
Morin, 1977) and that calcium was required for
the compound action potential in the radial nerve
cord of asteroids, echinoids and ophiuroids(Bin-
yon and Hasler, 1970; Brehm, 1977; Smith et al.,
1985). In O. californica, it has been shown that
calcium-free ASW blocked all electrical activity
on radial nerve cord(Brehm, 1977) as well as
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luminescence(present study). Consequently, we
suggest that light production by isolated arms of
O. aranea, O. californica and A. filiformis share
some common properties with those attributed to
nervous elements of echinoderms.

Most calcium channels are also known to be
permeable to barium and strontium; Ba is even2q

more permeant than Ca through calcium chan-2q

nels (Hille, 2001). These two divalent cations
substitute for calcium in maintaining regenerative
responses, and this permeability to Ba and2q

Sr is one of the criteria used to identify calcium2q

spikes(Hagiwara and Byerly, 1981a,b). Therefore,
Ba and Sr were chosen to replace Ca in2q 2q 2q

ASW and to observe their effect on photogenesis.
Our results show that these two calcium substitutes
only weakly replace Ca in triggering the light2q

emission ofO. aranea, while they induce a nearly
normal photogenesis inO. californica and in A.
filiformis. Brehm (1977) noted that Sr substi-2q

tutes for Ca , but Ba only stimulates a very2q 2q

weak light production inOphiopsila californica
whole arm. Although these results partially contra-
dict ours, it must be pointed out that the prepara-
tions used are different in the two studies: whole
arms in Brehm’s study vs. arm segments in this
work. Nevertheless, conflicting reports on the
effects of Ca substitutes are found in the litera-2q

ture. Mallefet et al.(1994) reported an inhibitory
effect of Sr and Ba on light emission of2q 2q

Amphipholis squamata. Berrios et al. (1985)
showed that Ba (11 mM) was unable to replace2q

Ca and furthermore, that it irreversibly blocked2q

nervous electrical activity in spines of the sea
urchin Diadema antillarum. On the contrary, Sr2q

not only replaced Ca in electrical conduction,2q

but also doubled the amplitude of action potentials.
Cobb and Moore(1988) indicated that Sr2q

seemed to be a good Ca substitute for action2q

potentials in neurons of the brittlestarOphiura
ophiura while Ba had variable effects: either it2q

substituted for Ca or blocked electrical activity.2q

According to all these studies, Sr and Ba do2q 2q

not seem to be reliable substitutes for calcium in
echinoderms. In luminous ophiuroids, they may
enter the cell through calcium channels, but do not
have the same efficiency as calcium in triggering
light emission once in the cytoplasm.

Three inorganic Ca -channels blockers were2q

also used in our study: cobalt, nickel and cadmium
(Co 5 mM, Ni 5 mM and Cd 1 mM).2q 2q 2q

Cobalt and nickel were found to strongly inhibit

photogenesis inA. filiformis and inO. californica,
but not in O. aranea. The inhibitory effect of
inorganic calcium channels blockers was con-
firmed by the use of cadmium since luminous
reaction was completely abolished inA. filiformis,
strongly reduced in O. californica, but not
decreased inO. aranea. Stockbridge and Ross
(1986) reported that nerve cells from the giant
barnacleBalanus nubilus did not produce action
potentials when either Ni or Co blocked2q 2q

Ca -channels. In echinoderms, cobalt(5 mM)2q

and cadmium(2 mM) cause an irreversible block-
ade of action potentials in nerve cells of the
brittlestar Ophiura ophiura (Cobb and Moore,
1988) and in spines of the sea urchinDiadema
antillarum (Berrios et al., 1985).

Our results suggest that calcium is necessary for
light emission ofOphiopsila aranea, Ophiopsila
californica and Amphiura filiformis. Assuming
that, further steps were realized in order to identify
the subtype of calcium channels involved, based
on their specific pharmacological properties
(Brehm and Morin, 1977; Triggle, 1999). In our
pharmacological experiments, we have shown that
KCl-induced luminescence of isolated arms ofO.
californica was reduced byL-type voltage-gated
calcium channel blockers diltiazem(benzodiaze-
pine), nifedipine(1,4-dihydropyridine), verapamil
(phenylalkylamine) (Triggle, 1990, 1992; Rampe
and Triggle, 1993) and by trifluoroperazine, a
calmodulin inhibitor. The same results were
observed inA. filiformis, except for nifedipine,
which had no effect. On the contrary, none of
these blockers had an inhibitory effect onO.
aranea.

Our results support the hypothesis that Ca2q

channels involved in the luminescence ofO. cali-
fornica are of theL-type. According to the litera-
ture, we propose that voltage-gated calcium
channels involved in the light emission ofA.
filiformis might also be of theL-type, but with no
affinity for nifedipine since only diltiazem, vera-
pamil and trifluoroperazine inhibit light emission.
Channels involved inO. aranea luminescence
seem to be of another type since the light response
is not modified when preparations are treated with
L-type voltage-gated calcium channel blockers.

It is noteworthy that all classes of calcium
channels has been characterized in vertebrates and
may differ in some invertebrates. Further experi-
ments will be done in order to identify precisely
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the type of Ca -channels involved in lumines-2q

cence control.
On isolated arm segments, we have seen that

inorganic substances had some effect on the kinet-
ics of ophiuroid luminescence(LT and TLmax

longer), while organic blockers did not. We can
then assume that these two different classes of
drugs do not share the same mode of action. The
use of patch-clamp techniques should confirm this
hypothesis thanks to the direct measure of ion
currents through the channels.

4.2. Dissociated photocytes

On the arm segment, we have seen that the
removal of Ca from the external medium nearly2q

abolished luminescence in all three species, exter-
nal calcium being necessary to induce light emis-
sion by KCl stimulation. This hypothesis was
confirmed by experiments on dissociated photo-
cytes, since the light production of photocytes in
calcium-free ASW was not statistically different
from the light produced by mechanical stimulation
of dissociated photocytes triggered by normal
ASW injection (data not shown). The addition of
ASW with 19.8 mM Ca after depolarization of2q

the photocytes with Ca -free KCl only triggered2q

a weak light emission inOphiopsila aliquots, and
no light at all in Amphiura preparation. This
absence of response after these treatments might
reflect the importance of membrane potential in
the control mechanisms; photocytes being unable
to produce light as a consequence of disturbance
of the control mechanisms by membrane depolar-
ization without calcium.

The addition of ASW after treatment of the
dissociated photocytes with calcium ionophore A-
23187 does not induce light emission. When KCl
is injected onto the photocytes treated with A-
23187, light emission is significantly decreased, in
the Ophiopsila preparation, but not in theAmphi-
ura ones. This decrease might be the consequence
of light emission by the photocytes during pre-
treatment with A-23187 in calcium-free ASW in
Ophiopsila aranea and in O. californica. We
suggest that this light emission is produced by the
depletion of intracellular stores of calcium by A-
23187.

In conclusion, this study shows from this study
that calcium movements are necessary to activate
the luminous reaction. Nevertheless, calcium does
not seem to be directly involved in the primary

light-emitting reaction of theOphiopsila califor-
nica luminescence(Shimomura, 1986). Although
the precise role of calcium in ophiuroid light
emission remains unknown, strict requirement of
this ion is observed. We suggest that the control
mechanisms of light emission appear to show
differences from species to species:L-type voltage-
gated calcium channels are involved in the photo-
genesis of Amphiura filiformis and Ophiopsila
californica, but not inO. aranea. These differenc-
es, observed in the sameOphiopsila genus are
supported by Ward’s clustering method on Euclid-
ian matrix of distance computed on luminescence
parameters. Using this technique, it has been sug-
gested thatO. aranea and O. californica are not
closely related(Dupont et al., 2001).

It must be pointed out that drugs used on the
arm segment preparations could act either directly
on the photocytes or on the nerves controlling
photocytes. Further studies, using patch-clamp
techniques are being developed in order to char-
acterize precisely the location and the types of
calcium channels involved in the control of the
luminescence in these three ophiuroid species.
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