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Abstract

The major defenses against intracellular acidosis duving anoxia include intra-

cellular buffering and ion «
extracellular compartments. It is unclear whether more and

bange of acid-base equivalents between intra- and
sxia-tolerant species
bhave a bigher capacity Jor such regulatory processes. Using "' P-NMR wmethods, we
ivestigated vegulation of itvacellular pH {pH D} in cardiac muscle of four spe-

§

cies of closely related marine gastropod molluscs—Melongena corona (bigh fnler-
tidal ), Busveon contrarium (ow intertidal), Busycon spiratum (fow intertidal)

and Fasciolaria walipa (subtidal). When extracellular pH (pH, ) was systematically

altered, theve were minimal changes in pH, in preparations from all four species,
indicating similar capacities for defending pH, against altevations in pH,. Using
DMO pudses, intrinsic buffering capacity (B.,) and recovery rate from acid load-
ing were determined, and the rate of ion exchange (AH " jor OH ™ [/du) was cal-

culated from these values. Carvdiac muscle of one of the most anoxia-tolerasnt spe-

cies, M. corona, bad the bighest B, and AR /A0 values, consisten? with its

bebavior, microbabirat, and anoxia tolerance. Only small differences in these pa-

rameters weve observed among the other three species. Although our resulis sug-
gest some adaptive differences among species in capacity for vegulation of piH,, it

is likely that other facets of the suite of adaptive responses 10 anoxia are he ma

Jor determinants of anoxia tolerance.

Introduction

Intertidal marine invertebrates are frequenty exposed to environmental
anoxia or hypoxia during air exposure at low tide. During anoxic conditions

energy is derived from anaerobic pathways, which leads to an uncoupling

of proton-consuming and -producing processes, typically resulting in net
proton production. Two general strategies that decrease the rate at which
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protons accumulate during anaerobiosis have evolved in marine inverte-
brates. A phylogenetically widespread adaptation to anoxia is a depression

of metabolic rate, :mi in marine molluscs the anoxic rate may be <10% of

that under aerobic conditions (Shick, De Zwaan, ;md De Bort 1984 stickle
etal. 1989) . In addition, anoxiatolerant marine molluscs and some marine
worm groups utilize metabolic pathways with a lower HY/ATP ratio (Gnai-
ger 1980)

Although rates of proton production may be decreased under conditions
of reduced oxygen availability, anoxia-tolerant organisms must still com
pensate for the ;wmm ations to acid-base status thar usually accompany
prolonged anoxia. Cells regulate intracellular pH (pH) by three mecha
nisms-—{1) p Ejfi\"ﬁf{'T(M'h{;'}"ﬂfaig‘zii buffering, (2} ion exchange of acid-hase

equivalents across the plasma membrane, and (3) metabolic production
and consumption of acids and bases (Walsh and Milligan 1989). Intracellular
buffering serves as the initial defense against challenges to pH; (Roos and
Boron 1981, Previous comparative studies of intrinsic (nonbicarbonate)
buffering capacity (Py.) have focused on distantly related species or different
tissues from the same species. Intrinsic buffering capacity was found to be
positively correlated with anaerobic burst activity in skeletal muscle of teleost

fishes and marine mammals (Castellini and Somero 19817 and in various
tissues of molluses and crustaceans (Morris and Baldwin 1984). Fherlee
and Storey (1984) found the same positive correlaton of i, with burst
glvcolytic activity for a variery of tissues in three species of marine molluscs,
but they also concluded that increased buffering capacity was not an im-
portant adaptation for anoxia tolerance. Regulation of pH, by jon exchange
mechanisms has been demonstrated for several marine molusc groups,
inchuding gastropods (Wiseman and Ellington 1989), bivalves (Zange,
Grieshaber, and Jans 1990; Ellington 1993), and cephalopods (Hemming
et al. 19903, but no interspecific comparisons have vet been made of rates
of exchange. Metabolic regulation of pH, has not been demonsoated in

marine invertebrates.

Among the physiological adaptations to anoxia available to marine inver-

tebrates, the relative funcrtional value of increased capacity for regulating
pHy s not known, In the present study, we compared buffering capacities
and rates of ion exchange among muscle preparations of four species of
closely related marine gastropods. The four species of gastropods reside at

different positions in the interddal zone and have diff

erent tolerances to
anoxic conditions. Our results indicated that one species with a high degree
of anoxia wlerance has a greater ability wo regulate pH,. The differences in

capacity for regulating pH, were modest amonyg the other species, however,
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and it is likely that other factors contribute more significantly 1o anoxia
tolerance in this group.

Material and Methods
Specimens and Material

Specimens were obtained from three locations in Florida, in proximity 1o
the Florida State University Marine Laboratory, Turkey Point. Melongena

corona were collected from a salt marsh near the mouth of ﬂn:;;f St Marks
River, Busycon contrarium and Busycon spivatum from an intertidal shoal

ar Alligator Poing, and Fasciolaria tulipa from sea grass beds in 5t Joseph
Bay (tab %v L), Specimens were maintained in the recirculating seawater
system al the Florida State University Marine Laboratory at Turkey Point and,
for short periods immediately prior to experiments, in aquaria at the main
campus in ﬂ{"zii3;,1§”x;,wms‘xn Biochemicals were obtained from Sigma Chermical
(St Louis), and all other chemicals were of reagent-grade quality.

Tanty 1
Species of gastropod maolluscs (whelks) used in study of pH, regulation

Species Activity Levels® Collection Habitat

Melongena corona
(crown conch) ..., Inactive High intertidal mudflars/
salt marshes

Busyeon contraritum

(lightning whelk) ... Inactive Low intertidal sand fars
Busycon spivatiunm

(pear whelk) ... ... Active Low intertidal sand fars
Fasciolaria tulipa

{tulip shell) ..., Highly active Subtidal sea grass beds
Note. All species are in the superfamily Buccinacea, Fasciolaria tulipa is in the family

Fasciolariidae, and all other species are in the family Melongenidae. Differences among

species in activity level and position of occurrence in the intertidal zone were presumed 1o

reflect differences in wlerance 1o environmental anoxia,

* Criteria are towally sublective and are based on field and aboratory observations of

locomotory behavior and habitar. Melongena corona and B contrarivm appear 10 feed

; imarily on sessite bivalve molluses. In contrast, £ fuldipa is an active predator that feeds on
iy Bighly motile prey irems, including bay scallops. Busycon spiratum feeds on both

50 mt%a’ and motile prey.
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Anoxia Tolevance

To augment anecdotal information from field observations concerning dif-
kg‘

periments o x‘.;i,imn,;J:tt\ft;?lV assess the relatve capacity of each species to

ormed a series of ex-

ferences in anoxia wlerance among species, we pe

tolerate anoxic conditions. Gastropods were individually sealed in 1-quart

glass jars filled with anoxic seawater. Prior to each experiment, each spec

&

imen's shell was scrubbed to remove any adherent algae, To achieve anoxia,

nitrogen gas was bubbled into a large bucket containing seawater, and an-
imals were sealed in jars while fully immersed in the degassed medium.
Gastropods were maintained at 22°C in a constant-temperature chamber,
AL 1-d dntervals, a random subset of animals was removed from jars and
placed in an aerated aguarium, Those individuals that were alive 24 h after
removal from jars were counted as survivors,

Nuclear Magnelic Resonance Procedires

Hearts were dé&m;mf{wd from gastropods and immersed in an artifical seawater
(ASW) solution of 415 mM NaCl, 10 mM KCL 9.3 mM CaCly, 23 mM MgCl,,
and 25.5 mM b«fmfﬂf;ﬂf)‘, buffered at pH 7,80 with 30 mM H
cuts were made across the wntru,‘h" of each heart to create a ventricular

. Two parallel

ring preparation (typically 1416 mg wet wi). The muscle preparation was
suspended with 6-0 surgical silk in a sample chamber of 1.9 mm inside
diameter (1D) housed in a homebuilt NMR probe. Muscle preparations were
superfused with aerated ASW ar a rate of 2-3 mL/min. Artificial seawater

was thermostated at 20°C by passing the superfusion tubing through a heat

exchanger mounted in the probe head and connected o a Brinkman model
RMO recirculating water bath, The radio frequency coil was a five-turn so-
tenold of silver-coated copper wire that was wrapped around the sample
chamber,

We obtained *'PNMR specura at 109,34 MHz on a Bruker WP-270 spec-
rrometer modified with a Tecmag/Libra pulse programmer and acquisition
svstem. Routine spectra were acquired every 4 min by averaging 220 scans
collected with 2 2.6-us pulse width (457 tp angle ), ( ‘) s recyele time, 2,048
data points, 5,000-Hz sweep width, and a 0.205-s acquisition time, Data
we

e pr ts:;‘mmw;;ﬁ with two zero fills and an exponential multiplication cor-

respornding to 10 Hz line broadening. To obtain pH, measurements, the

muscle preparations were first loaded with 5 - 10 mM 2-deoxvglucose (2DG)
P)
served. The difference in chemical shift between the 2DGOP peak and the

untit a well-resolved 2-deoxyglucose-0-phosphate (2DG peak was ob-

arginine phosphate peak was compared 1o an empirically derived calibration
curve to determine pH, (Wiseman and Ellington 1989).
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Energetic Stability of Muscle Preparvations

To prove that the muscle preparations were energetically stable inthe sample
chamber during superfusion and 2DG loading, we monitored the ATP and

arginine phosphate pools and pH; of muscle preparations over a time course
comparable o that of our experimenis. Procedures for NMR were the same

as above except that spectra were acquired every 45 min by averaging 180
scans with a 5.2-us puiw width (907 tip angle) and a 15-s recyele time (1o
ensure nuclel were fully relaxed). The first spectrum of each experiment

was collected wh } the muscle preparation was being superfused with ASW

only {no 21x¢ Fthe B-ATP and arginine phosphate peaks were directly

integrated by MachNMR software. The integrated value of the B-ATP peak
from this first spectrum was then used as a reference to determine the relative
changes in subsequent §-ATP and arginine phosphate peaks during loading
with 2DGL As soon as the 2DGOP peak appeared, pH, stability was also
monitored over the remaining time course.

Relationship between Extracellular pH (pH )} and pH,

We examined the ability of cardiac muscle of each species to regulate pH,
over g range of pH.'s. The pH of the superfusate was systematically altered,
and the pH; of the rouscle preparation was allowed to equilibrate with each
new pH, for 20- 2% min. The pH, caleulated from the final spectrum at each
pHe was considered o be the equilibrium value. Extraceltular pH values

used were 8.0, 7.6, 7.2, 0.8, 6.4, and 6.0

Acid-Loading Experiments

To examine the intrinsic buffering capacity and the rave of exchange of acid-
base equivalents (M or OH ™}/ do) during regulation of pH;, we performed

acid-loading experiments using the weak acid 5,5-dimethyloxazolidine-2,4-

dione (DMO; Keiter 1981). Intracellular pH was monitored while loads of

or 60 mM DMO were being imposed on muscle preparations. The DMO-
ASY solution v
for an equimolar amount of NaCl Intinsic buffering capacity, expressed as
i

the same as normal ASW except that DMO was substituted
pmol HY - pH& e mL intracellular water™, was caloulated as

Biw = [DMO ™}, /ApH

where [DMO T, is the concentration of protons loaded into the cells and
was caloulated from the Henderson-Hasselbalch reladion assuming a pXa
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for DMO of 0.16, and ApH is the decrease in pH, onacid loading. To avoid
overestimating g&w f"'if&,“&‘&iii.‘*i{‘ of recovery occurring during the acidification
proce

, the ApH value was caloulated back to time zero of acid loading by
multiy ?a%‘w ng H“ﬂf recovery rate (dpH/d by the number of minutes to maximal
acidification and adding that pH,; change 1o the ApH value, Since ASW was
air equilibrated, [HCO T was <1 mM, so the a;wz,)33{5";?‘311{“31} of this species to
total buffering c;x;;'i»;ﬁfiw is negligible. Since dissociated DMO would have
contributed to buffering capacity in the cells by the time recovery measure.

ments were made, the rate of acid-base exchange was caleulated as
dW dr = dpH di B Bowe),

where Bouo, caleutated as 2.3(DMO 7, is the buffering contribution of DMO
inthe cells (Keifer and Roos 1981). Recovery rate was determined from the
slope of the line generated from a least-squares lnear regression of the first
four data points following acidification, beginning at the point of mini
mum pH;.

Statistical Analyses

A
A0 and 60 mM DMO. The Wilkes-Shapiro test was used to test for normality,

VA was used to compare the By, and dHY/dt values among species at

and Bartlet's west was used to examine homogeneity of variances. Fishe
te
among species pairs for variables that were significantly different in the
ANOQVA,

protected least significant difference test was used to examine dif

COCES

Resuits
Anoxia Tolevance

Melongena corona and Busycon contrarium displayed no mortalivy during
or alter immersion in anoxic seawater, even after 4 d (Ag. 1), Fascivlaria
tudipa was the least tolerant of anoxia and began to show mortality by day
2 and showed 100% by day 4, while Busycon spiratum was intermediate in
anoxia tolerance (g, 1. The results agree with field observations in thay
the species that occour highest in the intertidal zone and have the lowest
activity levels tend 1o have the greatest tolerance to anoxic conditions. All
of the surviving specimens demonstrated normal behavior in aquaria withi
24 hoof removal from jars.
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Feg 1. Survival of four species of marine gastropods during imsmersion in
anoxic seawater. Data are expressed as pevcentage of suvvival for the
group of animeis removed (1 = 9 for each day sampled for each species),

Energetic Stability of Muscle Preparations

Examination of fully relaxed phosphorus spectra revealed that ATP levels

were stable and unchanged in muscle preparations from all species while

mounted in the NMR probe for =35 h (fig. 2). This was also true for pH,
1s gradually declined somewhat

(data not shown). Arginine phosphate leve
during 2DG loading, with the decrease in arginine phosphate ltevels being
equivalent to the corresponding increase in 2DGOP. The formation of 2DG6P
has a well-established effect of trapping some inorganic phosphate in cells.
No inorganic phosphate peak was observed. These results indicate that our
superfusion and 2DG-loading procedures had no appreciable adverse effects
on the muscle preparations, which were maintined in an energetcally

favorable condition during our experiments.

Nuclear Magnetic Resonance Experiments

A typical P-NMR spectrum of a ventricular ring preparation is shown in

figure 3. The arginine phosphate and 2DGOP resonances required for mea-
surement of pH, are well resolved in 4 min of acquisition

The four species of gastropods demonstrated similar abilities 1o regulate
pll; over a range of pHs (hg. 4). Inwacellular pH was constant at a pH, of
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2 Stability of bigh-energy phospbates in venitricular ving prepara-
tioms from four species of marine

scstropods during superfusion and
loqding with 2D0GOF. Solid bars are ATP; batched bars are arginine phos-

phate. The initial levels of ATP and arginine phosphate were meastured
during superfusion with normal ASW. The decline in arginine phosphate
levels corresponds to loading with 20G6P. Data represent means & 1 S0
4 for each species ),

7.2 or higher for all species but showed a modest decline at pH.'s of 6.8
and lower, Despite this decline, all species maintained pH, well above
the iso-pH line, indicating that pH, is well regulated even at unusually
low pH,'s.

A typical acid-loading experiment is presented in figure 5. The decrease
in pH, following superfusion with DMO-ASW usually occurred within 4 min
for all sy

coles (mean time (o maximum acidification was 5.0 min). Values
for B, dpt/de, and oW/ dt are presented in table 2. Melongena corona
clearly had the mfm st values for the three measured parameters at both
DMO concentrations. Among the other three specie

G

dpH/dt was fairly
constant, and Li%&i?&“ﬂ,} b the B, and dH"/dr values generally fell into the
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arginineg phosphate

LOGEP

v-ATP a-ATP B-ATP
: W'W WWWWWM
s L « ™% T % Y 2 (I Y ‘ F ™7 § k] T { T

940 60 30 00 -3.0 -6.0 -8.0 -12.0 -15.0

Chemical Shift (ppm)

Fig. 3.4 rypical ' PANMER spectrum of a Busveon spiratum vestricudar
rﬁig preparation (10 mg) acguived over a $-min lime course. The argi-
nine phospheate yesonance was sef 10 O ppm and was wsed as an intevnal
chemical shift veference. Intracellular pH was calculated from the chem-
feal shift of 20GOP. The

three ATP resonances are also visible.

cted order based on habitat and anoxia wlerance, the differences among

these species were slight. 1tis expected that all of the measured parameters

increase with increased acidification, and this was generally the case. The
dpt/dt values for M. corona and B contrarium, however, were Jower at
60 mM DMO than at 30 mM. The lack of a positive relationship between
extent of acidification and dpH/ dt for these two species was probably be-
cause the acidification was fairly mild and the variance associated wirh the
measurements was high. Additional experiments with 90 mM DMO (8. T,
Kinsey Mu% WoOR, ii ngton, unpublished data) resulied in a’; yH / ddt values
for these two species that were higher than those for the 30 and 60 mM
DMO experiments, as would be expected.

The data were log,. transformed to meet the assumptions of normality
and homogeneity of variances before statistical analvsis. ANOVAs showe d
that By, and dH"/dt were significantly different among species in both the
30 and 60 mM DMO experiments {table 3). The paired comparisons tests
showed that M corona was significantly different (P < 0.05) from all other
species in both By, and 1"/ drat both DMO concentrations. In the 60 mM
DMO experiments, By, values of B contrarinm were significantty different
at £ 0.1

0 from B, spiratum and F tulipa.
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Fig. 4. Relationship between pH, and pH, in four species of marine gas-

e

tropod ventricudar ring preparations. The dashed line is the iso-pH line.

Data represent means £ 1 8D (no= 3 for each species).

Discussion

Researchers have successfully employed '"P-NMR spectroscopy as a non-
invasive probe of pH, ransients in a number of invertebrate muscle tissues
(e.g., Ellington 1983; Hamm and Yue 1987, Zange et al. 1990). Previous

studies have also demonstrated that :x(“c‘uz“zu<'~ measures of intracellular bufft
ering s;';:i;’»;'mzy can be obtained with Y P-NMR (Wiseman and Ellingron 1989,
Zange et al. 1990). Our use of fe;m;ﬂi«z:iimm:%t(*r muscle preparations (1.9
mm-1D sample chamber) allowed for rapid diffusion of DMO into cardiac
tissues, inducing 4 rapid acidification during acid-loading experiments (fig.
51, The rapid diffusion of DMO into the ventricle tissue reduced the Hke-

lihood that buffering capacity values were overestimated because of recovery

occurring simultaneously with acidification (Boron 1977; Keifer 1981}, The
short time course to acidification also makes c'%ximpwi(u:msf to time zero of

acid loading less likely to be biased by the nonlinear nature of the recovery
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Fig 5 Typical acid-loading experiment used to calculare B, dpF/di
and F
fredatment in this experiment was 60 mM DMO. The decrease in pH, with

At for ventricudary ving preparations of marine gasiropods. 1 !w

aoid foading (ApFH ) s used 1o estimate B,,,. The dashed line is an exam-
e of bow ApH was calculated back to time zevo of acid loading, The
recovery vate (dpH/Au) is determined from the slope of the line heginning
al the miyiinrm pi,

process. The favorable diffusion conditions in the sample chamber and the

energetic stability of the gasoopod ventricle preparations over the time

course of our experiments (fig. 2) make this system well suited for our
wperimental design,

The relative constancy of pH, for all species over a pH, range from 8.0 10
6.0 indicates that protons are not in elecrrochemical (:w;;mZl%‘}rmm across the
plasma membrane. These results are stmilar to those found with fluorescent
pH probes in hemocytes of the squid Sepiateuthis lessoniana (Hemming
eral, 1990) and cardiac myocytes of the bivalve Mercenaria campechiensis
(Ellington 1993), and with 7 P-NMR on the anterior byssus retractor muscle
CABRM) of the mussel Mytilus edulis (Zange et al. 1990). The proton dis-
equilibrium found in marine molluses suggests that there is a continuous
export of protons or m“agmm, f hase equivalents across the plasma membrane
(Zange et al, 1990}, a process ifuz may be partially facilitated by the faa

that pH, is higher im 1 pH, (Ellington 1993 ). All four species of gastropods

in this wium uwmu cd pH, as the ransmembrane proton gradient was de-

creased and eventually reversed (at pH's «<7.2), which suggests that ion
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As of B and transport of acid-base equivalents (AH ™ /d0) by

Species

S
Source df Squares sSquare Value Value

Sum of Mean F

B by species in 30 mM DMO
EXPETLMEnis:

[

106 035 4.332

Species Lo ;
098 L0

fa]

Error .00 0 0 0 0
Bio brv species in 60 mM DMO
PIments:
species oL oL 3
Error oo 20

LS

072 9723  .0D004*
007

dWT/dt by species in 30 mM
DMO experiments:
Species oL 3 442 a7 4932 L186*
Error .. o0 12 359 030
dH"/dt by species in 60 mM
DMO experiments:
species ... A 197 066 A.470) 03547
Eercor oo 0 o 20 A79 019

Note. The data were log,, transformed prior o analysis to meet assumptions of normality
and homogeneity of variances.
* Significant difference among species (F < 0.05).

exchange mechanisms are operating to regulate pH,. Two recent studies
have shown that a HCOLCE exchanger is Hkely responsible for regulation
of pH, in M. edulis ABRM (Zange et al. 1990) and M. campechiensis cardiac
myocyies (Ellington 1993).

The butfering capacities obtained in our study are in agreement with those
found for other marine gastropods. Morris and Baldwin (1984) reported By,
values for Nassarius coronatus and Strombus gibberufus of 60 and 56 pmol
< pH™ - gwet wil respectively. Eberlee and Storey (1984) obtained a B,
value of 34 pmol « pH™ + g wet wi™ for Busycon canaliculatiom heart,
and Grahan and Ellington (1985a) found B, to be 39 pmol « pH™ g wet
wt™ for Busycon contrarium heart. However, all of these Bi values are
actually much higher than those for the species in the present study (except
for Melongena corona) when converted to units of pmol - pH™ « mL
intracellular water™. Assuming intracellular water is 54.8% of wet weight
(Wiseman and Ellington 1989), each of the above B, values would be in-
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creased by ¢ The higher buffering capacities can be explained by the

fact that all of these studies viilized the homogenate titration method for
determining ﬁ«m { Bate Smith

8), which has been shown 1o vield over

estimnates of buffering capacity (Wiseman and Ellington 1989: Périner 1990},
“%i;'ﬁ’t*“‘i;m capacity values wi stained from isolated tssues of marine molluscs
by MPNMR are similar 1o those found in our study. The B, value of the
m RM of M. edidiswas determined o be 265 pmol » pH™ » mlintracelular
water™' {Zange et al, 1990}, and the radula prowractor muscle of B, cana-
liculatum, approximately 30 pmol - pH™ - mb intracetlular water™ (Wise.
man and Ellingron 1989) on the basis of NMRE measurements. Our §,,, values
were also similar to that found for cardiac myocyies of M. campechiensis

(40 wmol « pH™' - mL intracellular water™), wh

ich was obtained by fluo-
ICF (Ellington 1993). Our
Jdt and dH/dr values were similar to those reported for M. edulis

rescence imaging of the entrapped pH probe BCE
dpll
(Las

The difterences observed between M. corona and the other three species

ge ot al. 1990) and M. campechiensis (Ellington 1993),

in B, and dHY/ drare 1o be expected if the regulation of pH; is an important
adaptation (o environmental anoxia. Melongena corona are high intertidal,

wl at the collection site animals appear to remain buried in anoxic sedi-
ments for several months during the winter (Bowling 1992). If this logic
were applied to the other three species, which also demonstrate differences
i habirat (table 1) and anoxia wlerance (fig. 1), it would be expected that
differences in capacities for pH; regulation would be observed among these
species as well, But although the B, and dH/drvalues generally fell into
the predicred order for these three species, the differences were not sig-
nificant. This suggests either thar the comparison is weak or that there are
other adaptations more important than increased capacity for pH, regulation
that allow some species o exploit more anoxic habitats. We believe the
comparison is valid. All species were collected from nearby locations and
maintained under identical conditions, so potential complicating factors,
such as temperature or seasonal differences among collection locations or
differcnces in pt'mm)im;msal ummm‘ were controlled. Specimens of all
species were roughly uniform in size, and the characteristics of the ventricle
preparations were similar among species. Further strengthening the com-
parison are the close phylogenetic relationships between the species and
the strong evolutionary and functional homology among the ventricles of
the four species.

A possible factor that may be a more important adaptive component of
‘H!&“mi?i tolerance than i mxwmi ;’"a‘vm{\' for ;’)Hi regulation is the metabolic

4;:%:,1*;21%@3(;% in rﬁsyw:wxa 3’}%;.;1,{1&?{‘ irs z.}w mzwzfdzal zone, it is reasonable to assume
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that activity level may be indicative of the relative dependence on aerobic
metabolism and/or the ability to reduce metabolic demand during anoxia.
Therefore, differences in the rate of proton production alone may be suff-
cient to allow for the observed differences in anoxia tolerance among the
three species with similar capacities for pH, regulation. Melongena corona
appears to be the only species that has further increased its capacity for pH,

regulation despite having a presumed well-developed capacity for metabolic
ArTest.

To evaluate the adaptive value of having a higher capacity for regulating

pH,, the problem must be viewed in the context of energy production during
environmental anoxia, Metabolite data for in vitro preparations of perfused
B contrariem ventricles are availuble (Ellington 1981, 1983, Graham and
Ellington 19854, 19856). On the basis of established proton stoichiometries
(Pormer, Heisler, and Grieshaber 1984, Poriner 1987) and metabolite data
for anoxic B, contrariwm ventricles (Graham and Ellington 198%a), we
estimate that the amount of prown production during early anoxia (3 h} is

2.6 pmol HY « gwetwt™, This value converts 1o a rate of 0.014 ;,imu (I
gowet wt™h - omin” or 0.026 pmol B « mL intracelular water™ - minTh

This calculated rate of metabolic proton production for B, contrarium is
L0 times tower than the corresponding dH7/dr values (0.228 and 0.26
wmo! HY « mi intracellular water™ » min™? for 30 and 60 mM DMO, re
spectively). However, since proton exchange rates are positively correlated
with proton load in the cell (Portmer, Vogeler, and Grieshaber 1986), the
imposition of an acute acid load may have elicited maximal exchange of
acid-base equivalents across i}‘u: cell membrane, On DMO loading, we in-
duced a pH, drop of about 0.2 pH units in 5.6 min, whereas anoxic 8 con-
trarvium ventricles Uﬂdm“g(} a drop of this magnitude over a 3-4 h period
(Ellington 1983; Graham and Ellington 198%a), Clearly, in vivo rates of
acid-base

2 exchange would be much lower than those m red in our ex-

3

periments because of the lower rates of metabolic acid loading during anoxia,

£

Tofully address the question of differences in acid-base exchange rate among

species, a full accounting of the effect of pH, on dpk/dr is necessary for
each species, but that s bevond the scope of this study. But even if our

measured rates of exchange were near maximal, the fact that maximal gH™/
dt is much greater than the rate of proton production during anoxiz at least
offers the pws«;ﬁaibi?‘m that increased capacity for pH; regulation in 8. con-
traviem (relative 1o Busycon spiratum and Fasciolaria tulipa) 1s not nec-

essary to allow i,E"sze«; species 1o exploit its present habitat. A decreased rate
of proton production may be functionally more important from an adaptive
point of view than are potential changes in pH, regulatory elements. This
is a particulacdly appealing adaptive scenario for the B contrarium, B. spi-
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ratuny, and Fomdipa comparison, in which the species show substantial
differences in activity and habitat but few or no differences in pi, regulation

s not diminish the significance of the high B,

The above canclusion de

and dH/divalues characteristic of M corona. The extreme physical features
of this species’ habitar likely result in more frequent and severe bouts of
anoxia necessitating additional adaprations involyving enhancement of ca-

pacity for regulation of pH,.
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