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Abstract.  Myocytes  were  isolated  from  the  ventricle  of
the marine clam Mercenaria campechiensis by enzymatic
dispersion procedures.  Intracellular pH (pH,)  was mea-
sured via fluorescence imaging techniques using an in-
verted microscope interfaced with a high sensitivity tele-
vision camera. Myocyte pH, was similar to values observed
in other molluscan muscles measured by weak acid dis-
tribution and nuclear  magnetic  resonance (NMR) tech-
niques. Myocytes displayed a good capacity for defending
pH, against changes in extracellular pH (pH e ) as the pH,
remained unchanged in the pH c range of 7.1 to 8.0, but
gradually declined at lower pH e values. Myocytes had a
relatively high non-bicarbonate intracellular buffering ca-
pacity. Further, these cells showed recovery from imposed
acid loads. This recovery was accelerated by increasing
HCOj  concentrations,  was  not  dependent  on  external
Na + and was blocked by a stilbene transport inhibitor,
suggesting that a HCO 3 ~:Cr transporter plays a central
role  in  regulation  of  pH,.  Collectively,  these  data  show
that ventricular myocytes of M. campechiensis have a rel-
atively high capacity for dealing with potential metabolic
proton loads associated with environmental anaerobiosis.

Introduction

Environmental hypoxia or anoxia imposes important
energetic and acid/base stresses on marine invertebrates.
When anaerobic energy yielding processes prevail, there
appears to be an uncoupling of proton production and
consumption. The extent of excess production of protons
is dependent on the specific pathways operating (Portner
el  ai,  1984a;  Portner,  1987a,  1989).  The  major  evolu-
tionary  trajectory  in  highly  anoxia-tolerant  marine  in-
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vertebrates (bivalve/gastropod mollusks and certain worm
groups) is the development and use of anaerobic metabolic
pathways with a lower H + /ATP ratio, the ratio of proton
release to ATP produced (Gnaiger, 1980).

Because proton production will continue throughout
anoxia, it is readily apparent that specific mechanisms are
present in these organisms to minimize reductions in in-
tracellular  pH  (pH,).  Rates  of  intracellular  acidification
during anoxia (or air exposure) are generally quite low in
the  muscles  of  bivalves  (Barrow  el  ai,  1980;  Ellington,
1983a;  Walsh  el  ai.  1984)  and  gastropods  (Ellington.
1983b; Graham and Ellington, 1985). This is also true of
the  sipunculid  Sipunatlm  midiis  (Portner  el  ai,  1984b;
Portner, 1987b). Muscles of many of these species have
moderately high non-bicarbonate intracellular buffering
capacities (/C?NB) (Eberlee and Storey, 1984; Morris and
Baldwin,  1984;  Portner  el  ai.  1984a;  Wiseman  and  El-
lington, 1989).  Furthermore, there is good evidence for
ion exchange of acid/base equivalents between the intra-
and extracellular compartments. For instance, in S. nudus
Portner  and  coworkers  (Portner  el  ai,  1984b;  Portner,
1987b) have shown that the extracellular compartment
serves as sink during anoxia for metabolically produced
protons. This is also true of bivalves where the calcareous
shell serves as an external buffering agent (Crenshaw and
Neff, 1969; Booth el ai, 1984). In terms of ion exchange
processes in marine invertebrates, a sodium-dependent
Cr-HCO} exchanger appears to be the predominant ef-
fector of regulation of pH, in two well-studied systems
squid giant axon (Boron and Russell, 1983) and the giant
muscle fibers of barnacles (Boron el ai, 1979). These ex-
changers are blocked by stilbene derivatives and have low
Kms for HCO 3 ~ (around 2-3 mA/). Recently, it has been
shown that bivalve anterior byssus retractor muscle (ABRM)
has a stilbene-sensitive anion exchanger (Zange el ai. 1990).
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In the present study, regulation of pH, has been inves-
tigated in myocytes isolated from the ventricle of the ma-
rine bivalve Merccnaria campechiensis.  This study uses
fluorescent ratio imaging technology, which permits the
observation of the dynamics of change in pH, in individual
myocytes. Experiments focus on the measurement of J NB
and observation of defense of pH, after exposure of cells
to acid/base stress.

Materials and Methods

Animals and materials

Specimens  of  M.  campechiensis  were  collected  via  a
dredge by a commercial fisherman from St. Joseph's Bay,
Gulf County, Florida, and were transported to the Florida
State  University  Marine  Laboratory  within  a  few  hours
after collection.  Animals were maintained in raw (unfil-
tered, unsettled), continuously flowing seawater. Prior to
experiments, animals were transported to the main uni-
versity campus and maintained in recirculating aquaria
20  1.5Cundera  12:12  (L:D)  photoperiod.

Dispersion enzymes and buffers were purchased from
Sigma Chemical Co. (St. Louis, Missouri). Nigericin (free
acid). 2',7'-bi-(2-carboxyethyl)-5-(and -6)-carboxyfluores-
cein-acetoxymethyl  ester  (BCECF/AM)  and  BCECF  (free
acid)  were  purchased  from  Molecular  Probes  (Eugene,
Oregon). The anion transport inhibitor, 4-acetamido-4'-
isothiocyanatostilbene-2,  2'-disulfonic  acid  (SITS),  was
obtained  from  Sigma  Chemical  Co.  All  other  chemicals
were of reagent grade quality.

Isolation of myocytes

Procedures for myocyte dispersion were adapted from
suggestions made by C. Bruce (Department of Pharma-
cology,  University  of  British  Columbia,  Vancouver,  BC).
Ventricles were dissected from 3 to 5 specimens of A/.
campechiensis. After removal of the intestine, tissue was
cut into very small pieces (1 mm 3 ), suspended in 45 ml
myocyte  artificial  seawater  (MASW,  440  mA/  NaCl,  10
mA/KCl, 7.5 mA/CaC! 2 , 23 mA/MgCl 2 , 25 mA/MgSO.,
and  10  mA/  HEPES  adjusted  to  pH  7.75  with  NaOH),
and gently  washed in  a  rotary  shaker  for  1  h.  The sus-
pension was placed in a 50 ml conical centrifuge tube and
the tissue pieces were allowed to settle by gravity for a
few minutes. After aspirating off the MASW, tissue was
resuspended  in  20  ml  0.1%  protease  VIII  (Sigma)  in
MASW and incubated with gentle  agitation for  30 min.
The tissue was again placed in a 50 ml centrifuge tube
followed by 30 ml MASW. After settling of the tissue, the
MASW was aspirated off and 50 ml MASW added. After
settling and aspiration, the tissue pieces were resuspended
in 20 ml 0.1% collagenase (type 2, Sigma) and incubated
with agitation for 90 min. Periodically during incubation,
tissue was gently sucked in and out of a flame-polished

Pasteur pipette. After incubation, the cell suspension was
centrifuged for 45 s at low speed (400 rpm) in a clinical
centrifuge. The supernatant was carefully decanted with-
out disturbing the loose pellet and centrifuged for 4 min
as above. The supernatant was discarded and the pellet
resuspended  in  MASW  and  centrifuged  for  4  min.  The
final  pellets  were  resuspended  in  a  small  volume  of
MASW.  Cells  were  seeded  on  circular  coverslips  (Ni-
cholson Precision Instruments, Gaithersburg, Maryland)
which  were  immersed  in  15  ml  MASW in  10  cm plastic
culture dishes. Coverslips had been previously washed in
acid, rinsed exhaustively and then polished with ethanol
using lens paper. Dishes were placed in a humidified cul-
ture chamber. Cells were always prepared during the af-
ternoon and then used for imaging the following morning.
All isolation and incubation procedures were conducted
at  18-21C.

Fluorescent ratio imaging

The overall rationale and approach for BCECF imaging
has been previously described (Rink el a/..  1982; Bright
et  ai.  1987).  Cells  were  loaded  with  5  pM  BCECF/AM
for 45 min. After washing, the coverslip was mounted in
a  Dorvak-Stottler  chamber  (Nicholson  Precision  Instru-
ments) which was attached to a Peltier device (Physitemp.
Clifton, New Jersey) mounted on the stage of a Zeiss IM-
35  inverted  microscope.  Cells  were  superfused  (0.  1
ml/min) by gravity flow from a manifold device consisting
of a Hamilton (Reno, Nevada) eight-way valve, microbore
tubing and eight reservoir chambers. Temperature was
controlled  at  20C.

A  xenon  lamp  (Optiquip,  Highland  Mills,  New  York)
provided illumination. Fluorescence excitation was con-
trolled  via  a  dual  filter  wheel/shutter  assembly  (Ludl,
Hawthorne, New York). One wheel contained excitation
filters (490, 450 nm) while the other had a range of neutral
density filters. A dichroic (530 nm) was positioned on the
fluorescence emission side. All filters were from Omega
Optical (Brattleboro. Vermont). Phase and fluorescence
images were obtained using an Achrostigmat LD 32X/.4
PHI  objective  with  light  passing  onto  an  iCCD  camera
(QUANTEX,  Sunnyvale,  California).  Video  signals  were
digitized  and  processed  by  IMAGE  1/FL  software  from
Universal Imaging Corp. (Westchester, Pennsylvania) us-
ing a 486-based computer with output on a color monitor
(Trinitron,  SONY).  Software  controlled  the  operation  of
the rilterwheel/shutter system.

Isolated  myocytes  did  not  display  any  auto-fluores-
cence.  Preliminary  experiments  showed  that  BCECF-
loaded myocytes went into contracture when illuminated
with intense monochromatic light (490 or 450 nm). Un-
loaded  cells  did  not  respond  to  light  in  this  way.  Fur-
thermore,  the  ability  to  regulate  pH,  was  impaired  in
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loaded cells at high light intensities. Thus, during all ex-
periments we used high range neutral density niters to
reduce light intensities compensating for the reduced flu-
orescence by employing high camera gain and intensity
settings.  Furthermore,  the period of  irradiation of  cells
with  monochromatic  light  was  reduced  to  a  minimum
consistent with camera lag. Images were acquired using
shade  (shade  "mask"  obtained  using  25  n\  of  25  fiM
BCECF  sandwiched  between  coverslip  and  slide)  and
background  correction  capabilities  of  the  IMAGE  1/FL
software. Image pairs were acquired at specific time in-
tervals (usually every 20 s). Individual cells were selected
and fluorescence ratios (I^o/Uso) for each cell versus time
were stored in a spread-sheet data base. Numerical data
were  transferred  as  ASCII  files  to  a  Macintosh  Ilci  and
processed and analyzed using Sigmaplot ( Jandel, San Ra-
fael, California).

In vivo calibration of ratios

Fluorescent ratios with respect to pH were calibrated
by  the  nigericin  pH  clamp  approach  of  Thomas  el  al.
(  1979). The calibration solution was identical to MASW
except that it contained 290 mA/NaCl, 160 mAl KC1 and
nigericin  (5  fig/ml).  The  concentration  of  K.C1  chosen
brackets values for intracellular K 1 as determined in the
muscles  of  marine  mollusks  (Potts,  1958;  Robertson,
1965;  Burton,  1983).  Cells  were  allowed  to  equilibrate
with  each  solution  until  ratios  stabilized  (generally  <5
min). In routine experiments, pH, was estimated for in-
dividual myocytes. Mean values for acid-base measure-
ments in each physiological treatment represent data from
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F'igure 2. Relationship between the fluorescence intensity ratio (R
= IWUso) and pH obtained using the nigericin approach with cardiac
myocytes from Mcrcciuiria campechiensis. Each value corresponds to a
mean I SD (n ranges from 8 to 12).

individual cells from up to two independent cell disper-
sions.

Results

Figure 1. Cardiac myocyte from the ventricle of the clam Aiercenaria
campechiensis. Photograph was taken with Kodak TMAX 100 film. Bar
corresponds to 100 Mm.

Dispersion procedures produced a  very  high yield  of
myocytes. Cells were generally long and spindly (50-400
fj. X 10 n) (Fig. 1). Immediately after dispersion, a large
fraction of cells showed spontaneous contractile activity
but were generally quiescent after 12 h. Dispersed cells
excluded trypan blue and were responsive to addition of
10~ 5 M 5-hydroxytryptamine (5-HT). In fact, many cells
remained viable and responded to 5-HT up to 7 days after
isolation.  The  addition  of  antibiotics  (penicillin  G.  baci-
tricin) and 5 mAI D-glucose did not enhance survival in
the short term nor influence results of pH, determinations.
Thus, these components were not added to MASW. Ven-
tricles of the congeneric clam Mercenaria mercenaha have
extremely  high  glycogen  levels,  on  the  order  of  240
^moles/g wet wgt (Ellington, 1985). Thus, it is clear that
there is a sufficient endogenous reserve of metabolic fuels
in these myocytes for the period over which they were
used (15- 18 h).

Nigericin pH clamp

Myocytes were subjected to a nigericin pH clamp pro-
tocol  encompassing the range of  pH from 6.6  to  7.6  in
0.2-unit  increments.  Typically,  most  cells  responded  to
the  clamping  medium by  contracting  to  approximately
60% of their initial  length and remained so throughout
the protocol. Fluorescence ratios varied linearly with pH
(Fig.  2).  A  regression  equation  was  calculated  (RATIO
=  1.1  1  1  pH  -5.724,  R  =  0.994)  and  used  to  transform

all ratios from the ratio versus time spreadsheets to pH, .
The  compressed  ratio  range  was  due  to  differential
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Figure 3. The relationship between pH, and pH e in cardiac myocytes
from Mercenaria campechiensis. The continuous diagonal line corre-
sponds to the iso-pH line. Each value corresponds to a mean 1 SD
(n = 11).

gain/level adjustments of the analog-digital converter at
the two excitation wavelengths as well as the fact that the
neutral density filter at 490 nm was higher than the one
used at 450 nm. Under routine superfusion conditions,
pH,  of  myocytes  was  observed  to  be  7.22  0.08  (mean

1 SD, n = 20).

Relationship between intracellular and extracellular pH

Cells were superfused with MASW (containing 20 mM
HEPES) adjusted to various pH values (pH e ). Media were
equilibrated with air. Ratios were observed for 1 5-20 min

at each pH. pH, was essentially constant in the pH e range
from  7.1  to  8.0  (Fig.  3).  At  lower  pH  e  values,  the  pH,
declined linearly but still was considerably above the iso-
pH line indicating good capacity for defense of pH, against
pH e (Fig. 3).

Non-bicarbonate buffering capacity (@NB)

Non-bicarbonate buffering capacity was estimated by
the NH 4 C1 prepulse method of Boron (1977). Myocytes
were superfused with MASW and then subjected to a pulse
of  15 mM NH 4 C1-MASW (pH 7.75).  After  peak alkalin-
ization, myocytes were superfused with MASW resulting
in a pronounced acidification. /} NB values were calculated
as  described  by  Boron  (1977).  Buffering  capacity  is  ex-
pressed  as  Slykes  (dH  4  /dpH).  Since  the  MASW  was
equilibrated  in  air,  [HCO.r]  was  low  (around  0.7  mAf)
so the contribution of this species to total buffering ca-
pacity  is  negligible.  Figure  4  is  an  example  of  a  typical
pre-pulse experiment. Following alkalinization, there was
a gradual decline in pH,. After NH 4 C1 wash-out, there
was a characteristic alkalinization back towards the initial
condition (Fig. 4). J NB values for individual myocytes were
somewhat variable ranging from 22 to 65 Slykes with a
mean  of  39.98  8.86  (1  SD,  n  =  31).  The  inherent
limitation of the NH 4 C1 prepulse approach is that some
recovery of pH, could occur during the early phase of the
wash-out therebye producing an overestimate of /3 NB (Bo-
ron, 1977). In the present study, wash-out was extremely

pHi

time  (min)

Figure 4. Time course of changes in pH, in a single Mercenaria campechiensis cardiac myocyte during
a typical NH 4 C1 pre-pulse experiment. The first arrow indicates the onset of superfusion with 1 5 mM NH 4 CI-
MASW. The second arrow indicates the onset of washing with MASW.



BIVALVE MYOCYTE INTRACELLULAR pH REGULATION 213

rapid as the peak acidosis occurred within 3 min (Fig. 4).
Thus,  it  is  likely  that  pH,  recovery processes would po-
tentially produce only minor errors in /} NB determination
in this system.

Recovery from acid loading

Isolated myocytes regulate pH, after acid-loading as ev-
idenced by the slow alkalinization following NH 4 C1 wash-
out  using  normal  MASW  ([HCO,  ]  approximately  0.7
mM) (Fig.  5A;  Table 1).  However,  the rate of  alkaliniza-
tion was greatly accelerated during wash-out using 0.3%
CO  :  /4  mA/  HCO  3  MASW  (Fig.  5B;  Table  I).  Recovery
from acid loading did not appear to be dependent on ex-
ternal Na + , as the recovery rate was essentially the same
for  MASW  and  Na  +  -free  MASW  (Table  I).  SITS  com-
pletely blocked recovery. In fact, there was a gradual re-
duction in pH, once the plateau acidification after wash-
out had been attained (Table I). Collectively, these results
show that it is likely that a SITS-sensitive HCO 3 ":CI~ ex-
changer plays a major role in recovery from acid loading
in M. campechiensis myocytes.

Discussion

Molluscan myocytes have been used on a number of
occasions as experimental systems for investigating phys-
iological phenomena ranging from ion channels (Brezden
eta/., 1 986) to changes in intracellularCa :+ concentrations
during contraction (Ishii el a/.. 1989). In this regard, car-
diac myocytes from M. campechiensis  appear to be an
ideal model system for studies of regulation of pH, in that
these cells are easily isolated, retain viability for extended
time periods and, of course, can maintain acid-base bal-
ance in spite of extracellular and intracellular pH distur-
bances. The average pH, of 7.22 in these cells as deter-
mined  by  BCECF-imaging  is  comparable  to  values  ob-
served in various marine gastropod muscles (Ellington,
1983b;  Graham  and  Ellington,  1985;  Wiseman  and  El-
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Table I

Recovery from acid loading in myocytes from Mercenaria
campechiensis

Washing medium

Acid/base
dpH/dt  transport

(pH  units/min)  (Aimoles/min)  n

Figure 5. Typical records of change of pH, in single Mercenaria
campechiensis myocytes during NH 4 C1 pre-pulse experiments when
MASW (A) or 0.3% CO 2 :4 mM HOV-MASW (B) were used in washing.

Myocytes were superfused with MASW followed by 15 mM NH 4 C1-
MASW. After the plateau alkalinization was acheived, myocytes were
washed with various media. The rate of recovery (dpH/dt) was calculated
using a regression (Sigma Plot) of the initial, linear portion of the recovery
curve after NH 4 CI wash-out. Buffering capacity values (dhT/dpH) were
calculated according to Boron (1977). Rates of acid/base equivalent
transport (^moles/min) were calculated for each myocyteby multiplying
the measured individual f? NB value times the corresponding dpH/dt value
(^moles/mm = /} NB -dpH/mm). Each value represents a mean 1 SD.
Sample size (n) is indicated.

MASW-0.3% CO,: 4 mM HCO, was prepared by gassing MASW
with 0.3% CO 2 (balance air), addition of solid NaHCO 3 followed by
adjustment of pH. The reservoir was continuously gassed with hydrated
0.3% CO 2 in air and the superfusion line was contained within a gas
jacket. Concentrations were calculated using appropriate apparent dis-
sociation (Mehrbach cl a/., 1973) and solubility (Riley and Skirrow, 1975)
constants. Na + -free MASW was prepared by replacing NaCl with three
times crystallized choline chloride (Sigma Chemical Co.). SITS solutions
were shielded from light to prevent photodecomposition.

lington,  1989)  and  is  slightly  lower  (0.1-0.2  units)  than
what has been observed for squid giant axon (Boron and
Russell, 1983) and various tissues of the mussel Mytilus
edulis (Walsh el al, 1984; Zange el a/.. 1990). The above
data on other species were obtained by a variety of tech-
niques including NMR, weak acid distribution and micro-
electrode methods.

Changes in pH e have minimal effect on the pH, of M.
campechiensis myocytes over what can be viewed as a
physiologically realistic range of pH e s (7.1-8.0). A similar
high capacity for defending pH, against changes in pH e
has  been  observed  in  M.  edulis  ABRM  preparations
(Zange el al., 1990) as well as in hemocytes from the squid
Sepiateuthis  lessoniana  (Hemming  el  al..  1990).  In  the
present study, we have further seen that clam myocytes
display recovery from experimentally imposed acid-base
disturbances.  Walsh  and  Milligan  (1989)  have  pointed
out that there are three potential avenues of regulation of
pH,  available  to  cells  (a)  intracellular  physico-chemical
buffering, (b) ion exchange of acids/bases between intra-
and extracellular compartments, and (c) metabolic pro-
duction or consumption of acids and bases. The present
results with M. campechiensis myocytes provide strong
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evidence for operation of the first two of these mecha-
nisms.

The presence of non-bicarbonate intracellular buffers
constitutes the first line of defense against acid/base stress
in cells (see reviews by Burton, 1978, and Roos and Boron,
1 98 1 ). In vertebrate-muscles, there appears to be a general
correlation between the magnitude of the /3 NB and the
potential for anaerobic function (Castellini and Somero,
1981). This general correlation has been suggested for
molluscan muscles (Eberlee and Storey, 1 984; Morris and
Baldwin. 1984), however, the validity of these conclusions
is somewhat in doubt due to the artifacts imposed by ho-
mogenate titration methods used for /3 NB determinations
(Wiseman  and  Ellington,  1989;  Portner,  1990).  In  the
present study we used the NH 4 Cl-prepulse approach and
obtained  a  value  of  40  Slykes,  which  is  in  the  range  of
values  determined  by  NMR-prepulse  for  whelk  radula
muscle  (33  Slykes;  Wiseman  and  Ellington,  1989)  and
mussel  ABRM  (26.5  Slykes;  Zange  et  ai,  1990),  both  of
which have impressive capacities for anaerobic metabo-
lism. In contrast to these observations, the average /3 NB
for squid giant axons was 1 1.2 (Boron and Russell, 1983).
Thus, it is clear that M. campechiensis myocytes have a
relatively high /j NB , which is consistent with the natural
history of this species where exposure to hypoxic stress
may be a regular phenomenon.

The pH L . in bivalves is alkaline relative to pH, under
normal  conditions  (Booth  et  al.,  1984).  Given  a  slightly
alkaline pH e , the pHj of 7.22, and the undoubtedly neg-
ative sign of the membrane potential in Al. campechiensis
myocytes, it is clear that protons are not at equilibrium.
These cells must continuously export protons or bring in
base equivalents to maintain pH, . This problem becomes
greatly exacerbated when the pH e is reduced (therebye
decreasing or even reversing the transmembrane proton
gradient) or when acid or base loads are imposed on the
cells. The relative constancy of pH, with pH c and recovery
from experimentally imposed acidosis in clam myocytes
clearly show that such ion exchange processes are oper-
ating in these cells.

Our results show that A/, campechiensis myocytes ap-
pear to regulate pH,  via  a SITS-sensitive ion exchanger
which does not have a requirement for external Na + . Most
likely, this transporter is a HCO 3 :C1~ exchanger as has
been seen in M. editlis ABRM (Zange et ai, 1 990). Under
the routine, normocapnic conditions in the present study
the concentration of HCO 3 was estimated to be around
0.7 mA/,  which appears to be sufficient to promote re-
covery of pHj after acidosis. However, recovery was greatly
accelerated when HCO 3 concentration was increased to
around 4 mA/. Booth et al. (1984) estimated that [HCO-f ]
in  M.  edulis  hemolymph was 1.8  mA/ in  normoxia  and
rose to nearly 3 mA/ during hypoxic stress. It is likely that
physiological [HCO 3 ] in A/, campechiensis spans a higher

range that 0.7 mA/, implying greater overall transport rates
in vivo. The above results are in contrast to the work of
Boron and Russell  (1983) who found that there was an
absolute  Na +  requirement  (Km =  77  mA/)  for  HCO 3  :
Cr  exchange  in  squid  axons.  However,  Hemming  et  al.
(1990) found that acid recovery in squid hemocytes was
Na + -independent. Zange et al. (1990) found that addition
of  5-hydroxytryptamine  (5-HT)  elicited  activation  of  a
Na + :H + exchanger in A/, edulis ABRM. It was not possible
to investigate this possibility in A/, campechiensis myo-
cytes, as addition of 5-HT caused rather violent contrac-
tions of myocytes, which interfered with imaging exper-
iments.

The present results show that myocytes from the clam
M. campechiensis have a good capacity for regulation of
pH,. This capacity is based a relatively high /3 NB and the
presence of a SITS-sensitive anion exchanger. Clam myo-
cytes also appear to be excellent candidates for long-term
primary culture. Thus, future studies will focus on poten-
tial phenotypic plasticity of /S NB and ion exchange capacity
in  cells  cultured  under  conditions  which  might  induce
such changes (altered pH c , hyper- or hypo-capnia or hyp-
oxia).

Acknowledgments

I wish to heartily thank Ms. Carolyn Bruce (University
of  British  Columbia)  for  advice  and  encouragement  in
the development of the myocyte isolation protocol. I am
also very grateful to Leavins Seafood, Inc. (Apalachicola,
Florida)  for  providing  animals.  This  research  was  sup-
ported by NSF grants  DIR-9014510 (Instrument and In-
strument  Development  Program)  and  IBN-9  104548
(Functional and Physiological Ecology Program).

Literature Cited

Barrow, K. D., D. D. Jamil-son, and R. S. Norton. 1980. "P nuclear
magnetic resonance studies of energy metabolism in tissue from the
marine mollusc Tapes watlingi. Eur. J. Biochem. 103: 289-297.

Booth, C. E., D. G. McDonald, and P. J. Walsh. 1984. Acid-base bal-
ance in the sea mussel Mylilus edulis. I. Effects of hypoxia and air-
exposure on the hemolymph acid-base status. Mar. Biol. Lett. 5:
347-358.

Boron, \V. F. 1977. Intracellular pH transients in giant barnacle muscle
fibers. Am. J. Physiol. 233: C61-C73.

Boron, \V. F., and J. M. Russell. 1983. Stoichiometry and ion depen-
dencies of the intracellular-pH-regulating mechanism in squid giant
axons. ./. Gen. Physiol. 81: 373-399.

Boron, \V. F., W. C. McCormick, and A. Roos. 1979. pH regulation
in barnacle muscle fibers: dependence on intracellular and extra-
cellular pH. Am. J. Physiol. 237: C185-C193.

Brezden, B. L., D. R. Gardner, and G. E. Morris. 1986. A potassium-
selective channel in isolated Lymnaea stagnulis heart muscle cells.
./. Exp. Biol. 123: 175-189.

Bright, G. R., G. W. Fisher, J. Rogowska, and D. L. Taylor.
1987. Fluorescence ratio imaging microscopy: temporal and spatial
measurements of cytoplasmic pH. J. Cell Biol. 104: 1019-1033.



BIVALVE MYOCYTE INTRACELLULAR pH REGULATION 215

Burton, R. F. 1978. Intracellular buttering. Resp Physiol. 33: 51-58.
Burton, R. F. 1983. Ionic regulation and water balance. Pp. 291-352

in The Mollusca. Vol 5. A. S. M. Saleudin and K.. M. Wilbur, eds.
Academic Press. New York.

Castellini, M. A., and G. N. Somero. 1981. Buffering capacity of ver-
tebrate muscle: correlations with potentials for anaerobic function.
J. Comp. Physiol. 143: 191-198.

Crenshaw, M. A., and J. M. Neff. 1969. Decalcilication at the mantle-
shell interface in molluscs. Am. Zool 9: 881-889.

Eberlee, J. O, and K. B. Storey. 1984. Buttering capacities of the tissues
of marine molluscs. Physiol. Zoo/. 57: 567-572.

Ellington, VV. R. 1983a. The extent of intracellular acidification during
anoxia in catch muscle of two bivalve molluscs. J. Exp. Zool. 221:
313-317.

Ellington, \V. R. I983b. Phosphorus nuclear magnetic resonance studies
of energy metabolism in molluscan tissues: effect of anoxia and isch-
emia on intracellular pH and high energy phosphates in the ventricle
ofthevihe\k.,Busyconcontrarium.J Comp Physiol 153: 159-166.

Ellington, \V. R. 1985. Cardiac energy metabolism in relation to work
demand and habitat in bivalve and gastropod molluscs. Pp. 356-
366 in Circulation, Respiration and Metabolism, R. Gilles, ed.
Springer Verlag, Berlin.

Gnaiger, E. 1980. Das Kalorische Aquivalent des ATP-Umstazes im
aeroben und anoxischen metabolismus. Thermochim. Ada 40: 195-
223.

Graham, R. A., and W. R. Ellington. 1985. Phosphorus nuclear mag-
netic resonance studies of energy metabolism in molluscan tissues:
intracellular pH change and the qualitative nature of anaerobic end
products. Physiol. Zool. 58: 478-490.

Hemming, T. A., C. O. Vanoye, S. E. S. Brown, and A. Bidani.
1990. Cytoplasmic pH recovery in acid-loaded haemocytes of squid
(Scpiateuihis lessoniana). J. Exp. Bio/. 148: 385-394.

Ishii, N., A. \V. M. Simpson, and C. C. Ashley. 1989. Free calcium at
rest during "catch" in single smooth muscle cells. Science 243: 1 367-
1368.

Mehrbach, C., C. H. Culberson, J. E. Hawley, and R. M. Pytkowicz.
1973. Measurement of the apparent dissociation constants of car-
bonic acid in seawater at atmospheric pressure. Linmol. Oceanogr.
18: 897-907.

Morris, G. M., and J. Baldwin. 1984. pH buffering capacity of inver-
tebrate muscle: correlations with anaerobic muscle work. Molec
Wi.i-.vw/. 5:61-70.

Portner, H.-O. 1987a. Contributions of anaerobic metabolism to pH
regulation in animal tissues-theory. J. Exp. Biol. 131: 69-87.

Portner, H.-O. 1987b. Anaerobic metabolism and changes in acid-
base status: quantitative interrelationships and pH regulation in the
marine worm Sipunculus nitihts. J Exp. Biol. 131: 89-105.

Portner, H.-O. 1989. The importance of metabolism in acid-base reg-
ulation and acid-base methodology. Can. J Zool. 67: 3005-3017.

Portner, H.-O. 1990. Determination of intracellular buffer values after
metabolic inhibition with fluoride and nitrilotriacetic acid. Rcsp
Physiol. 81: 275-288.

Portner, H.-O., N. Heisler, and M. K. Grieshaber. 1984a. Anaerobiosis
and acid-base status in marine invertebrates: a theoretical analysis
of proton generation by anaerobic metabolism. J. Comp. Physiol.
155: 1-12.

Portner, H.-O., M. K. Grieshaber, and N. Heisler. 1984b. Anaerobiosis
and acid-base status in marine invertebrates: effect of environmental
hypoxia on extracellular and intracellular pH in Sipunculus nudiis
L.J Comp. Physiol 155: 13-20.

Potts, W. T. W. 1958. The inorganic and amino acid composition of
some lamellibranch muscles. J. Exp Biol. 35: 749-764.

Riley, J. P., and G. Skirrow. 1975. Chemical Oceanography. Academic
Press. New York.

Rink, T. J., R. Y. Tsien, and T. Pozzan. 1982. Cytoplasmic pH and
free Mg 2+ in lymphocytes. J Cell Biol. 95: 189-196.

Robertson, J. D. 1965. Studies on the chemical composition of muscle
tissue. III. The mantle muscle of cephalopods. J. Exp. Biol 42: 153-
175.

Roos, A., and W. F. Boron. 1981. Intracellular pH. Physiol. Rev 61:
296-434.

Thomas, J. A., R. N. Buschbaum, A. /.imniak, and E. Raeker.
1979. Intracellular pH measurements in Ehrlich ascites tumor cells
utilizing spectroscopic probes generated in situ. Biochemistry 18:
2210-2218.

Walsh, P. J., D. G. McDonald, and C. E. Booth. 1984. Acid-base bal-
ance in the sea mussel Mytilus eiiulis. II. Effects of hypoxia and air
exposure on intracellular acid-base status. Mar. Biol. Lett. 5: 359-
369.

Walsh, P. J., and C. L. Milligan. 1989. Coordination of metabolism
and intracellular acid-base status: ionic regulation and metabolic
consequences. Can. J. Zool. 67: 2994-3004.

Wiseman, R. W ., and W. R. Ellington. 1989. Intracellular buffering in
molluscan muscle: superfused muscle versus homogenates. Physiol.
Zool. 62: 541-558.

Zange, J., M. K. Grieshaber, and A. W. H.Jans. 1990. The regulation
of intracellular pH estimated by -"P-NMR spectroscopy in the an-
terior byssus retractor muscle of Mytilus editlis L. J. Exp. Biol. 150:
95-109.



Ellington, W. Ross. 1993. "Studies of Intracellular pH Regulation in Cardiac
Myocytes From the Marine Bivalve Mollusk, Mercenaria campechiensis." The
Biological bulletin 184, 209–215. https://doi.org/10.2307/1542228.

View This Item Online: https://www.biodiversitylibrary.org/item/17366
DOI: https://doi.org/10.2307/1542228
Permalink: https://www.biodiversitylibrary.org/partpdf/37212

Holding Institution 
MBLWHOI Library

Sponsored by 
MBLWHOI Library

Copyright & Reuse 
Copyright Status: In copyright. Digitized with the permission of the rights holder.
Rights Holder: University of Chicago
License: http://creativecommons.org/licenses/by-nc-sa/3.0/
Rights: https://biodiversitylibrary.org/permissions

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at 
https://www.biodiversitylibrary.org.

This file was generated 25 August 2023 at 14:11 UTC

https://doi.org/10.2307/1542228
https://www.biodiversitylibrary.org/item/17366
https://doi.org/10.2307/1542228
https://www.biodiversitylibrary.org/partpdf/37212
http://creativecommons.org/licenses/by-nc-sa/3.0/
https://biodiversitylibrary.org/permissions
https://www.biodiversitylibrary.org

