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Summary

Hagfishes are regarded as the most primitive living
craniates.  Excitation—contraction  (E—-C)  coupling
mechanisms were studied in skeletal and caudal heart
muscle fibres of the hagfishEptatretus burgeri.In white
(fast) skeletal muscle fibres from themusculus tubulatus
force generation in response to electrical stimulation was
maintained in nominally Ca2* free artificial seawater
(ASW) (0Ca*-ASW) containing 10mmolt! Co?* (a
blocker of Ca2* currents). Similarly, in red (slow) fibres
from parietal muscle bathed in 0C&*-ASW containing
10 mmol 1 Co?*, force generation occurred in association

depolarisation-induced C&*-release from intracellular
Ca?* stores. This function is the same as in the skeletal
muscle of all other vertebrates. In caudal heart muscle
fibres, twitches in response to electrical stimuli were
maintained in 0Ca&*-ASW containing 30 mmol 1 Co?*. In
fibres loaded with fluo-3 bathed in 0C&*-ASW containing
30mmol -1 Co?*, an increase in the intracellular free C&*
level associated with K depolarisation was observed after
the external K* concentration was increased to
100mmoliL Thus E-C coupling in the caudal heart
muscle is also of the vertebrate skeletal muscle type.

with  K* depolarisation when the external K

concentration was increased to 100 mmot}. Therefore,

external Ca* is not required for muscle contraction. Key words: excitation—contraction coupling, %Gaskeletal muscle,
Hence, both white and red fibres possess the function of caudal muscle, hagfisEptatretus burgeri

Introduction

Hagfishes are now considered, on both morphological antB97; Bone et al., 1997, 1999; Tsutsui et al., 2000). However,
molecular grounds, to belong in the Cyclostomata as a sisteas the vertebrate group evolved, skeletal muscle gained a new
group to lampreys, the Cyclostomata itself being the sisteunique function, and E—C coupling in vertebrates is different:
group to the vertebrates. They are less evolved than lampregsternal C&" is not required (Armstrong et al., 1972). The
and so are the most primitive craniates available for studffbres contract in response to electrical excitation of the muscle
(Forey and Janvier, 1993; Mallat et al., 2001; Zardova anthembrane using only intracellular €astored in the
Meyer, 2001). Consequently, most studies on these animadarcoplasmic reticulum (SR). Depolarisation of the transverse
have addressed phylogenetic aspects (see books edited thigules directly triggers Carelease from the SR, known as
Brodal and Fange, 1963; Jargensen et al., 1998; Ahlberdepolarisation-induced €arelease (DICR) (Rios and Brum,
2001), but they have also attracted a variety of other studies 4887). Hence this ‘vertebrate type’ of E-C coupling is in
they are specialized animals with a unique physiology. Fostriking contrast to the E-C coupling of invertebrate twitch
example, hagfish blood is iso-osmotic to seawater. Oumuscles.
studies on hagfish were focused on the mechanisms of An interesting question is where in phylogeny this change
excitation—contraction coupling (E-C coupling) of skeletal andn the mechanism of skeletal muscle E-C coupling took place,
caudal heart muscles. This topic is of some phylogenetice. when the DICR function was acquired. We have previously
interest, since the mechanism of E—C coupling is quitshown that in the skeletal muscle of the lampeynpetra
different in invertebrates and vertebrates. planeri, E-C coupling is of the ‘vertebrate type’, whilst in the

In the wide spectrum of invertebrate and protochordatacraniateBranchiostoma lanceolatunE—C coupling is of the
twitch muscle fibres so far examined, influx of extracellularinvertebrate type’, requiring influx of extracellular €a
Ca&* is necessary for E-C coupling under physiological(inoue et al., 1994). Based on these studies, we proposed that
conditions (Hagiwara et al., 1971; Inoue et al., 1994, 1996he DICR function was acquired somewhere in phylogeny
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between the acraniate and agnathan levels (Inoue et al., 199d)ntinuously flowed at a rate of 10 mlminA sheet of red
Unfortunately there is no living intermediate between the twaskeletal muscle fibres (100-156 thick, approx. 3 mm wide
levels; however from molecular analyses, both lampreys arahd 7 mm long) was sliced off from the parietal muscle using
hagfish should be regarded as a natural group of Agnatha,vibrotome (Campden Instruments Vibroslice, UK), and was
forming the sister group to the Gnathostomata. In order to teptnned down to the Sylgard base of the chamber under the
our hypothesis, we examined whether E—C coupling of thkinocular microscope.
hagfish skeletal muscle is of the ‘vertebrate type’ (no Caudal heart tissues were dissected using a small pair of
requirement for C& influx) or the ‘invertebrate type’ scissors. The caudal heart muscle was carefully dissected out
(requiring C&* influx), bearing in mind that the body fluid of from each heart and pinned down to the Sylgard base of the
hagfishes is iso-osmotic to seawater (Alt et al., 1981) anchamber under the binocular microscope. Epithelial tissue and
contains a much higher concentration ofCthan the body connective tissue were removed. The caudal muscle fibres
fluid of any other vertebrate. We studied two different types ofvere 40-5@m diameter and 5-7 mm long.
skeletal muscle fibres, one with white (fast) fibres and the other
with red (slow) fibres. Aqueous solutions
The hagfishes possess a unique circulation system, using aArtificial seawater (ASW) consisted of 450 mmdINacCl,
secondary caudal heart. The caudal heart is a bilateralyymmolt! KCI, 10 mmol ! CaChk, 50 mmolt! MgCl, and
symmetrical organ below the notochord, consisting of twd5mmolt! Hepes-Na buffer, pH7.8. Nominally &afree
chambers on each side of a median caudal cartilage. Both sid&SW (0C&*-ASW) was made by replacing CaCWwith
of the caudal heart muscle contract alternately, bending tidgCly. Na'-free ASW (ON&-ASW) consisted of 450 mmof!
caudal cartilage to the contracting side. These rhythmicholine chloride, 9mmott KCI, 10mmoltl CaCp,
movements cause the chamber of the other side to expand &@mmol 1 MgClz and 15 mmok! Tris-HCI buffer, pH 7.8.
flatten, so that blood is returned to the central veins (see
reviews by Johansen, 1963; Lomholt and Franko-Dossar, Chemicals
1998). The caudal heart muscle is extrinsic to each heart Tetrodotoxin (TTX) (Sankyo, Japan), acetylcholine (ACh)
chamber. The muscle fibres are long and cross-striated, afigma, USA) and d-tubocurarine (d-TC) (Sigma, USA) were
innervated from the spinal cord. The hagfidyxine glutinosa dissolved in ASW to make 1mmot 100 mmolt!l and
the caudal heart muscle was examined by Retzius (1890mmoll?® stock solutions, respectively. Each stock solution
1892), who found that it is derived from parietal muscle andvas kept at 4°C in the dark, and used by adding appropriate
innervated by spinal nerves terminating in similar nerveamounts to the bathing solutions. Co@hs added to bathing
endings to those of red parietal muscle fibres. The fibres of th®lutions to block ionic currents through calcium channels.
caudal heart muscle are smaller in diameter than any in the
myotomes. Our study reveals that E-C coupling in the caudabtimulation and recordings of the intracellular potential and
heart muscle as well as in both white and red skeletal muscle muscle twitches
fibres is of the ‘vertebrate type’. Fibres of either skeletal muscle or caudal heart muscle were
stimulated electrically using a pair of electrodes connected to
the isolating unit of an electric stimulator (Nihon Kohden
SEM3201, Japan). One of the electrodes was a suction
Materials electrode made of fine polyethylene tubing (60 inner
Adult hagfisheEptatretus burgerGirard (30-50cm long) diameter). A microelectrode (10-2aW filled with a 3 molt?!
were caught with net traps at the bottom of the Wakasa Bal(Cl solution connected to a head stage of an electrometer
off the coast of Ine, Kyoto, Japan. Animals were maintaine@World Precision Instruments Duo773, USA) was inserted in
in a laboratory tank filled with filtered seawater at 18°C. Eacla fibre whose twitches had been observed in response to
animal was killed by decapitation, the skin was removed, andlectrical stimuli. For direct stimulation of a caudal heart
muscle tissue used for experiments was dissected out imuscle fibre, a microelectrode was inserted to the fibre and
nominally C&*-free artificial seawater (0E&ASW) at 15°C.  transmembrane current was applied to the fibre through the
White skeletal muscle fibres were dissected from thenicroelectrode using the current injection circuit of the
musculus tubulatushat protrudes the dental plate cartilageelectrometer.
from the mouth. Approximately ten fibres (approx. g6o Twitches were monitored with a CCD camera and recorded
diameter and 3-5cm long) were dissected under a binoculan videotape (Video recorder: Sony FS10, Japan). Records of
microscope. The fibres were separated (except for a portiontae twitches were obtained subsequently by placing a CdS
both ends) using a pair of fine needles. The tendon at one eplkotocell on the video monitor screen on the twitching
of the fibres was pinned down to the Sylgard base of a smatiuscles. The photocell signal was recorded through a low-pass
chamber. The other end of the fibres was connected to a strdilter (<33 Hz). Force generation of skeletal muscle fibres in
gauge (SensoNor N801, Norwayia a small dissecting pin response to electrical stimulation was measured with a strain
(Seirin Hinaishin No 2, Japan) as described below. The volungauge. A dissecting pin fixed to the gauge was inserted in the
of the chamber was 4@&n and the bathing solution tendon at one end of the fibres.

Materials and methods
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Table 1.0smolarity and electrolyte concentrations of the blood plasma

Osmolarity \E K+ Cl- cat MgZ*

Sample (mosmolkd)  (mmolt1) (mmolFY)  (mmolFY)  (mmol?d (mmol -3

1 996 504 16.5 429 7.4 12.0

2 1017 597 13.2 516 8.2 14.8

3 981 525 111 420 53 7.2

4 996 453 9.9 360 5.8 7.7

5 1037 483 10.5 390 5.8 8.8

6 1031 629 13.2 268 6.5 10.1
Mean 1009.7 531.8 12.40 397.2 6.50 10.10
S.D. 22.1 68.0 2.43 82.2 1.11 2.88

Measurements of intracellular €atransients Electro-mechanical properties of skeletal muscle

Each muscle bundle was pinned down to a silicone pad in a Membrane potentials were recorded from white muscle
culture dish. The fibres were loaded with the*'Cadicator  fibres of themusculus tubulatusising microelectrodes. The
dye fluo-3 by incubating them in each test solution containingesting potentials in ASW recorded from 16 fibres were —55 to
2umol I-1 fluo-3-AM (Dojin, Japan) for 1.5h at 14°C. After —80mV, mean —67.4+7.0mV. This is similar to that recorded
washing off the fluo-3-AM, the chamber was placed on thérom the white muscle fibres of thausculus longitudinalis
inverted microscope fitted with an epi-illumination apparatus
and a laboratory-built fluorescence photometer system (Bor
et al., 1997). A small area of the specimen KIGDumM?2)
was illuminated by excitation wavelength light (470 nm with
half-bandwidth of 20nm), and the intensity of emitted
light (520-600nm wavelength) was measured with ¢
photomultiplier tube (Hamamatsu Photonics R268, Japan
The detecting area (¥Q0um?) was determined by a slit, and
background level measured on the area off the muscle.

Signals from the photocell, the strain gauge, and th
photomultiplier were recorded with a VHS video systéaa
laboratory-modified PCM converter (Sony PCM501ES, Japar
at a sampling frequency of 15kHz. Data were analysed ofi
line using an IBM/PC compatible computer and pCLAMP Bi
software.

50 mv

ASW

Collection of blood plasma

After decapitation of the animals, blood was collectec
(1-2ml from each), and centrifuged at 500 revstifor 4\
5min. The supernatant was taken and centrifuged ¢
3,000 revs mint for 10 min. 25Qul of the supernatant was used “200ms
for measurements of the osmolarity with an osmometer (Fisk
Mark 3, USA), and the remainder for measurements of th
electrolyte concentrations with a biochemical analyser (Fuj Bli 0Ca&+-ASW+Ca?t
Film FDC3500, Japan).
Numerical values are presented as measis.£xperiments
were carried out at a room temperature of 21+1°C.

2x105N

A

Results Fig. 1. (A) Propagating action potential recorded from a white
Osmolarity and ionic composition of the blood plasma muscle fibre ofmusculus tubulatusising a microelectrode. The

. . _dotted line indicates OmV. External solution, artificial seawater
Table 1 shows the osmolarity and electrolyte concentratior

. . (ASW). (B) Force generated by a bundle of seven white muscle
of the blood plasma of the hagfisiptatretus burgeri Each fibres in response to electrical stimulation measured with a strain

value is similar to that of the blood plasma of the Atlanticya,ge. Ten traces were averaged. Arrows indicate when stimulation
hagfishMyxine glutinosaAlt et al., 1981), and close to that was applied with a suction electrode. (Bi) Recorded in ASW, (Bii)
of seawater in the laboratory tank (993 mosmotkgbeing  recorded 10 min after the external ASW was switched t3-088W
mainly composed of electrolytes. containing 10 mmot! Co?™.
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-KCl
+KClI
104N 50 mV
1 min

Fig. 2. Force generation measured with a strain gauge in response tcBi ASW

depolarisation produced by an elevation of exterfatdhcentration o oo

to 100 mmoltl in red skeletal muscle fibres. The red muscle fibre

tissue was pre-soaked in FGASW containing 10 mmotf Co?* 50 mv

for 1.5h. 0.6 moH! KCI solution was added to the bath at the time
indicated (+KClI), and the external solution was switched back to the
original 0C&*-ASW containing 10 mmott Co?* at time (—KCI).

linguaein Myxine glutinosawhich is used for retracting the Bii +d-TC
dental plate into the mouth (Andersen et al., 1963; Nicolaysel . . )
1966; Flood, 1998).

Electrical stimulation with a suction electrode at the tendol
evoked a propagating action potential and a muscle twitch. . )
propagating action potential recorded from one of thoss - - - : " * " "
twitching fibres overshot to +40mV, followed by undershoot : o
beyond resting potential (Fig. 1A). Externally applied TTX
(Lumol =Y blocked both action potential and twitch (not Biii
shown). In contrast, both action potential and twitch were
maintained after switching the external ASW to ®cAasSwW
that contained 10 mmatt Co?* (N=6). Electrical stimulation
in ASW, using a bundle with seven fibres, evoked a transiel
force reaching 810°N (Fig. 1Bi). The same force was
evoked even 10min after switching the external ASW tc
0Ca&*-ASW containing 10 mmotf Co?* (Fig. 1Bii). Hence,
external C&* was not involved in E-C coupling. Fig. 3. (A) Subthreshold response and all-or-none spike .record.ed

Although we did not measure the membrane potential of thfrom a cau_dal heart muscle fibre in response to el_ectncal stimulation
red fibres, we assumed that, like the red fibresvigkine by a suction electrode. Two traces are superimposed. External

lutinosa.thev do not propagate overshooting action Otemialsolution, artificial seawater (ASW). The dotted line indicates 0 mV.
9 ey propag 9 P (Bi—iii) Reversible suppression by externally applied d-tubocurarine

(Jansen and Anders_en,_ 1963) and,. Iike them_, operate by SI((d-TC; 20umol 1) of subthreshold responses evoked by a train of
and graded depolarisations. We mimicked this effect with Kgjecrical stimuli by a suction electrode. The dotted lines indicate

depolarisation. To test the mechanism of E-C couplindggmyv. The recordings in A and in B were obtained from different
bundles of red fibres were pretreated with F8SW  individual caudal heart muscle fibres.

containing 10 mmoH Co?* for 1.5 h, then pinned down in the

chamber filled with the same solution. Contraction of red fibre

was observed under the binocular microscope when thauscle fibres with microelectrodes. The resting potential was
external K concentration was increased to 100 mmblto be  between —30 and —60 mV, mean —43.6+8.9 i¥53).

sure that the function of DICR by intracellularCaelease An electrical stimulus supplied by a suction electrode
(see Fig. 5) is definitively present in the red fibres. The forcevoked a twitch of several fibres simultaneously. Subthreshold
generated by the depolarisation was measured with a strainstimuli evoked graded depolarising responses that lasted
gauge, and an example of the results obtained from six50ms. However, the subthreshold stimuli did not evoke

ASW

specimens is shown in Fig. 2. muscle twitches. When stimulation exceeded the threshold, a
_ fibre generated an action potential in an all-or-none manner
Caudal heart muscle properties (Fig. 3A), and the fibre twitched.

Membrane potentials were recorded from caudal heart When a train of subthreshold stimuli at the same intensity
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A ASW A ¢
AF/F
B 0C&+-ASW+Co?+ .
1 min
B
10+ Extemal K+ concentration (mmol -1)
L 10 100 1000
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Membrane potential (mV)
N
o

Fig. 5. (A) An increase in the fluorescence intensiy/F)
indicating an increase in the intracellular?Caoncentration of a
1s single caudal heart muscle fibre associated with depolarisation
produced by an increase in the external &bncentration to
Fig. 4. Effects of 0C&#-ASW containing 10 mmott Co?* and of ~ 100mmolt! at the time marked by arrow. The fibres had been
ONa'-ASW on twitches of a single caudal heart muscle fibreloaded with fluo-3 by immersing in 0&aASW containing
electrically stimulated every 2s with a microelectrode inserted int0mmolt! Co?* and 2umoll-! fluo-3-AM for 1.5h. The bath

the fibre. Twitches were detected with a CdS photocell from a videsolution was 0CH-ASW containing 30 mmott Co?*. The dotted
monitor screen. ASW, artificial seawater. line indicates the background fluorescence measured off the cell.
(B) Effect of changing the external *Kconcentration on the
membrane potential of caudal heart muscle fibres. Values are means
was applied through a suction electrode, subthreshol s.b. obtained from 10 fibres. The slope was obtained by linear
responses were intensified until they reached a constant hei¢egression to the mean values, and is 35.2mV per tenfold change in
(Fig. 3Bi). The amplitude of the subthreshold responses wethe K" concentration.
different between fibres. These subthreshold responses we
reversibly suppressed by addition of a number of agents, su
as TTX (lumoll-1, N=6), d-TC (2Qumoll-1, N=8), or C@+ twitched, indicating that there is no electrical coupling between
(5mmol L, N=7), and by a substitution of Navith choling®  fibres. The force generated by one fibre in the bundle of fibres
reversible suppression of subthreshold depolarisations hyuscle twitches from a video monitor screen using a CdS
d-TC. Depolarisation was also induced by extracellulaphotocell. Fig. 4 shows the effects of GGASW containing
application of ACh =3, not shown). The subthreshold 10 mmolt! Co?* and of ON&-ASW on twitches in response
depolarisations represent junction potentials responding to electrical stimulation applied every 2s. Twitches were
neuromuscular transmitters released from nerve endings bgaintained in OCH-ASW containing 10 mmotft Co?*
electrical stimulation of the nerves innervating the muscl€Fig. 4B). In contrast, twitches declined gradually in the ONa
fibre. Hence, action potential and associated twitch werASW, and eventually disappeared at 15min after th& Na
evoked when the junction potential exceeded the threshold feubstitution (Fig. 4C). The twitches recovered to near the
the N& spike. original level within a short time (5min) after replacing the
In order to stimulate a muscle fibre directly, electric currenexternal ON&ASW with ASW (Fig. 4D). These results
was applied to a fibre through a microelectrode inserted to thedicate that the twitch does not require influx of extracellular
fiore. Application of a 0.2ms outward-directed current pulseCa*, but does require N&or action potential generation.
evoked twitches in an all-or-none manner when the pulse To examine the presence of DICR further, changes in the
intensity exceeded a threshold levis=(4). No other fibres intracellular C&" level in response to depolarisation by
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increased external *Kconcentration were measured in fibresslower (>50 ms) (e.g. Inoue et al., 1994). This suggests that the
loaded with fluo-3 I§=4). The fibres were bathed in &a evolution of E-C coupling may be accompanied by a
ASW containing 30mmott Co?* for 30min before molecular evolution of the DHP receptor to enhance its
fluorescence measurements were done. On increasing thmction as a voltage sensor. However, at present little is
external K concentration to 100mmofy the fluorescence known about the molecular mechanism of the phylogeny of
signal increased (Fig. 5A), indicating that the* K E-C coupling. Future studies from the point of molecular
depolarisation had induced intracellular?Ceelease without phylogeny may reveal the steps involved in the striking change

the influx of extracellular C4. in the mechanism of skeletal muscle E—-C coupling.
Fig. 5B shows the effect of externaf Koncentration on the _
membrane potential in caudal heart muscle fibres. Each point E-C coupling of caudal heart muscle

indicates mean %.p. obtained from 10 fibres. Between 9 and Our experiments revealed that the caudal heart muscle fibres
200mmolt! K*, the membrane potential changed linearlypossess the DICR function. Therefore, the caudal heart is a
against log[K]. The slope was approximately 35mV per ‘vertebrate type’ skeletal muscle, perhaps unsurprisingly since
tenfold change, indicating that the membrane does not behaités derived from parietal muscle and similarly innervated.
as a pure Kelectrode, and permits permeation of other ions. Na* spikes were evoked in an all-or-none manner when the
Therefore, the intracellular *Kconcentration could not be stimulation intensity exceeded a threshold level (Fig. 3).
estimated in this way. Twitches also occurred in an all-or-none manner when the
stimulating current intensity delivered by a microelectrode
. . inserted into the fibre exceeded a threshold level (Fig. 4).
Discussion These suggest that the sodium spike propagates along the
Phylogeny of skeletal muscle E~C coupling fibre, although there is no direct experimental evidence.
The present experiments revealed that in the hagfishlthough the resting potential of the caudal heart muscle
Eptatretus burgetriE—C coupling with depolarisation-induced fibres (—43.6£8.9 mV) is similar to that of red muscle fibres of
Ca* release (DICR) is present in white and red skeletaMyxine glutinosa(Andersen et al., 1963; Flood, 1998), the
muscle, and in the caudal heart muscle. This supports oetectrical properties of the caudal heart are different from
hypothesis that evolution to acquire the function of DICR forthose of the slow fibres. In red fibres Mfyxine glutinosa
muscle E—C coupling occurred in phylogeny between thenembrane depolarisation is produced by neuromuscular
acraniate and agnathan levels (Inoue et al., 1994). junction potentials, never overshoots, and does not propagate
Skeletal muscles in vertebrates are large and multinucleatealong the fibres (Andersen et al., 1963; Nicolaysen, 1966;
The SR is coupled in a regular way to the transverse (T)-tubul&lood, 1998). The electrical responses of the caudal heart
membrane. The couplings comprise end-feet consisting ohuscle fibres rather resemble intermediate fibres of parietal
dihydropyridine (DHP) receptors in the T-tubular membranenuscle (Flood, 1998). The resting potential of the
and ryanodine receptors in the SR membrane (Inui et al., 198ntermediate fibres is approximately —60mV, and action
Block et al., 1988; Bers and Stiffel, 1993). In the E-C couplingotentials overshoot and propagate (Andersen et al., 1963;
of skeletal muscle, depolarisation of the T-tubular membranElood, 1998). In the dogfish, multiply-innervated red fibres
is sensed by a voltage sensor in the DHP receptor, and direciyopagate action potentials, though these do not overshoot
transferred to the ryanodine receptor (the intracellul&™ Ca (Bone et al., 1994).
release channelyia the end-feet to trigger €& release In living animals, at rest, the rate of contraction of the caudal
(Schneider and Chandler, 1973; Huang 1989; Rios and Pizartweart is slow (0.1-0.5Hz), and fatigue-resistant. However,
1991). Hence E—C coupling does not require influx of externakther strong and fast contractions appear within a few minutes
Ca&* (Armstrong et al., 1972). The voltage sensor is thoughafter swimming. Contractions of the caudal heart stop when
to be a part of thexl subunit of the DHP receptor, a they are swimming, as has been reported by Greene (1900).
superfamily ofL-type calcium channels (Tanabe et al., 1987 Surprisingly these caudal heart activities are maintained even
Brum et al., 1988). Thus the DHP receptor of skeletal muscl24 h after decapitation. The swimming movements of the trunk
possesses a dual function: as a voltage sensor for E-C couplimgiscle are also maintained after decapitation; they begin
and as an-type calcium channel. responding to touch stimulation to the skin and continue for
So far as is known, influx of external €as indispensable 10-30s. These observations suggest that the caudal heart
for physiological E—C coupling in invertebrates andactivities are linked with the swimming movements of the
protochordates including the acraniatBranchiostoma trunk muscle and are principally regulated by cycles of spinal
lanceolatum(Hagiwara et al., 1971; Inoue et al., 1994, 1996 chord reflexes.
1997; Bone et al., 1997, 1999; Tsutsui et al., 20003 &aters
the fibres through voltage gatedtype calcium channels We thank Dr K. Sasaki, the president of The National
(Melzer, 1982; Inoue et al., 1994, 1996, 1997; Bone et allpstitute for Physiological Sciences, for allowing us to use the
1997, 1999; Tsutsui et al., 2000). The activation of these facilities of the Ine Marine Laboratory. Thanks are also due to
type calcium channels in protochordates and invertebrates Mr. S. Mukai for collection of hagfish and Dr N. Ogiso for
fast (<1 ms), whereas that of vertebrate skeletal muscle is muafeasurements of ionic composition of the blood plasma.
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