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Abstract—1. Isolated ventricles from bivalve species in the subclasses Heterodonta and Paleohetero-

denta stop beating in Na-free media but not in Ca*™

-free medium.

2. Ventricles from species in the subclass Pteriomorphia stop beating in Ca®*-free medium but not in

Na-free media.

3. The cardiac action potentials of pteriomorphs have a Ca-dependent spike and may or may not have
a Na-dependent plateau. Paleoheterodont cardiac action potentials lack a spike; those of heterodonts
always have a plateau and may or may not have a spike.

INTRODUCTION

The lonic dependence of the action potentials of dif-
ferent excitable tissues is highly variable (Reuter,
1973; Taylor, 1974; Luttgau, 1977; Almers, 1978). The
currents underlying action potentials result from the
movement of ions through selectively permeable pro-
tein channels in the lipid bilayer membrane (Hille,
1978); thus the tissue specific variation in the ionic
requirements for excitability probably reflects quali-
tative diflerences in membrane composition and
structure.

The ionic basis of cardiac excitability in bivalve
motluses has been examined in detaid in only three
species: the oyster Crassostrea gigas (Irisawa er al.,
1968}, and two mussels, M ytilus edulis (Irisawa et al.,
1967}y and Geukensia demissa (= Modiolus demissus)
(Wilkens, 1972b). Isolated ventricles from M. edulis
beat in Na-free secawater, but in Ca-free seawater all
electrical and mechanical activity ceases {Irisawa o
al., 1967). Veniricles of C. gigas and G. demissa also
beat in Na-free seawater; in Ca-free seawater, mech-
anical activity stops, although modified action poten-
tials can continue (Irisawa er al, 1968: Wilkens,
1972b),

The shape of the cardiac action potential of G.
demissq is variable, buf two components are usuaily
discernible: a fast spike followed by a slower plateau
(Wilkens, 1972b). Deletion of either Ca or Na from
the bathing medium results in the loss of the spike ox
plateau component, respectively (Wilkens, 1972h),
suggesting that the myocardial spike in Geukensia is
dependent largely on Ca, while the plateau depends
primarily on Na. A plateau is always present in the
action potentials of C. gigas hearts, but is not
observed in the cardiac action potential of M. edulis
(Irisawa et al,, 1967, 1968). Wilkens (1972b) related the
mability of M. edulis veatricles to beat in Ca-free sea~
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water to this lack of a Na-dependent plateau com-
ponent.

The oysters and mussels, including C. gigas, M.
edulis and G. demissa, belong to the bivalve subclass
Pteriomorphia (Keen, 1971). Thus, the organisms
whose cardiac physiology has been intensively investi-
gated are relatively closely related. Recently, however,
Greenberg & Roop (1977) found that isolated ven-
tricles of the clams Macrocallista nimbosa, Mercenaria
mercenaria, and Spisula solidissima would beat in Ca-
free scawater but not in Na-free scawater. Moreover,
these three species are in the bivalve subclass Hetero-
donta. These observations, though certainly not
representative of ail species in the class, still suggested
that the sensitivity of bivalve cardiac excitability to
deletion of either Ca or Na from the bathing medium
might be distributed by taxon,

To test the generality of the proposed distribution,
we have surveyed 25 bivalve species to determine
whether cardiac excitability in the subclass Pterio-
morphia is insensitive to deletion of Na and sensitive
to deletion of Ca, while that of species m the sub-
classes Heterodonta and Palecheterodonta is insensi-
tive to deletion of Ca but sensitive to Na deletion.
The results substantiate the suggested systematic cor-
relation,

We have also attempted, with less success, to relate
the shape of the cardiac action potential of these ani-
mals to the ionic sensitivity of excitability exhibited
by their hearts.

MATERIALS AND METHODS

Animals

Some of the animals used in these experiments were col-
lected [rom various sites in northern Florida: Alligator
Harbor, Franklin County (Cyrtopleura costata, Chione can-
cellata, Dinocardium robustum, Trachycardium egmontia-
num, Cardita floridana, Noetia ponderosa, Modiotus squa-
mosus, Alrina rigida, Aequipecten irradians, Mercenaria
campechiensis, Geukensia demissal; Ochlockonee Bay, Wak-
wlla County (Rangia cuneaia, Polymesoda carolinianaj;
Lake Talguin, Leon County, (Corbicula manilensis, Villosa
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villosa, Elliptio ictering, Anodonta pegygyaey; the Ochlocko-
nee River, Gadsden County (Lampsilis teres, Lampsilis clai-
bornensis, Elliptoidias sloationus); and St Joe Bay. Gulf
County (Macrocallista nimbosa)., Additional species were
obtained from the Supply Department of the Marine Bio-
fogical Laboratory, Woods Hole, Massachussetts (Anadara
ovalis, Mytilus edulis, Modiolus modiotus, Spisula solidis-
sima, Ensis directus, Tagelus plebius, Mercenaria mercen-
aria, Mya arenaria) or other commercial sources {Crassos-
tred virginica, Brachiodentes recurvus, Tresus nurtali, Tivela
stulrorum, Semele decisa, Saxidomus nuttali, Chama pellu-
cida, Lima scabra). Ostrea palmula was collected from the
Mirafiores Third Locks Lake in the Panama Canal Zone.

The marine species were maintained in aerated seawater
(24-28%.} the freshwater specics were kept in uerated
water dipped from the mighty Sopchoppy River {Wakulla
County}.

Ton substitution

Ventricles were isolated by the conventional methods of
Welsh and Taub (1948) and Greenberg (1965} The prep-

stretehed between a stainless steel hook and a force trans-
ducer (Grass Model FT. 0.3C). Mechanical activity was
recorded with an ink-writing oscillograph (Grass Model 7).
The standard bathing medium for ventricles of marine
species was natural seawater; hearts from freshwater clams
were bathed with seawater diluted to 50 mOsm with dis-
tilled water. Nominally Na-free and Ca-free scawaters were
prepared by the methods of Wilkens (1976} and adjusted to
the proper osmolality with distilled water. In most experi-
ments, Na was replaced with Tris {Sigma Chemical Co.); in
nominally Ca-free medium, Ca was replaced with Na.

Electvical recording

An isolated ventricle was placed in a small Petri plate
coated on its bottom with a layer of electrical embedding
resin (Dow Corning Sylgard 183). One side of the heart, at
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the auricular-ventricular junction, was pinned 10 the dish
with a dissecting pin; the other side was attached to a force
transducer via & bell crank. Mechanical activity was
recorded on one channel of an ink-writing oscillograph
{Grass Model 7.

Suction electrodes were constructed from I em® dispos-
able plastic syringes- attached to a short length of glass
pipet with a polished tip (aperture ca. 0.3 mm). The voltage
difference between the suction electrode and a grounded
silver/silver chloride indifferent electrode immersed in the
bath, was amplified (Grass Model P6 12} and recorded
with the oscillograph.

RESULTS
Survey of ion sensitivity

Typical heart responses from a representative
species of sach of the subclasses to Na-free and Ca-
frec seawater are shown in Fig 1, and the resulis of
the survey are summarized in Table 1.

All of the pteriomorph hearts tested, with the ex-
ception of Modiolus modiolus, beat in Na-free sea-
water and were arrested in Ca-free seawater. In con-
trast, the heterodont and paiecheterodont heartls were
spontaneously active in Ca-free, but not Na-free, sea-
witer.

Heterodonta. Nearly all heterodont hearts exposed
to Na-free seawater were immediately arrested in
diastole. Maoreover, after 40 min exposure, the arrest
was usually irreversible; repeated washing of the
preparation with seawater would not restore spon-
taneous activity, even if 107 M S-hydroxytryptamine
was applied. Hearts from some heterodont species
were less sensitive to Na-free seawater than others.
For example, Mya arenaria hearts beat for 10 min in
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Fig 1. Typical responses of bivalve ventricles to Na-free scawater and to Ca-free scawater. Record A is
Macrocallisia nimbasa (subclass Fieterodonta), B is Elfiptie icterinag {subclass Paleoheterodonta), and C is
Noetia ponderosa (subclass Pteriomorphia).




Na™ and Ca®* AP’ in mellusc heart 157
Table {. Response of hearts of bivalve moiluses to Ca®” {ree or Na* [ree seawater
SUBCLASS
Order Farnily Species Na* free  Ca®" free
PTERIOMORPHIA
ARCOIDA Arcidae Anadara ovalis + 0
Noetia ponderosa + 0
MYTILOIDA Mytilidae Mytilis edulis + &
Modiolus modiolus 0 G
Modiolus squamosus + G
Geukensia demissa + 0
Pinnidae Atrina rigida + 0
HETERODONTA
VENEROIDA Carditidae Cardita floridana 0 +
Carditidae Trachycardium egmontianum 0 +
Dinocardium robustum 0 +
Mactridae Spisula solidissima 0 +
Rengia cuneata® 0 +
Solenidae Ensis directus 0 +
Solecurtidae Tagelus plebius 0 +
Corbiculidae Corbicula manilensis* 0 +
Polymesoda caroliniana® 0 B
Veneridae Mereenaria mercenaria 0 +
Chione cancellata & +
Macrocallista nimbosa G b
MYOIDA Myidae Mya arenaria 0 +
Pholadidae Cyrtopleura costata 0 +
PALEOHETERODONTA
UNIONIDAE Unionidae Lampsilis claibornensis®

Elliptio icterina®
Villosa vitlosa™

0
Anedonta peggyae* 0
0
0

+ 4+ ++

+ = Maintenance of spontaneous contractions. & = Cessation of spontancous contractions. *Al sea-

Na-free seawater, and then became quiescent, Polyme-
soda. caroliinana and Corbicula manilensis hearts beat
for 40 and 10 min, respectively, in dilute (50 mOsm)
Na-free seawater before stopping.

In Ca-free seawater, heterodont hearts beat for 2 by
or more, but the beat frequency declined slowly dur-
ing the test period. Amplitude decreased graduaily in
some preparations, increased i some, and was
unchanged in others.

Paleoheterodonia. Paleoheterodont hearts beat at
first in dilute Na-free seawater, but the frequency and
the amplitude decayed until arrest after 20-30 min.
The effects were reversible upon return to dilute sca-
water.

Paleoheterodont hearts responded to Ca-free sea-
water with decreased beat frequency and variable
changes in amplitude, but arrest did not occur during
the test period.

Pteriomorphia. Pteriomorph hearts were transiently
arrested by exposure to Na-free seawater, however,
following a quiescent period of 10-20min, spon-
taneous contractions resumed and continued for 2 hr.
In Ca-free seawater, the amplitude gradually decayed
until the hearts stopped, usually within 2-20 min. The
Ca-free arrest of pteriomorph hearts was reversible
upon return to normal seawater.

Sodiurt substituents

The arrest of heterodent and paleoheterodont
hearts in Na-free (Tris) seawater could have been due
to some pharmacological eflect of the Tris rather than

to the deletion of Na. Therefore, hearts from several
heterodont, paleoheterodont, and  pteriomorph
species were exposed to a set of artificial seawalters in
which the Na salts were variously replaced by isosmo-
tic concentrations of sucrose, choline chloride, CsCl,
LiCL or RbCL The results are shown in Fable 2,

None of the hearts tested, except those of Geukensia
demissa, were aclive in saucrose water. Choline sea-
waler arrested ali hearts except those of G. demissa,
Modiolus squamosus, and Noetia. ponderosa, and
hearts of the lalter two gpecics beat at a very low
frequency. Most, but not all, of the hearts showed
some tolerance of Li scawater. Trachycardium egmon-
tiamm, N. ponderosa. Modiolus modiolus, M. squa-
mosus, and G, demissa hearts beat for over an hour in
Li scawater; hearts from three other species beat for
20--50 min before stopping. Those hearts which beat
temporarily in Li scawater showed a gradual decrease
in amplitude until arrest oceurred. Mercenaria merce-
naria and Chione cancellata, both heterodonts in the
family Veneridae, showed particular sensitivity ol car-
diac excitability to Li seawater.

Replacement of NaCi by CsCi or RbCl caused im-
mediate systolic arrest in all hearts tested. The con-
tracture was prolonged for 10-20 min, followed by
very gradual relaxation,

Ouabain

The effects of 107° M ouabain on the hearts of a
number of hivalve species are shown in Table 3. Qua-
bain was usually incflective on paleoheterodont and
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Table 2. Responses of bivalve hearts to various sedium substituted seawaters

Time to Length of
Na arrest  exposure
SUBCLASS Species substituent {min} (min)
HETEROGDONTA
Trachycardium egmontianum SUCTOSE 0 30
T. egmontiantm choline 0 60
T. egmontianum Li =60 &0
T. egmontianum Rb 0 60
T. egmontianum Cs 0 60
Cardita floridana SUCrose 0 30
Macrocallisia nimbosa sucrose 0 55
Mercenaria mercenaria sugrose 0 30
M. mercenaria choline 0] G0
M. mercenaria 1 5 &0
M. mercenaria Rb 0 60
M. mercenaria Cs 0 30
Chione cancellara SuCrose 0 30
C. canceliata chotline 0 60
C. cancellata Li ] 50
C. cancellata Rb ] 60
C. cancellata Cs 0 60
Spisula solidissima choline 0 60
PALEOHETERODONTA
Elliproidias sloatianus SuCrose 0 60
Elliptio icterina SUCIOSe 0 40
E. ictering choline 0 40
E. ictering Li 2 a0
E. ictering Rb 0 60
E. icterina Cs 0 60
Lampsilis teres SHCrOse 10 60
L. teres choline il 60
L. reres Li 30 60
L. teres Rb 0 60
L. teres Cs 4] 60
Anodonta peggyae SUCrose 0 40
A. peggyae choline 5 &0
A. peggyae Li 20 60
PTERIOMORPHIA
Noetia ponderosa sucrose 0 80
N. ponderosa choline =50 50
N. ponderosa Li > 60 60
N. ponderosa Rb 0 60
N. ponderosa Cs ) 60
Modiolus squamosus sucrose M) 50
M. squamosis cheline > 60 60
M. sguamosus Ei =60 60
M. squamosus Rb [¢] 60
M. squamosus Cs 0 60
Geukensia demissa sucrose > 60 60
. demissa choline =60 60
G, demissa Li ° > 60 60
G. demissa Rb Q 66
G. demissa Cs a ot
Modiotus modiolus sucrose > 60 &0
M. modiolus choline ] 60
M. modiclus Li > 60 60
M. modiolus Cs 0 60
M ytilus edulis SUCTOSe 0 40
M. edulis Li =40 40
Crassostrea virginica sucrose 5 60
C. virginica choline =90 50
C. virginica Li 50 50
Atrina rigida SUCTOSE 0 60
A, rigida choline 0 60
A. rigida Rb 0 60
A. rigida Cs, 0 60

n = 2-4 hearts for cach species,
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Table 3. Responses of bivalve hearts to 107° M Ouabain

SUBCLASS Species Effect
HETERODONTA
Tresus nuttali none
Semele decisa none
Tivela stultorum incr. tone, frequency
Macrocallista nimbosa incr. tone, frequency
Mercenaria campechiensis incr. ione
Mercenaria mercenaria none
Cardita floridana none
Chama pellucida nene
Saxidomus nutiali none
Dinocardium robustum none
Spisula solidissima none
Mya arenaria none
PALEOHETERODONTA
Lampsilis claibornensis none
Elliptio icterina none
Anodonta peggyae nonc
Villosa villasa none
PTERIOMORPHIA
Noetia ponderosa none

Atrina rigida
Aeguipecten irradigns
Guekensia demissa
Modiolus squamosus
Brachiodontes recurvus
Ostrea palmula
Crassostrea virginica

incr. tone, then arrest
incr. frequency

incr, tone

arrest

iner. loneg, freguency
ingr, tone

none

Lima scgbra

nong

heterodont hearts (except those of some venerids),
but elicited positive tonotropic responses from most
pteriomorph hearts.

Electrical activity

Suction electrode recordings of the cardiac action
potentials of several species from each of the three
subclasses studied are shown in Fig. 2. The action
potentials of heterodont and paleoheterodont hearts
are slow and the plateau phase is prominent.
Although a spike may or may not be present in
heterodonts, palecheterodont cardiac action poten-
tials lack this component entirely. Action potentials of
pteriomorph hearts are generally spike-like, and the
plateau phase is often, though not always, lacking.

AN

Mya arenoria

/\,

Etliproidias sleationus

A

Noetic ponderosa

AN

Ensis directus

VAN

Uniomerus ocbasus

i
I

j
A

Alrina rigida

DISCUSSION

The ionic sensitivity of the bivalve myocardium
appears to be related 1o taxon. No heterodont or
paleoheterodont hearts were able to beat in seawater
with Tris replacing Na, suggesting that Na is required
to maintain cardiac excitabiliy in these two sub-
classes. Pteriomorph hearts, with the exception of
those of Modiolus modiolus, are spontaneously active
in Tris seawater, but not in Ca-free seawater. Cardiac
excitability in this subclass appears to be insensitive
to lack of Na, but the presence of Ca is required.

Relatively low concentrations of Tris irreversibly
reduce the force of contraction of rabbit hearts and
attennate the responses of vascular smooth muscle to
vasoactive substances (Gillespie and McKnight, 1976;

Macrocalliste nimbosa

Vittosa villosa

A

Modielus modiolus

Fig. 2. Cardiac action potentials of selected bivalves, Time mark = 1 sec.
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Prasad et al, 1978). In molluscan neurons, 10 mM
Tris attenuates acetylcholing (ACh) responses, sug-
gesting that Tris has some acton as an ACh antagon-
ist {Wilson ¢t ol 1977} Since many bivalve hearts are
quite sensitive to ACh (Welsh and Taub, 1948;, the
fatlure of some of them to beat in our Wa-free sea-
water (340mM Tris) might be due to a depressor
effect of the Tris.

The threshold for ACh depression of pleriomorph
hearis is generally 1-3 orders of magnitude above that
for heterodont hearts, but palcoheterodont hearts,
which also do not beat in Tris seawater, are also rela-
tively insensitive to ACh (Greenberg, 1965) In addi-
tion, we found no difference in the responses of heter-
odont hearts to Tris scawater in the presence or
absence of 107°M benroquinonium, a potent ACh
antagonist in bivalve hearts (Ladd & Thorburn, 19535).

The effectiveness of Na substituents other than Tris
is more cquivocal, but the results do not contradict
the suggested correlation. As expected, none of the
heterodent or palecheterodont hearts beat i sucrose
seawaler. Among the pteriomorph hearts tested, only
that of Geuwkensia demisse beat in sucrose scawater,
despile the presence of normal Ca congentrations in
this medivm. i

Hearls from four pteriomorph species were able to
beat in choline seawaier. again suggesting Na inde-
pendence of cardiac excitability in this subclass.

Lithium ion has been shown to substitute effec-
fvely for sodium in several invertebrate excitable
tissues (Fodgkin, 1951 Gardner & Kerkut, 196%:; Sat-
telle, 1972). Wilkins (1972a) found that relatively brief
exposure to Li ssawater arrested . demissa hearts:
we have been unable to repeat this result. Presumably
L4 1s umable to substitute for Na in the sodium pump
{Gardner & Kerkut, 1968}, and arrest may ensue in
hearts when distuption of the Na pump depolarizes
the membrane. Wilkins {1972a) found that ouabain
depolarized G. demissa hearts by 2-3mV. It is, how-
ever, difficult to relate ouabain sensitivity and 11 sen-
sitivity. Mercenaria mercenaria hearis are insensitive
to ouabain but stop beating immediately in Li sea-
water. G. demissa hearts beat well in Li seawater, but
ouabain produces a pronounced positive tonotropic
effect. The sodivm channels in M, mercenaria hearts
(and those of other venerid species) may be much less
permeable to Li than the Na channels of other hivalve
hearts.

Cesium and rubidium seem to act like K, depolariz-
ing the tissue and causing prolonged contracture of
the hearts.

Recently, Plumb (1979 found that intraceliular Ca
1s regulated partly by exchange diflusion of external
Na and internal Ca at the sarcolemma in the ventricle
of the heterodont clam Tivela stultorium (lamily
Veneridae). Intracetlular myocardial Ca in the pterio-
morph G, demissa, in contrast, shows no sensitivity o
external Na. This mechanism, if general to hetero-
donts, may account for the sensitivity of their hearts
to Na-free media. However, if Li is unable to substi-
tute for Na in the exchange diffusion process, Li sea-
water should not maintain the contractility of hetero-
dont hearts. Venerid hearts are quite sensitive to Li
seawater, but Trachycardium egmontianum  (family
Cardiidae) hearts are not.

It is tempting to associate the shape of the cardiac
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action potential of a bivalve species with the ionic
requitementts for excitability of the heart: spike-only
action potentials, such as those of the pteriomorphs
Muvtilus edulis and Atrina rigide are charucteristic of
Ca-sensitive hearts, while plateav-only action poten-
tials, such as those of palecheterodonts and some
heterodonts (e.g, Spisula solidissimay are associated
with Na sensitivity. A complication is presented by
cardiac action potentials in both the subclasses Heter-
odonta and Pteriomorphia with both spike and pla-
teau, but differing sensitivities to deletion of ions from
the bathing medium. Noetia ponderosa hearts are in-
sensitive to Na deletion, but the cardiac action poten-
tiul has some evidence of a plateaw. The cardiac
action poiential of Macrocallista rimbosa has a small
spike. but the heart is insensitive to Ca deletion.

Studics of bivalve phylogeny show a closer relation-
ship between the subclasses Heterodonta and Paleo-
heterodonta than between either of these two and the
subclass Pteriomorphia (Cox, 1960; Scarlato & Staro-
bogatov, 1978). The results of this survey provide con-
siderable physiological evidence in support of this
VIEW.

Further surveys of large numbers of species are
necessary to substantiate our suggested correlation,
Certainly our results show that there can be consider-
able variability in the cupression of excitability of
homologous tissues within a class. Also, generaliza-
tion of pharmacological and physiological results
from hearts of a few species of Bivalvia to be repre-
sentative of the entire class is probably unwarranted.
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