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SUMMARY

The biochemical mechanism responsible for the osmotic sensitivity of glutamate
oxidation in oyster (Crassostrea virginica Gmelin) gill mitochondria was examined.
The relative roles of osmotically induced changes in matrix divalent cation
concentration and ionic strength were determined. The calcium-magnesium iono-
phore A23187 inhibited glutamate oxidation in both low- (40% of control rate) and
high- (25 % of control rate) osmolarity media. Addition of MgCl2 reversed A23187
inhibition, but at each MgCl2 concentration (l-SmmolP1) the rate of glutamate
oxidation in the high-osmolarity medium was about 45 % that in the low-osmolarity
medium. EDTA (4mmoll~1) stimulated glutamate oxidation at both osmolarities
(more pronounced at high osmolarity), removing the dependency on assay medium
osmolarity. The stimulation in response to EDTA was correlated with mitochondrial
swelling, which required the presence of monovalent cations for maximal effect.
These data suggest that osmotically induced changes in matrix [Mg2+] or [Ca2+] are
not responsible for the osmotic sensitivity of glutamate oxidation by oyster gill
mitochondria in vitro. Changes in extramitochondrial [Mg2"1"] may be involved in
regulating the rate of glutamate oxidation in vivo, through effects on mitochondrial
volume. The maximal rate of glutamate dehydrogenase was not very sensitive to the
ionic strength of the assay medium. The rate of electron transport was highly
dependent on ionic strength, with the maximal rate occurring in 50mmoll~' salt.
The osmotic sensitivity of glutamate oxidation in oyster gill mitochondria is
apparently due to the effects of changes in matrix ionic strength on the rate of
electron transport.

INTRODUCTION

Regulation of mitochondrial volume in vivo is essential for the maintenance of
controlled intermediary metabolism. Mitochondrial volume perturbations may occur
in the tissues of osmoregulators that experience tissue osmotic stress as a result of
various renal and nervous disorders (Pollock & Arieff, 1980). Mitochondrial volume
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changes also occur in the absence of tissue osmotic stress as a result of treatment with
glucagon or alpha-adrenergic hormones (Halestrap, Quinlan, Armston & Whipps,
1985; Armston, Halestrap & Scott, 1982). The effects of these hormones on cellular
processes such as oxidation (Armston el al. 1982) and gluconeogenesis (Quinlan,
Thomas, Armston & Halestrap, 1983) have been attributed to mitochondrial volume
changes occurring in situ.

Tissues of osmoconformers can undergo dramatic changes in tissue osmolarity in
response to variable ambient salinity, which would be expected to induce changes in
mitochondrial volume. In a series of studies, we have examined the biochemical
effects of changes in mitochondrial volume on oxidation of fatty acids, ketone bodies,
Krebs cycle intermediates and pyruvate by mitochondria from several species of
osmoconformers, including bivalve molluscs and elasmobranchs (Ballantyne &
Storey, 1984; Ballantyne & Moon, 1985, 1986; Moyes, Moon & Ballantyne, 1986).
Stimulation of mitochondrial oxidation occurs under hypotonic conditions; hyper-
tonic conditions inhibit mitochondrial oxidation of various metabolites. Osmotic
effects on mitochondrial oxidation in vivo would be expected to have profound
effects on intermediary metabolism during osmotic stress. Mitochondrial oxidation
of several osmotically important amino acids is enhanced by osmotic swelling; these
include proline (Ballantyne & Storey, 1983, 1985), glutamate (Ballantyne & Moon,
1986), sarcosine (Moyes et al. 1986; Ballantyne, Moyes & Moon, 1986) and glycine
(Ellis, Burcham, Paynter & Bishop, 1985; Moyes et al. 1986). These observations
have led to the suggestion that osmotic effects on mitochondrial oxidation may be
partly responsible for adjustment of organic osmolyte levels during osmotic stress.

Although it has been repeatedly shown that mitochondrial oxidation of osmotically
active amino acids may be sensitive to assay medium osmolarity or, rather, tonicity,
the biochemical mechanism by which these changes occur is not known. Osmotic
effects on mitochondrial oxidation have been attributed to effects on substrate
transport (Atsmon & Davis, 1967; Ballantyne & Storey, 1983; Moyes et al. 1986),
oxidative phosphorylation (Campbell, Raison & Brady, 1975), and catabolic enzymes
(Joseph, McGivan & Meijer, 1981; Ellis et al. 1985; Moyes et al. 1986). It has been
suggested that the effector for this response is related to changes in the trans-
membrane pH gradient, matrix ionic strength, matrix concentrations of calcium
or magnesium, as well as changes in membrane conformation occurring directly
through stretching or indirectly through dilution of matrix magnesium (Joseph et al.
1981; Moyes et al. 1986). In the present study, we examine the nature of the effector
responsible for the osmotic sensitivity of glutamate oxidation in mitochondria
isolated from the gill of the American oyster, Crassostrea virginica. In another study
(J. S. Ballantyne & C. D. Moyes, in preparation) we have shown that an optimal
matrix milieu rather than an optimal mitochondrial volume is required for the maxi-
mal rates of glutamate oxidation. Glutamate oxidation is stimulated 2- to 3-fold by
hypo-osmotic incubation of mitochondria from animals acclimated to full-strength
sea water. A similar high rate of glutamate oxidation is observed when mitochondria
from animals acclimated to dilute sea water are incubated in isosmotic media, where
no swelling would be expected to occur. A high rate of glutamate oxidation in the
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absence of swelling suggests that the rate is not dependent on mitochondrial volume
per se but rather is dependent on some component of matrix milieu, which is affected
by mitochondrial volume and acclimation osmolarity. Both osmotic swelling and
acclimation to dilute sea water would be expected to cause similar changes in matrix
divalent cation concentrations or ionic strength. Osmotically induced changes in
matrix Mg2+ concentration may affect enzyme (Joseph et al. 1981) and transporter
(Garlid, 1980; Kovacevic, Bajin & Pavlovic, 1980) activity in intact mitochondria.
Effects of ionic strength on enzyme activity in vitro are also well-documented (Gilles,
1974; Sarkissian & Boatwright, 1974; Male & Storey, 1983; Batrel & Le Gal, 1984).
We investigated the role of matrix divalent cation concentration and ionic strength in
the osmotic sensitivity of glutamate oxidation in oyster gill mitochondria.

MATERIALS AND METHODS

Animals

Oysters (Crassostrea virginica), purchased from a local seafood supplier, were
held in sea water at 10°C for 7—30 days in the Marine Biology Laboratory at the
University of Guelph.

Mitochondrial isolation

Gill tissue from 3—6 animals was homogenized with three passes of a loosely fitting
Potter-Elvehjem tissue grinder. The isolation medium consisted of 300 mmol P 1

sucrose, SOmmolP1 KC1, SOmmolP1 NaCl, SmmolP1 EGTA, 1% BSA (bovine
serum albumin, essentially fatty-acid-free) in 30mmoll~' Hepes (pH7-5 at 20°C).
The homogenate was centrifuged for lOmin at 200 £. The supernatant was
centrifuged at 6560 |f for lOmin. The mitochondrial pellet was rinsed twice then
resuspended in isolation medium with only BSA omitted. BSA is known to bind
several of the inhibitors used in the present study. The final mitochondrial protein
concentration was 10—25mgmP1.

Mitochondrial oxidation

One volume of mitochondrial suspension was added to nine volumes of reaction
medium containing 150mmoir' KC1, lSOmmolP1 NaCl, lOmmolP1 KH2PO4

and a variable amount of sucrose in 30mmoll~1 Hepes (pH7-2 at 20°C). The stan-
dard low-osmolarity reaction medium contained no added sucrose (630mosmolP'):
the standard high-osmolarity reaction medium contained 450mmolP1 sucrose
(1080mosmol P1) . The temperature of the mixture was held constant at 10°C.
Oxygen consumption was measured using a Clark-type electrode. The rate of oxygen
consumption in the absence of glutamate (+0-5 mmol P 1 ADP) was subtracted from
the rate in the presence of glutamate (10 mmol P1) and ADP (0-5 mmol P1) to obtain
the rate of glutamate oxidation. Respiratory control ratios for mitochondria isolated
by this method are approximately 5. Permeability to NADH (2mmol P1) is low
under all experimental conditions (less than 2 % of the state 3 rate with glutamate as a
substrate).
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Effects ofA23187, magnesium and CCCP

Mitochondria were given small volumes (<5j*l) of A23187 in absolute ethanol,
2min after addition of ADP (O-Smmoll"1). After a 6-min incubation with the
ionophore and ADP, mitochondria were given lOmmoll"1 glutamate to determine
the state 3 rate. Glutamate oxidation in the presence of the ionophore is expressed as
a percentage of the rate in the absence of A23187, after subtracting the rate of
oxidation of endogenous substrates (i.e. before the addition of glutamate). A
concentration of 10/igmP1 A23187 was employed for subsequent studies to ensure a
maximal effect under all experimental conditions. The effects of MgCl2 on A23187
inhibition were examined as above with variable concentrations of MgCl2 added
immediately after addition of ADP, 2min prior to the addition of A23187.

The effects of uncoupler on respiratory inhibition by A23187 and its alleviation by
magnesium were also examined. CCCP (carbonyl cyanide-m-chlorophenylhydra-
zone), used at low concentrations, stimulates mitochondrial oxidation of glutamate
but as the uncoupler concentration increases a reduction in oxidation rate is
observed. The concentration of CCCP required to achieve the maximal rate was
determined for each preparation of mitochondria (generally 6-10/xmolP1). The
mitochondria were given only glutamate, followed by uncoupler added in small
volumes until the maximal rate was achieved. In a separate assay on the same
preparation, this concentration of CCCP was added as a preincubation at the same
point at which ADP was added in parallel experiments. The effects of magnesium
concentration on glutamate oxidation were determined in the presence and absence
of CCCP. In each case, the rate prior to addition of glutamate was subtracted from
the rate obtained after addition of glutamate (state 3 or uncoupled).

Effects of EDTA on mitochondrial volume and oxidation

Mitochondrial suspensions were given 4mmol P 1 EDTA just prior to the addition
of ADP. Glutamate was added after a 10-min preincubation with EDTA. EDTA was
shown to stimulate oxidation rate at both osmolarities. Subsequent experiments were
performed to determine if this effect was related to movement of monovalent cations.
Mitochondria were isolated by the standard procedure, using isolation medium
containing 50mmoll~ KCl and SOmmoll"1 NaCl. The mitochondrial pellet was
rinsed twice and resuspended in isolation medium with NaCl and KCl removed and
the sucrose concentration elevated from 300 to 400mmoll~' to replace the chloride
contribution to tonicity. Mitochondria were incubated in reaction media with KCl
and NaCl removed, KH2PO4 replaced by NH4H2PO4, and sucrose elevated and
varied to alter osmolarity.

Changes in mitochondrial volume were monitored by measuring absorbance at
540 nm on a Varian DMS100 spectrophotometer. A reduction in absorbance of a
mitochondrial suspension under these conditions indicates mitochondrial swelling.
Mitochondrial suspensions were prepared as described for the studies on mitochon-
drial oxidation, using the standard media (containing KCl and NaCl). Mitochondria
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(0-3 ml) were added to 2-7 ml of reaction medium precooled to 10°C in a 3-5 ml glass
cuvette, with constant stirring.

Effects of ionic strength on the electron transport system and glutamate
dehydrogenase

The effect of assay medium ionic strength on the electron transport system was
determined using mitochondria broken by a combination of osmotic swelling and
sonication. The mitochondrial pellet was washed and resuspended in 30mmoll~'
Hepes (pH7-5 at 20°C), followed by five high-intensity bursts of 10s duration of a
Megason Ultrasonic disintegrator, with chilling on ice for 20 s between bursts. One
volume of mitochondria was added to four volumes of medium containing
30mmoll~' Hepes (pH7-2 at 20°C) and variable concentrations of KC1 + NaCl
(equimolar), KC1, NaCl, potassium glutamate, sodium acetate or glycine. Oxygen
consumption was determined as in previous experiments. As the maximum rate of
oxygen consumption of this preparation was only about 50 % of the maximum rate
achieved using intact mitochondria, it is likely that some disruption of the electron
transport system occurred during preparation. Longer or shorter periods of
sonication did not improve the rate of oxygen consumption of this preparation.

Glutamate dehydrogenase (GDH) activity was determined in the glutamate
oxidizing direction at pH8-6 and 10°C. The assay mixture contained 2mmoll~'
NAD + , lmmoll"1 ADP and was started with 40mmoll~' glutamate. These
conditions have been shown to be optimal for GDH from other bivalve tissues
(Moyes, Moon & Ballantyne, 1985). Mitochondria were prepared as before and
resuspended in 30mmolP1 Hepes (pH8-6 at 20°C). They were broken with a 10s
burst at high speed of a Brinkman Polytron. Membrane fragments were separated
from the soluble fraction by two centrifugations of 1 min duration (15 000^),
separated by 2 min of chilling on ice. Ionic strength was varied by changing KC1 and
NaCl concentrations (equimolar). Absorbance at 340nm was monitored with a
Varian DMS100 spectrophotometer.

Protein determination and biochemicals

Mitochondrial protein was determined by the biuret reaction (Gornall, Bardawill
& David, 1949) using 10% deoxycholate to solubilize the mitochondrial protein. All
biochemicals were purchased from Sigma Chemical Co., St Louis, MO, USA.

RESULTS

Fig. 1 shows the effects of A23187 concentration on glutamate oxidation in the
absence of magnesium. The ionophore had little effect on glutamate oxidation at low
concentrations (<0-035/igml~1) at either low or high osmolarity. Maximal inhi-
bition occurred over the concentration range of 0-l — lO^gmP1 A23187 at both
osmolarities. A slightly greater inhibition was achieved at the high osmolarity (70%
inhibition at the high osmolarity vs 60% at the low osmolarity). The effects of
A23187 on the rate of glutamate oxidation are presented in Fig. 2. In the absence of
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A23187, the rate of glutamate oxidation in the high-osmolarity medium was about
45 % that in the low-osmolarity medium. Addition of A23187 (lO/zgrnP1) caused a
marked decrease in the rate of glutamate oxidation at both osmolarities, but the rate
of glutamate oxidation in the high-osmolarity medium remained at about 45 % of the
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Fig. 1. Glutamate oxidation by oyster gill mitochondria in the presence of variable
concentrations of A23187. Mitochondrial suspensions were preincubated for 6min with
A23187 ( lOjtgmr1) before the addition of glutamate ( lOmmoir 1 ) . The rates are
expressed as a percentage of the control rate determined in the absence of ionophore.
Rates, each determined in the presence of ADP, are corrected for the oxidation of
endogenous substrates.
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Fig. 2. The effect of magnesium on A23187-induced inhibition of mitochondrial
glutamate oxidation. The rates are expressed as a percentage of the rate determined in the
absence of A23187. Shaded bars represent the rates determined using the high-osmolarity
medium. The magnesium concentrations reported refer to the concentration of MgCl2
added to the cuvette. Rates are expressed as a percentage of the rate at low osmolarity in
the absence of A23187 (mean ± s.E.) for five determinations.
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Table 1. The effects of exogenous magnesium on the rate of glutamate oxidation at
two osmolarities in the absence of A23187

Rate + MgCl2

Rate with no

Low osmolarity 0-91 (0-04)
High osmolarity 0-81 (003)

Mean (s.E.) for five determinations.
MgCl2 was given as a preincubation at 5 mmol I"1.

rate in the low-osmolarity medium. Inhibition by the ionophore could be reduced in
a concentration-dependent manner by preincubation with MgCl2. The Mg2"1" levels
reported in Fig. 2 refer to the concentration of MgCl2 added to the cuvette. No
attempt was made to determine free Mg + concentrations. Maximal alleviation of
inhibition was achieved when 3—5 mmol I"1 MgCl2 was added to the cuvette. The
rate of glutamate oxidation in medium of either osmolarity in the presence of the
ionophore and 3 or 5 mmol P 1 MgCl2 was not significantly different from the rate in
the absence of the ionophore (P> 0-05, Student's i-test). In a separate experiment,
preincubation with 5 mmol I"1 MgCl2 was shown to inhibit glutamate oxidation
slightly at both the low (approximately 9 % inhibition) and high (approximately 19 %
inhibition) osmolarity (Table 1).

Table 2 summarizes experiments performed to determine if the apparent Mg2+

requirement in mitochondria treated with A23187 was associated with a requirement
for oxidative phosphorylation. Relatively little relief of inhibition of oxidation was
observed when mitochondria were uncoupled by the addition of the appropriate
amount of CCCP.

The effects of EDTA on glutamate oxidation are summarized in Fig. 3A. EDTA
(4mmoll~') stimulated glutamate oxidation at both osmolarities. At the low
osmolarity, EDTA increased the rate of glutamate oxidation by approximately 35 %.
At the high osmolarity, the rate of glutamate oxidation was doubled by EDTA. As a
result of this differential stimulation, the effect of assay medium osmolarity on
glutamate oxidation was removed in the presence of EDTA. Although EDTA binds
calcium and magnesium with similar affinities, the addition of EGTA (a chelator
with much greater affinity for calcium) had no effect on glutamate oxidation (data not

Table 2. The effects of uncoupler on the apparent magnesium requirement for
mitochondrial oxidation of glutamate in the presence of 10\igml~' A23187

Rate with no MgCl2

Rate + MgCl2

CCCP 0-57 (0-05)
ADP 0-42 (004)

Mean (s.E.) for five determinations.
Assays were performed in the standard low-osmolarity medium.
MgCl2 was given as a preincubation at 5 mmol I"1.
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shown), suggesting that magnesium is the critical divalent cation in the observed
EDTA effect. A concentration of 0-8 mmol P 1 EGTA was present in all incubations
as a result of its inclusion in the resuspension medium.

Fig. 3B demonstrates that potassium or sodium is apparently required to produce
the response to EDTA. The KC1 and NaCl in the reaction medium were replaced
with sucrose, and osmolarity was varied with sucrose. While EDTA stimulates
glutamate oxidation at each osmolarity, the effects are much less pronounced when
NaCl and KC1 are omitted from the media. Overall, the rates determined in the
absence of NaCl and KC1 are about 40 % lower than in the control assays (Fig. 3B),
even though the tonicities were comparable. The activity of molluscan mitochondria
is markedly improved by the presence of monovalent cations in the assay medium
(Na + >K + >chol ine + ) (C. D. Moyes & J. S. Ballantyne, in preparation). EDTA
(4 mmol I"1 as above) caused marked swelling of these mitochondria, as indicated by
a decrease in absorbance at 540 nm (Fig. 4).

GDH was found to be relatively insensitive to changes in ionic strength (Fig. 5).
No reduction in activity was noted at very low ionic strength: little effect of ionic
strength was noted up to 85 mmol 1~' NaCl + 85 mmol I"1 KC1. At the highest ionic
strength tested, GDH activity was 60% of the maximum activity.

Ionic strength strongly affected the activity of the electron transport system
(Fig. 5). The maximum rate of electron transport occurs at a low ionic strength
(25 mmol P 1 NaCl + 25 mmol P 1 KC1). Below and above this ionic strength, the rate
of electron transport is sharply reduced. Between the range of 85 mmol P 1
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Fig. 3. Effects of EDTA on the oxidation of glutamate at two osmolarities in the presence
(A) and absence (B) of added KC1 and NaCl. Shaded bars represent the rates determined
using mitochondrial preparations preincubated with 4 mmol I"1 EDTA. The rates (as
mean ± S.E.) were determined on six (A) and five (B) preparations.
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Fig. 4. The effects of EDTA on mitochondrial volume, using absorbance at S40 nm as an
indicator of volume changes. Mitochondria were incubated in the high-osmolarity
medium. Additions to the cuvette are indicated on the figure (O-Smmoll"1 ADP,
lOmmolP1 glutamate, 4mmoll~1 EDTA). After additions to the cuvette, several
seconds were required before the absorbance returned to the scale (broken lines). This
experiment was repeated on four preparations, and a typical tracing is redrawn for this
figure. Random fluctuations in absorbance (a maximum of 0-005 optical density units)
have not been redrawn.
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Fig. 5. The effects of variable ionic strength on the rate of electron transport ( • ) and
glutamate dehydrogenase (X) activity. The rate of electron transport was determined by
measuring oxygen consumption in response to the addition of NADH (0-2mmoll~')
using broken mitochondria. Mitochondria were osmotically swollen then sonicated as
described in Materials and Methods. Glutamate dehydrogenase activity was determined
in the deaminating direction as described in Materials and Methods, using mitochondria
broken with the Brinkman Polytron. Rates (nmol substrate converted min~' mg mito-
chondrial protein"1) are expressed as mean ± S.E. for five determinations.
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Fig. 6. The effects of several monovalent salts and glycine on the rate of electron
transport. Mitochondria were prepared as described in Materials and Methods. Assay
conditions are as described in the legend for Fig. 5. Rates are expressed as mean (± s.E.)
rate of oxygen consumption relative to the rate using SOmmoll"1 salt, for three
determinations.

NaCl+ 85mmoir1 KC1 and ZOOmmoir1 NaCl + 200mmoir1 KC1, less of an
effect of ionic strength is observed. As KC1 and NaCl had similar effects on the rate
of electron transport (Fig. 6), it is clear that neither Na+ nor K+ alone are
responsible for the observed effects. Salts of organic anions (glutamate, acetate) had
inhibitory effects similar to those of chloride salts (Fig. 6), supporting the possibility
that changes in matrix ionic strength are responsible for the changes in the rate of
electron transport. Similar changes in concentration of glycine had no inhibitory
effect, and in fact markedly stimulated the rate of electron transport.

DISCUSSION

The role of divalent cations

Osmotically induced changes in matrix divalent cation concentration have been
implicated as the effector for changes in enzyme activity and the rate of transport of
metabolites and ions in mitochondria (Garlid, 1980; Kovacevic et al. 1980; Joseph
et al. 1981). If a similar mechanism operates in oyster gill mitochondria, then a direct
reduction of matrix divalent cation concentration should mimic the effects of hypo-
osmotic incubation. Joseph et al. (1981) found that addition of A23187 stimulated
mitochondrial glutaminase activity and addition of extramitochondrial magnesium
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reversed the stimulation by A23187. In the present study, A23187 markedly reduced
glutamate oxidation, but did not affect the dependence on assay medium tonicity
(Fig. 2), suggesting that neither Ca2+ nor Mg2"1" are involved in controlling the rate
of glutamate oxidation at different tonicities. Addition of magnesium to magnesium-
depleted mitochondria stimulated glutamate oxidation, but at each MgCl2 concen-
tration the dependence on osmolarity remained. Maximal stimulation occurred with
3—5mmoll~ MgCl2, which may reflect mitochondrial magnesium levels in this
species. This concentration is slightly higher than concentrations found in rat liver
mitochondria (Williamson, Corkey & Murphy, 1979). The apparent magnesium
requirement is not related to the Mg2+ requirement for the Mg-ADP chelate, the
substrate for the F,ATPase (Mitchell, 1974), as similar effects of A23187 and
magnesium were produced in the presence of CCCP (Table 2), an uncoupler of
oxidative phosphorylation. As both CCCP and A23187 dissipate the mitochondrial
pH gradient (Skulachev, 1971; Pressman, 1976), it is clear that osmotic effects on the
pH gradient are not responsible for the effects on glutamate oxidation, via
glutamate/OH~ exchange. The magnesium-dependent step in glutamate oxidation
by oyster gill mitochondria is not known.

Given the inhibition of glutamate oxidation in the presence of A23187 (Fig. 2), it
is surprising that EDTA markedly stimulated oxidation at both osmolarities tested
and removed the osmotic sensitivity (Fig. 3A). As EDTA affects glutamate oxidation
in the same manner as hypo-osmotic incubation, this could be taken as evidence that
osmotically induced changes in mitochondrial magnesium concentration are respon-
sible for the osmotic sensitivity of glutamate oxidation. In their study on the role of
magnesium in the osmotic sensitivity of glutamine oxidation, Joseph et al. (1981)
found that EDTA and A23187 had similar stimulatory, but not markedly additive,
effects. The marked differences in the effects of EDTA and A23187 in the present
study appear to be due to indirect effects of EDTA on mitochondrial volume
(Fig. 4). That is, EDTA directly causes swelling in the present study whereas in the
study by Joseph et al. (1981) EDTA produced changes which mimicked the effects
of swelling.

As the swelling response to EDTA is much reduced if potassium and sodium are
replaced with sucrose (Fig. 3A,B), it is possible that EDTA causes swelling by
activation of cation transport into the mitochondria. Hormonally induced mitochon-
drial volume changes appear to be mediated by changes in matrix Ca2+ concentration
(HalestrapeZ al. 1985). Both Mg2"1" and Ca2+ appear to control mitochondrial volume
by altering the steady-state levels of matrix K+. An increase in matrix Ca2+

concentration stimulates swelling by increasing the rate of influx of K+ on its
electrogenic uniport (Halestrap, Quinlan, Whipps & Armston, 1986). A decrease in
Mgf+ concentration causes shrinking by stimulation of K+ efflux on the K + / H +

exchanger (Garlid, 1980; Brierley, Jurkowitz, Farooqui & Jung, 1984). In mam-
malian mitochondria, the K + / H + exchanger is capable of transporting both K+ and
Na+, but K+ movements are generally considered to be the most important because
of the high intracellular levels relative to Na+ (Brierley, 1976). In oysters, the
intracellular levels of K+ and Na+ are comparable (Bricteux-Gregoire, Duchateau-
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Bosson, Jeuniaux & Florkin, 1964): thus movements of Na+ are potentially as
important as movements of K+. Garlid's 'carrier brake' hypothesis (Garlid, 1980)
states that a reduction in the concentration of matrix Mg2+ occurring during
mitochondrial swelling unmasks the K + /H + exchanger. As this stimulates K+ efflux
and reverses osmotic swelling, it may be an important mechanism for control of
mitochondrial volume in mammals. Jung & Brierley (1986) have questioned the
physiological relevance of Garlids 'carrier brake' hypothesis on the basis that too
large a depletion of matrix Mg + is required to produce effects on mitochondrial
volume. The observations in the present study regarding the effects of EDTA differ
from those of Garlid in the location of the critical Mg2+ as well as in the direction of
cation movement. In the present study, the mitochondrial location of the critical
Mg does not appear to be in the matrix. EDTA can reduce the concentration of
extramitochondrial Mg2* and consequently also reduce the amount of Mg2"1" bound
to the outer side of the inner membrane. Although EDTA cannot enter mitochondria
at near neutral pH (Wehrle, Jurkowitz, Scott & Brierley, 1976), it could reduce
matrix Mg2"1" concentrations if a mechanism for Mg2+ efflux exists in these
mitochondria. However, as A23187, which would directly reduce matrix Mg2"1"
concentrations, did not stimulate oxidation as did EDTA, it is apparent that the
critical Mg2+ involved in the EDTA effect is not in the matrix. A second difference is
that removal of the critical Mg + in the present study causes swelling, presumably by
stimulation of cation influx, but in mammals mitochondrial shrinkage is produced as
a result of stimulation of cation efflux (Garlid, 1980). While the effect of EDTA on
mitochondrial glutamate oxidation does not explain the in vitro osmotic sensitivity of
glutamate oxidation, it does present a potentially important mechanism for Mg2+-
mediated regulation of osmolyte oxidation in the absence of osmotic stress.
Reductions in cytosolic Mg + levels, induced indirectly by hypotonic conditions or
actively by cell membrane Mg2+-ATPase, could enhance mitochondrial swelling as a
mechanism for further stimulating osmolyte oxidation in vivo.

The role of ionic strength

The activities of various enzymes involved in amino acid metabolism, including
citrate synthase (Sarkissian & Boatwright, 1974) and glutamate dehydrogenase
(Gilles, 1974; Male & Storey, 1983; Batrel & Le Gal, 1984), have been reported to be
sensitive to the ionic strength of the assay medium. The role of GDH in amino acid
metabolism of bivalve molluscs has been suggested to be minimal, because the
enzyme activities are lower than in mammals (Reiss, Pierce & Bishop, 1977).
Recently, we have shown that GDH activities in vitro are sufficient to account for all
of the glutamate oxidation occurring in intact mitochondria (Moyes et al. 1985). It
appears, however, that GDH from this species is not very sensitive to the ionic
strength of the assay medium in vitro (Fig. 5) and thus could not be responsible for
the osmotic effects on mitochondrial glutamate oxidation.

Osmotic effects on glutamate oxidation by this oyster gill mitochondrial prep-
aration may be due to ionic strength effects on the rate of electron transport. The rate
of glutamate oxidation in clam mantle mitochondria is apparently limited by the rate
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of electron transport over a wide pH range (Moves et al. 1985). A similar situation
probably exists in oyster gill mitochondria, although the low in vitro rates make a
direct comparison between the electron transport rate (Fig. 5) and the rate of
glutamate oxidation (Fig. 3A) impossible. Typically, no metabolite is oxidized at
greater rates than glutamate in these mitochondria (J. S. Ballantyne & C. D. Moyes,
unpublished observations), supporting the possibility that the electron transport
system is rate-limiting for glutamate oxidation in this tissue.

The release of matrix K+ (and presumably Na+) is slow under most conditions
(Brierley, 1976) such that volume changes induced by anisotonic media would also
produce changes in matrix ionic strength. Isolated mitochondria are also only slowly
permeable to chloride ions (Weiner, 1975). The exact concentrations of these ions in
oyster gill mitochondria are not known and would be expected to be markedly
different from concentrations in rat mitochondria, because of differences in the
intracellular milieu (particularly, higher Na+ and Cl~ levels). However, it is clear
from Figs 5 and 6 that, except at high matrix ion concentrations, the rate of electron
transport would be highly dependent on matrix ionic strength. While this obser-
vation accounts for the in vitro osmotic sensitivity of glutamate oxidation, other
osmotically active solutes are typically oxidized by intact mitochondria at lower rates
than is glutamate. The effect of ionic strength on the electron transport system
observed in the present study could not be responsible for the osmotic sensitivity of
oxidation of other osmolytes observed in vitro. The osmotically sensitive component
of the oxidative pathway probably differs for each metabolite or group of metabolites
in vitro. However, in vivo the rate of mitochondrial oxidation may be limited by the
maximum rate of electron transport, as mitochondria are constantly presented with
high concentrations of oxidizable substrates, i.e. the intracellular amino acids. The
role of the adenylate pool in regulation of mitochondrial oxidation in these tissues is
not known. An overall increase in the oxidative capacity of mitochondria of
osmoconformers may have important significance in vivo. During hypo-osmotic
stress, an increase in the rate of oxidation of most of the organic osmolytes employed
by osmoconforming bivalve molluscs would be required as part of the cell volume
regulatory response (Strange & Crowe, 1979). The metabolic energy derived from
their oxidation may be important for fuelling other components of the cell volume
regulatory response such as ion pumps.
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