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I. Summary

The purpose of this article is to describe briefly the
methods by which the intra-mitochondrial volume may
be measured both in vitro and in situ, to summarise the
mechanisms thought to regulate the mitochondrial
volume and then to review in more detail the evidence
that changes in the intra-mitochondrial volume play an
important part in the regulation of liver mitochondrial
metabolism by glucogenic hormones such as glucagon,
adrenaline and vasopressin. It will be shown that these
hormones cause an increase in matrix volume sufficient
to produce significant activation of fatty acid oxidation,
respiration and ATP production, pyruvate carboxyla-
tion, citrulline synthesis and glutamine hydrolysis. These
are all processes activated by such hormones in vivo. 1
will go on to demonstrate that the increase in matrix
volume is brought about by an increase in mitochondrial
[PP,]. This is able to stimulate K* entry into the matrix,
perhaps through an interaction with the adenine
nucleotide translocase. The rise in matrix [PP;] is a
consequence of an increase in cytosolic and hence
mitochondrial [Ca?*] which inhibits mitochondrial
pyrophosphatase. In the final section of the review I
provide evidence that changes in mitochondrial volume
may be important in the responses of a variety of tissues
to hormones and other stimuli. I write as a metabolist
with a working knowledge of bioenergetics rather than
the converse, and this will certainly be reflected in the
approach taken. If I cause offence to any dedicated
experts in the field of bioenergetics by my ignorance or
lack of understanding of their studies I can only offer
my apologies and ask to be corrected.

II. General introduction

The morphology of isolated mitochondria and those
in situ has been studied in great detail using electron
microscopy. The effects of changes in diet, energy status
and osmotic support have been studied as well as dif-
ferences observed between species and tissues [1-4]. It
is well established that mammalian mitochondria are
surrounded by two membranes, an outer membrane
which is permeable to all molecules of about 6000 kDa
or less and an inner membrane which is impermeable to
all but a limited number of metabolites and ions [1,5,6].
The high permeability of the outer membrane is caused
by the presence of porins, proteins which create a non
specific channel through which molecules can cross the
membrane [7,8]. Whilst it has been shown that the
conductivity of porins can be voltage regulated [7-10],
there is no evidence to suggest that the outer membrane
exerts a permeability barrier to entry of metabolites or
ions into the inter-membrane space under physiological
conditions. This effectively precludes the possibility of
regulating the volume of this compartment by any

osmotically driven process. Rather it must be envisaged
that its volume 1s determined in vivo by the protein
concentration either side of the outer membrane. On
isolation of mitochondria the osmotic pressure exerted
by the protein between the inner and outer membranes
is no longer balanced by extra-mitochondrial protein.
This causes isolated mitochondria to be more rounded
and to have a greater inter-membrane space than those
in vivo, unless macromolecules such as dextran, heparin
or polyvinyl-pyrrolidone are included in the medium
[11-13].

In contrast to the outer membrane, the permeability
of the inner membrane is limited to small polar mole-
cules such as polyols of C, or less, lipid soluble com-
pounds, and metabolites for which specific transport
processes exist [14-16]. Thus, mitochondria are usually
prepared in buffered solutions of low molecular weight
impenetrant solutes such as sucrose or mannitol. The
total osmolality of the buffer is similar to that of the
cytosol (300 mosmolal) which is thought to maintain the
matrix volume at a value close to that found in vivo
[17,18]). Changing the osmolality of the osmotic support
or entry of a permeant solute causes the matrix volume
to change as water is taken up to equilibrate the osmotic
pressure on either side of the membrane. Indeed it was
shown many years ago that the intra-mitochondrial
volume of de-energised mitochondria responds exactly
as would be expected for a well-behaved osmometer
{19-29]. Thus, the mitochondria expand and contract
by the cristae folding and unfolding, the membrane
supporting no apparent turgor pressure [1]. When the
physical limit of swelling is approached the mitochondria
become leaky and lose some of their osmotically active
material [20,29,30].

The limited permeability of the inner membrane is
important for two inter-related aspects of mitochondrial
function. Firstly it allows the existence of a metabolic
compartment within the cell quite distinct from the
cytosol, although interconnected with it through the
operation of specific transport mechanisms [15,16]. Such
compartmentation of metabolism is an essential feature
of metabolic control in higher organisms (see, for exam-
ple, Ref. 31). Secondly the limited permeability of the
inner membrane is essential if proton pumping by the
respiratory chain is to generate a membrane potential
and pH gradient across the membrane [32-34]. These
two gradients not only participate in the production of
ATP (according to the chemiosmotic hypothesis) but
also influence the activity of specific transport systems
for ions and metabolites [16,35]. This in turn allows the
mitochondrial compartment to contain a different com-
position of permeant metabolites and ions to that of the
cytosol [35,36]. One such ion, K*, is the major intra-
mitochondrial cation and through the operation of
specific influx and efflux pathways the mitochondrial
content of K* can be regulated. If movement of a



compensating anion such as phosphate also occurs there
will be an imbalance of osmotic pressure across the
membrane and this will cause a change in the
intra-mitochondrial volume. This will be considered in
detail in Section IV. In Section V 1 will demonstrate
that such changes in the matrix volume do occur in
response to hormonal stimulation of a cell and so
influence a variety of mitochondrial processes which are
essential in the overall action of the hormone on cellular
metabolism. In Section VI I will describe how we be-
lieve such increases in mitochondrial volume are brought
about and then in Section VII I will endeavour to
integrate the conclusions of the previous sections into a
scheme explaining the mechanism of action of hormones
on liver mitochondrial metabolism. Finally, in Section
VIII I will provide evidence that changes in the
mitochondrial matrix volume may be significant in the
regulation of mitochondrial metabolism in other tissues.
However, it is necessary first of all to describe how the
volume of the mitochondrial matrix may be measured.

II1. Measurement of the intra-mitochondrial volume

An accurate measurement of the mitochondrial ma-
trix volume is essential for calculation of the
intra-mitochondrial concentration of metabolites, and
for the estimation of membrane potential and pH gradi-
ent across the inner mitochondrial membrane [37-40].
Two approaches are possible. Firstly, the use of electron
microscopy to visualise the mitochondria and secondly
the measurement, either gravimetrically or isotopically,
of the matrix water content. A third method,
light-scattering, is available for measuring changes in
the mitochondrial volume but it is unable to give ab-
solute values unless first calibrated by another tech-
nique. Each method will be considered in turn, and
their application to measurement of mitochondrial ma-
trix volumes in both isolated mitochondria and in situ
will be considered.

I1]-A. Electron microscopy

Estimates of the total matrix volume in both isolated
mitochondria and in tissues can be made using electron
microscopy of fixed material. Care must be exercised in
extrapolating the data obtained in such two-dimen-
sional images to draw conclusions about the matrix
volume. It is possible that an increase in the area
occupied by the matrix is due to a shape or conforma-
tional change of the mitochondria rather than the result
of an increase in volume. Thus, for accurate determina-
tions of the matrix volume the areas occupied by the
matrix of many mitochondria in the population must be
measured to ensure that mitochondria sectioned in all
planes, conformations and orientations are represented.
Statistically valid regimes for this have been devised
[41-43] but the approach is both extremely time con-
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suming and will give a value for the total intra-
mitochondrial space. This may be smaller than the
volume accessible to water and metabolites [22]. It is
also difficult to assess what is truly matrix space when
the arrangement of the cristae is complex [43]. In ad-
dition there is the risk that fixation of the material has
changed the volume and conformation of the
mitochondria although this is thought to be unlikely
with most fixing techniques [1,44]. Nevertheless the
results obtained when all the necessary precautions are
taken do seem to agree with values obtained by other
techniques [43] and provide additional information on
the range of matrix volumes of individual mitochondria
in the population. An indication of this range can also
be determined using a Coulter particle counter although
this probably measures the volume of the whole
mitochondrion rather than that of the matrix [45]. To
the author’s limited knowledge morphological studies of
mitochondrial structure in fixed tissues have not been
made in sufficient detail to allow accurate calculation of
matrix volumes (as opposed to the total volume oc-
cupied by the mitochondria). However, two dimensional
images can give strong qualitative support for a change
in matrix volume and examples of this will be presented
in Section VIII.

11I-B. Determination of matrix water content

III-B.1. Isolated mitochondria

In order to measure the matrix water content of
isolated mitochondria three conditions must be met.
Firstly, the mitochondria must be separated from the
medium in which they are suspended without changing
either their volume or their permeability properties.
Secondly a method must be available for measuring the
total water content of the mitochondria, and thirdly
there must be a means of correcting this value for the
water trapped between mitochondria and in the inter-
membrane space.

Separation of mitochondria is usually achieved by
rapid centrifugation. However, Sitaramam and his col-
leagues have argued that under the influence of the
gravitational field associated with this procedure the
inner membrane becomes leaky to small polyols such as
sucrose and mannitol [46—48]. The conclusions of these
workers are not generally accepted and may reflect the
lack of any precautions taken to prevent damage to the
mitochondria by Ca’* contaminating their media. It is
well documented that treatment of mitochondria with
Ca’* can make them leaky to small molecules [49-51].
When Ca-chelating agents are present in the isolation
medium entry of sucrose into the matrix during centri-
fugation is minimal, although a small leakage of man-
nitol into the matrix does occur during the time taken
to isolate mitochondria [18]. Indeed this may account
for the slightly larger matrix volume observed in such
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TABLE 1

Values of the mitochondrial and hepatocyte volumes measured under various experimental conditions

Measurement of *H,0-['* CJsucrose and 3H,0-['* CJmannitol spaces was performed after sedimentation of cells or mitochondria either directly or
through silicone oil as described in subsection III-B. Further details of the experimental protocol used may be found elsewhere [55a,55,63). Values
are presented as meansdS.E.M. of the number of experiments shown in parentheses. The statistical significance of the effect of oil (*) or
experimental conditions a and b (+) was determined using a paired Student’s t-test.

Experimental conditions

Spaces in pl per mg mitochondrial or cell protein

without silicone oil

with silicone oil

3H,O-{**Clsucrose

3H,0{"*C]mannitol

3H,0{'*Clsucrose 3H,0{'*Cjmannitol

1. Mitochondria

(a) Crude 2.331+0.16 (5) 1.02+0.05 (5)

{b) Percoll treated 1.23+0.04(18) ** 0.97+0.03 (18)
2. Hepatocytes

(a) Control 1.66+0.04 (3) 0.34+0.03 (3)

(b) 25 nM Vasopressin -

0.40+0.04 (3) *

1.05+0.05 (6) * 0.84+0.03¢(6) **

073+0.02 (3) ** —0.45+0.06 (3) **
- —0.52+£0.09 (3) **

*or *: P<0.05.
**or **: P<0.01.

mitochondria [18,50,51]. However, this entry of manni-
tol does not appear to be a consequence of centrifuga-
tion, since we have shown using a high pressure light
scattering apparatus that at 20°C neither sucrose nor
mannitol enters the matrix of isolated mitochondria at a
significant rate when pressures are applied in excess of
100 atmospheres, higher than those encountered during
centrifugation [18]. When isolated mitochondria are in-
cubated at 37° C for more than 5 min significant leakage
of mannitol, but not of sucrose, into the mitochondrial
matrix can occur, probably as a result of a decline in
membrane integrity [28].

Some workers centrifuge mitochondria through a
silicone oil layer into HCIO, when measuring the matrix
volume (see Refs. 52-54). This has the advantage that it
allows a more complete removal of the extra-matrix
water from the pellet and prevents any mitochondrial
metabolism occurring if measurement of mitochondrial
metabolites is required. However, recent studies have
indicated that this technique produces values for the
matrix volume that are dependent on the mitochondrial
protein concentration used, which is not the case when
silicone oil is not used [54]. The reason for this dis-
crepancy is not known, but we have shown that both in
isolated hepatocytes [55] and to a lesser extent in
mitochondria [55a] water is lost during passage of the
particles through the oil, whilst the metabolites and
extra-vesicular marker molecules such as sucrose, inulin
or mannitol are not. This is apparent in the data of
Table I.

Measurement of the total water content of the iso-
lated mitochondrial pellet can be achieved gravimetri-
cally [22,26,29] but is more usually performed using
*H,0 [23,28,54}. It has been shown that [**Clurea equi-
librates with the same pool of water as does *H,O and
so can be used in its place [56,57]. This has some
advantages in that *H,O can readily evaporate or ex-

change with atmospheric water and thus precautions
must be taken to avoid underestimating the true water
content of the mitochondna [18,28,54,58). Measurement
of the extra-mitochondrial volume is usually achieved
by measuring the amount of an extra-mitochondrial
marker molecule present in the pellet. Sucrose, mannitol
and Cl~ have been used most commonly for this pur-
pose [22,24,28] although many other molecules have
suitable properties. They should be able to cross the
outer but not the inner mitochondrial membrane and
preferably be uncharged to avoid binding to fixed
charges on the membrane. Although chemical or en-
zymic analysis of the extra-mitochondrial marker can be
performed [56,61], they are usually *C-labelled so that
they may be measured in conjunction with *H,0 by
dual label scintillation counting. The highest standards
of dual label counting are essential if accurate matrix
volumes are to be determined because only 10-15% of
the total mitochondrial pellet volume will represent
matrix water. Since this water is obtained by the sub-
traction of the extra-mitochondrial water space from
the total water space, small errors in determining either
will lead to large errors in the final result. Many years
of measuring * intra-mitochondrial volumes in this
laboratory have led to a considerable refinement of the
counting techniques used. It is essential to use un-
scratched glass vials with tight fitting lids to avoid
evaporation of *H,0. Exposure of the lids to fluo-
rescent lighting or handling with plastic gloves can
sometimes produce errors in counting. Plastic scintilla-
tion vials have consistently given inferior results. Some
scintillation counters use one channel exclusively for
detecting '*C dpm and another channel for *H dpm
which must be corrected for C overspill. With such
counters it is necessary to use a *H:'*C ratio of at least
10:1 and to keep quenching as low as possible. How-
ever, most modern scintillation counters use automatic



efficiency control and window settings which require
correction for overspill of both *H counts into the '*C
channel and '*C counts into the *H channel. This
enables high efficiency of counting of both isotopes
over a wide range of quench conditions and has the
advantage of allowing the use of a *H:'*C ratio of 5:1
or less. In either case, quench curves must be regularly
checked and care taken to ensure that the sample mixes
into one clear phase with scintillation fluid. Minor
perturbations in counting efficiency can be avoided by
always counting pellet and corresponding supernatant
samples sequentially.

The most usual extra-mitochondrial marker used is
[ Clsucrose, since this is thought to fufill all the neces-
sary criteria and is relatively cheap. However, there are
reports that some commercially available preparations
have a highly charged contaminant that binds to
mitochondria under conditions of low ionic strength
and so leads to an overestimate of the extra-
mitochondrial volume unless it is first removed by
chromatographic purification [29]. Certainly the use of
charged molecules as extra-mitochondrial markers is
inadvisable, since at low ionic strength positively charged
molecules such as choline will tend to bind to the
mitochondrial membranes leading to an underestimate
of matrix volume [28,59], whilst negatively charged
molecules such as C1™ may be excluded from the inter-
membrane space by the fixed negative charges [28].
Halestrap and Quinlan have also questioned whether
sucrose is the most appropriate extra-mitochondrial
marker and provided evidence that ['*C]mannitol might
be preferable [28]. The values of the matrix volume
obtained in this and other laboratories using mannitol
were somewhat lower than those obtained using sucrose
{18,28,52,54,61,62], but gave more consistent values
when volumes were measured in media of different
composition but the same osmolality [18]. Other workers
have reported little difference between the values ob-
tained using sucrose and mannitol [60], and in this
laboratory recent determinations have found smaller
differences between the values obtained with the two
procedures than we observed previously. Investigating
the cause of this discrepancy has led us to conclude that
the purer the mitochondrial fraction the less difference
between the values. This is shown in Table 1. Thus,
well-washed mitochondria that have been purified by
Percoll density gradient centrifugation [63] have
mitochondrial matrix volumes of about 1.2 ul/mg pro-
tein when measured using ['*C]sucrose as mitochondrial
marker and about 1.0 pl/mg protein when ['*C}jmanni-
tol is used. However, in a crude unwashed mitochondrial
fraction the values were 2.3 and 1.0 pl/mg protein,
respectively. The likely explanation of this difference is
that plasma membranes are present in crude
mitochondrial fractions [63] and these may produce
vesicles which are permeable to mannitol but not sucrose
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[57,64]). Contamination of mitochondria by lysosomes
and peroxisomes may also contribute towards the dif-
ferences. Thus, 1t (s probable that mannitol and sucrose
both give quite reliable values for the matrix volume in
pure mitochondrial fractions, but mannitol may be pre-
ferable if there is any likelihood of contamination by
other membrane vesicles.

I11-B.2. Mitochondria in situ

Where a knowledge of the intra-mitochondrial ma-
trix volume in situ is required, as when using rapid cell
fractionation techniques to estimate the intra-
mitochondrial concentrations of metabolites, it has usu-
ally been calculated from the values measured in iso-
lated mitochondria and the mitochondrial content of
the tissue [38,65]. However, an accurate measurement of
the intra-mitochondrial matrix volume in situ is desira-
ble. There have been attempts to measure the matrix
volume using rapid cell disruption by digitonin and
sheer force techniques and non-aqueous cell fractiona-
tion [66-68]. These approaches have not yielded very
consistent data with values for the intra-mitochondrial
matrix volume varying between 9 and 13% of the total
cell water. Morphological techniques have suggested the
total volume of the mitochondria, including the inter-
membrane space, is about 22% of the rat liver cell
volume [69]. In order to obtain more accurate data for
the mitochondrial matrix volume in isolated hepato-
cytes we have developed two approaches [63]. Firstly,
we have rapidly disrupted hepatocytes by diluting the
cell suspension into a small centrifuge tube containing
EGTA sufficient to chelate the Ca®* in the incubation
buffer and also ['*C]sucrose and *H,O for measurement
of the mitochondrial matrix volume. The cells were then
rapidly sonicated at low energy for 5 s and the released
mitochondria sedimented within 60 s in a microcentri-
fuge. This technique of cell breakage was found to give
mitochondria with good respiratory control ratios and
in a good yield which could be accurately assessed by
assay of citrate synthase in the mitochondrial pellet
[64,70). The value of the matrix space determined in this
manner was between 1 and 1.4 pul per mg mitochondrial
protein depending on the hormonal status of the cells
(see subsection V-F) and represented about 20% of the
total intra-cellular water. These values are similar to
those found in conventionally isolated mitochondria
incubated under energised conditions as might be ex-
pected. Some over-estimate of the intra-mitochondrial
volume may occur as a result of contaminating vesicles
such as lysosomes, peroxisomes, microsomes and plasma
membranes [55a,63,70], but this should be relatively
consistent within any experiment.

It can be argued that rapid cell disruption might
perturb the mitochondria and so not truly reflect the
situation in situ. To overcome this problem we de-
veloped a non-disruptive technique for determining the
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matrix volume. For this we required a non-metabolisa-
ble and small molecular weight chemical that could
cross both the plasma membrane and the outer
mitochondrial membrane but not the inner
mitochondrial membrane. We were able to demonstrate
that ["*C]mannitol fulfilled these criteria [64], and this
has recently been confirmed by others [57]. Thus, cells
may be incubated with ['*CJmannitol and *H,0 for at
least 30 min to allow mannitol to equilibrate across the
membrane, and then the cells are rapidly centrifuged (6
s at 10000 X g) and the ['*C] and [*H] in the pellet and
supernatant determined. The intra-mitochondrial ma-
trix volume is then determined from the *H,O-
[**C]mannitol space. This value is only a very small
percentage of the total pellet water and thus great care
must be taken in the dual label scintillation counting as
outlined above. It should also be stressed that in our
hands it is not possible to obtain accurate results if
silicone oil filtration is used (see Table I), although
Lund and Wiggins appear to use this technique success-
fully [57]). However, there is another significant dif-
ference between our own methodology and that of
Lund and Wiggins. In our experiments we showed that
the mannitol takes about 40 min to fully equilibrate
with the cytosolic space. A 10 min preincubation was
used by Lund and Wiggins which in our experiments
would only give about 90% equilibration. This could
lead to an over-estimate of the ['*C]mannitol->H,0
space which compensates for the underestimate that the
use of silicone oil filtration produces. Another potential
source of error that must be recognised is that any
intra-cellular marker such as ['*C)mannitol may be
sequestered by pinocytotic vesicles, autophagic vacuoles
and lysosomes in a time dependent manner [70a,b].
There is also the possibility of slow entry of the marker
into the mitochondria [70a] although it is unlikely to be
as rapid as that seen after prolonged incubation of
isolated mitochondria where the integrity of the inner
membrane deteriorates [28]. Both of these phenomena
would lead to an under-estimate of the true intra-
mitochondrial volume, whilst exclusion from some other
intra-cellular compartment would have the opposite ef-
fect. Despite these reservations it is probable that the
use of ["*C]mannitol should allow the detection of
changes in the intra-mitochondrial volume, even if the
absolute values are questionable.

In the original experiments performed in this labora-
tory the mitochondrial matrix space in situ was found
to be only about 0.4-0.6 p1/mg mitochondrial protein,
representing 7-10% of the total cell volume. This value
is considerably lower than that obtained by the disrup-
tive technique but similar to that measured in energised
isolated mitochondria in parallel experiments. As out-
lined above in more recent experiments we have ob-
tained larger values for the matrix space in isolated
mitochondria using [**C]mannitol and the same is true

in intact hepatocytes (Table I). Thus, we now obtain
values of 0.33-0.4 ul1/mg cell protein which correspond
to about 1.0 to 1.3 pl/mg mitochondrial protein. This is
very similar to the results of Lund and Wiggins and to
those obtained using ['*C]sucrose after rapid cell disup-
tion. Our more recent data using ['*C]lmannitol with
isolated energised mitochondria are also consistent with
these values (Table I). We have no certain explanation
for the low values originally obtained in this laboratory,
but the presence of a '*C-labelled, metabolisable con-
taminant in the ['*C]mannitol is suspected even though
precautions were taken to remove any residual man-
nose. This highlights the need for great caution in the
choice and use of radio-labelled extra-mitochondrial
markers as described above.

II1-C. Light-scattering techniques

III-C.1. Isolated mitochondria

It has been known for many years that when
mitochondria swell they show a decrease in light-scatter-
ing (see Refs. 14,20,29). This can be detected using a
spectrophotometer or a more simple photometric device
by measuring the decrease in absorbance at a suitable
wavelength such as 520 nm (an isosbestic point for the
cytochromes). The accepted explanation for this is that
the swollen matrix has a lower refractive index than the
condensed form, but the exact relationship between
particle size and light-scattering is complex, especially
when the diameter of the particle is similar to that of
the wavelength of the incident light [71]. It is also well
documented that conformational changes in the
mitochondrial membrane or shape changes in the whole
mitochondrion can influence light-scattering indepen-
dently of changes in the matrix volume [29,72]. Thus,
absolute measurements of matrix volume by this tech-
nique are not possible unless detailed calibration under
well-defined conditions is first performed [26,29,73].
Nevertheless for measuring changes in mitochondrial
volume with time light-scattering is the only practical
technique. Indeed it was the method used in many of
the pioneering studies on metabolite and ion transport
into mitochondria [14,74]. Suspension of de-energised
mitochondria in iso-osmotic solutions of the metabolite
or ion concerned will cause swelling when there is net
uptake of solute into the matrix. Accurate kinetics of
transport are only possible if the light-scattering is
calibrated to take into account changes that are not
mediated by volume changes, and this has recently been
attempted by Garlid and Beavis [75].

III-C.2. Mitochondria in situ

The use of light-scattering to measure changes in the
matrix volume of isolated mitochondria is well accepted,
but its use can be extended to the mitochondria in situ.



This possibility was first suggested by experiments of
Hackenbrock et al. on the energy dependent conforma-
tional changes of mitochondria in intact ascites cells
[76]. Thus, it was demonstrated that the same relation-
ship between energy state, morphology of mitochondria
and light-scattering could be observed with intact cells
as with isolated mitochondria. We have used the same
technique in isolated hepatocytes and correlated changes
in light scattering induced by various treatments of the
cell with measurements of mitochondrial volume but
not with the whole cell volume [64]). Indeed the total
intracellular volume could be changed by increasing the
osmotic pressure of the extra-cellular medium without
producing a significant change in light-scattering [64]. It
is these observations which have led us to conclude that
the mitochondrial matrix volume is under hormonal
control and this will be considered in detail in subsec-
tion V-F.

IV. Regulation of the matrix volume of isolated
mitochondria

The swelling of heart and liver mitochondria in vari-
ous K™ salts and the associated flux of “*K* across the
inner membrane have been studied in the laboratories
of Brierley and Garlid. This has led to the recognition
of a K*/H" antiporter which pumps K* out of the
mitochondria and an electrogenic uniporter which
mediates K* entry into the mitochondria [77-81]. It is
thought that the operation of these two transporters in
conjunction with the parallel movement of permeant
anions such as phosphate is responsible for the regu-
lation of the intra-mitochondrial K* content and, as an
osmotic consequence, of the matrix volume. Under de-
energised conditions increasing the matrix volume by a
variety of means leads to an increase in the activity of
the K*/H™ antiporter [78—83]. The resulting loss of K*
and compensating anion allows the mitochondria to
prevent excessive swelling by osmo-regulation. Similarly
if K* entry into energised mitochondria is stimulated
by addition of low concentrations of valinomycin, the
mitochondria swell as expected. However, a compensa-
tory stimulation of the K*/H™ antiporter occurs which
prevents further swelling and a new equilibrium is
established at an increased matrix volume [63,80,84].
Garlid has proposed that Mg?* acts as a natural inhibi-
tor of the K*/H ™ antiporter whose concentration in the
matrix decreases as the matrix volume increases and so
allows stimulation of the antiporter [79,80]. Several
laboratories have shown that treatment of mitochondna
with A23187 and EDTA to deplete them of Mg?*
causes stimulation of K*/H™ fluxes [79-81,83,85-91).
However, it was pointed out by Brierley et al. that
depletion of Mg?* might cause non-specific effects on
membrane permeability, since it is known that bound
Mg?* is important for membrane stability [81]. Indeed
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only when [Mg?*] is lowered with A23187 and EDTA
to concentrations considerably less than assumed to
occur under physiological conditions is appreciable
stimulation of the antiporter observed [91]. This implies
that [Mg2*] is unlikely to operate as a physiological
regulator of the antiporter, although Garlid et al. do not
accept this conclusion [100]. However, there are some
instances where it is probable that K* permeability is
enhanced by such non-specific membrane effects. For
example K™* permeability is increased when
mitochondria are incubated with uncoupler or when the
matrix NADH and adenine nucleotides are depleted
[96,101,102]). Such conditions are known to activate
mitochondrial phospholipase A, and so increase non-
specific permeability of the inner membrane [103-107].
An alternative mechanism proposed to explain how the
matrix volume can influence thé operation of the
K*/H™* antiporter is through the folding of the cristae
or some other perturbation of the membrane structure
(82,83]. This would seem quite probable, since many
mitochondrial processes associated with the inner mem-
brane are sensitive to small changes in matrix volume as
will be described in subsection V-D.

The properties of the influx and efflux pathways for
K™ have been studied in some detail. The former has a
K, for K* of 6-12 mM and is activated by thiol
reagents, phosphate and high pH [90-93]. In addition it
shows activation by atractylate and adenine nucleotide
depletion, and inhibition by ADP [90,94-97], which
suggests some association with the adenine nucleotide
transporter. This has recently been confirmed by work
from this laboratory which will be presented in subsec-
tion VI-B. However, Diwan et al. have recently reported
that a 53 kDa protein purified from liver mitochondrial
membranes using a quinine affinity column acts as a
K™* ionophore when reconstituted into membrane
vesicles [107a). The activity of the K*/H™ antiporter is
inhibited by quinine analogues and DCCD
[87,92,98-100]. ['*C]DCCD labelling of a membrane
protein of 82 kDa was reduced by addition of quinine
or Mg2* which has led Martin et al. to conclude that
this protein is the antiporter protein [99]. However, it
has been pointed out that neither quinine nor Mg?* nor
DCCD are very specific in their effects on the inner
mitochondrial membrane [91,98] and final confirmation
that this protein is the antiporter must await purifica-
tion and reconstitution.

The regulation of the mitochondrial matrix volume
through the operation of specific K* carriers depends
on the parallel movement of anions such as phosphate.
Under energised conditions this is thought to occur by
movement of proton compensated pathways, since any
electrogenic pathway would have the effect of forcing
anions out of the matrix down the electrical gradient.
However, under de-energised conditions there is evi-
dence that a non-specific anion channel opens, espe-
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cially when the matrix pH is high and [Mg2*] low
[108-110]. The anion channel is also inhibited by quinine
and DCCD [109] and opens only at voltages of the
opposite polarity to those found under physiological
conditions [110]. Thus, it is hard to envisage how this
channel could operate in the regulation of matrix volume
except under pathological conditions where the
mitochondria are de-energised [109].

V. Changes in the mitochondrial matrix volume as a
mechanism of hormone signal transduction across the
liver mitochondrial membrane

V-A. Activation of liver mitochondrial metabolism by
hormones in vivo

Glucagon, adrenaline and vasopressin all stimulate
gluconeogenesis, urea synthesis, fatty acid oxidation
and glutaminase activity in the perfused liver or isolated
hepatocytes (reviewed in Refs. 107,111,112). Stimula-
tion of gluconeogenesis by glucagon can be accounted
for in part by an inhibition of pyruvate kinase and
phosphofructokinase through cyclic AMP dependent
phosphorylation mechanisms [112-118). However, there
is also considerable evidence for a stimulation of pyru-
vate carboxylation following glucagon treatment of
hepatocytes [60,119-122]. In the case of adrenaline and
vasopressin which act through phosphatidylinositol-
4,5-bisphosphate breakdown and a rise in intracellular
[Ca®*] [123,124] effects on phosphofructokinase are not
observed [112,113,116,118] and the effects on pyruvate
kinase are small or absent [113,114,118,120,121,125).
Under these conditions pyruvate carboxylase is prob-
ably the major locus of the hormonal stimulation of
gluconeogenesis [116,120-122]. Thus, a mechanism must
be available for the hormonal message to cross the inner
membrane.

Pyruvate carboxylase is activated by acetyl-CoA and
this is thought to be the mechanism by which fatty acids
stimulate gluconeogenesis from lactate and pyruvate in
the liver (see Ref. 113), although other mechanisms may
operate [113a]. Thus, it is possible that activation of
pyruvate carboxylase is secondary to that of fatty acid
oxidation. In the fed state glucagon can achieve this by
cyclic AMP dependent phosphorylation and inhibition
of acetyl-CoA carboxylase which leads to a decrease in
cytosolic (malonyl-CoA). This metabolite acts as a
powerful inhibitor of carnitine acyl transferase 1, which
is thought to be the major rate controlling step in the
oxidation of fatty acids. The activation of this enzyme
through a decrease in malonyl-CoA concentrations
probably accounts for the activation of fatty acid oxida-
tion by glucagon in the fed state [126-128]. However,
there are reasons to believe that this is not the only site
of regulation of fatty acid oxidation by glucagon. Thus,

glucagon stimulates fatty acid oxidation in the starved
state where carnitine acyl transferase 1 is relatively
insensitive to inhibition by malonyl-CoA and acetyl-
CoA carboxylase is largely inactive [127-132], and also
in biotin deficient rats where little if any acetyl-CoA
carboxylase activity would be expected [133]. Further-
more, Ca-mobilising hormones such as phenylephrine
and vasopressin can activate fatty acid oxidation
[121,134-138] and yet these hormones either have no
effect on acetyl-CoA carboxylase or activate the enzyme
[134,139,140]. Thus, carnitine acyl transferase 1 is un-
likely to be the locus of action of these hormones and
this is confirmed by their ability to stimulate the oxida-
tion of octanoate which enters the mitochondria in a
carnitine independent fashion [136,137]. An intrami-
tochondrial activation of fatty acid oxidation would
appear the most likely explanation of these observations
and this leads us back to a means of hormone signal
transduction across the mitochondrial membrane.

Hormones which stimulate gluconeogenesis from such
substrates as lactate, alanine and glutamine also stimu-
late urea synthesis under appropriate conditions. It is
generally accepted that a major rate controlling step in
this pathway is carbamoyl phosphate synthetase, an
intra-mitochondrial enzyme [141,142]. Associated with
activation of urea synthesis there is also an hormonal
activation of glutaminase, another intra-mitochondrial
enzyme [143-146]. The activation of these two enzymes
of nitrogen metabolism ensures that NH; produced by
amino acid catabolism is usually excreted as urea rather
than as NH; (through the operation of kidney
glutaminase) which is essential for pH homeostasis
[147,148]. Once again their regulation requires hormone
signal transduction across the mitochondrial inner
membrane.

Hormonal stimulation of both gluconeogenesis and
urea synthesis requires increased ATP utilisation and
thus it is hardly surprising that the rate of oxygen
consumption increases [136,149-157]. The conventional
views of the regulation of respiration would imply that
this must be achieved either by a decrease in proton
motive force (which should be reflected in a decrease in
mitochondrial’ ATP/ADP - P,) or by a rise in
mitochondrial NADH/NAD™* [158-162]. However,
what is actually observed is an increase in mitochondrial
ATP/ADP - P; [130,131,142,163-167] and possibly in
the membrane potential [118,168], whilst the
NADH/NAD™ ratio may increase transiently but re-
turns to control levels or below even though respiration
remains stimulated (121,153,169-172]. Furthermore, the
concentrations of several mitochondrial metabolites such
as 2-oxoglutarate, glutamate and succinyl-CoA decrease
after addition of glucogenic hormones to hepatocytes
[130,131,210,215]). These observations all imply that
hormones are exerting significant effects on
mitochondrial oxidative metabolism in vivo that cannot



be accounted for soley by changes in ATP utilisation or
NADH production.

The evidence presented above suggest that hormones
can have quite wide ranging effects on mitochondrial
metabolism in vivo. This conclusion is strengthened by
the observation that mitochondria prepared from rats
treated with glucagon or adrenaline show changes in
many aspects of their metabolism that persist following
their isolation.

V-B. The effects of hormone treatment of rats on the
behaviour of isolated liver mitochondria

In 1969 Adam and Haynes demonstrated that if rats
were treated with glucagon, adrenaline or cortisol be-
fore isolation of liver mitochondria the rates of pyruvate
carboxylation and decarboxylation were stimulated
[173]). Since that time their observations have been
confirmed in many laboratories [58,174-178] and it has
also become apparent that a great many other aspects
of mitochondrial function are influenced by the hormone
treatment. These are summarised in Table II and have

TABLE 11
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been reviewed in detail elsewhere [107,111,112].
Amongst the mitochondrial processes stimulated by
hormone treatment are respiration, pyruvate carboxyla-
tion, citrulline synthesis and glutaminase activity all of
which are stimulated by glucogenic hormones in vivo as
outlined above. This suggests that whatever is happen-
ing to the mitochondria in situ to stimulate these
processes may be stable during isolation of the
mitochondria. If this were the case it would be a great
asset in establishing how hormones influence
mitochondrial function in vivo. Unfortunately, however,
it is far from certain that the effects of hormone treat-
ment that persist in the isolated mitochondria are the
same as those effects occurring in vivo. Thus, the effects
of hormone treatment that are observed in isolated
mitochondria are very dependent on the composition of
the isolation buffer [18,52,195,208-212] which has led
some workers to suggest that at least some of the effects
of hormone treatment are artefacts of the isolation
procedure [195,207,208,211-213). This view is strongly
contested by others who have demonstrated that many
of the effects of hormones are independent of the

Summary of the persistent effecis of glucogenic hormones on the properties of isolated rat liver mitochondria

Effects are given as +{stimulation), — (inhibition), or N (‘hone)A A blank indicates no data are available in the literature. References are given in

parentheses.

Parameter

cAMP-dependent hormones

p —
Ca**-mobilising hormones

Pyruvate carboxylation
Pyruvate decarboxylation
Pyruvate transport
Uncoupled and State 3 oxidation of
NADH-linked substrates
succinate
acyl CoA
duroquinol
Transhydrogenase activity
Succinate dehydrogenase
Citrulline synthesis
N-acetylglutamate level
ATP/ADP ratio
Total adenine nucleotide content
Phosphate content
Magnesium content
Potassium content
Respiration-driven ion accumulation
ATP-driven ion accumulation
Na-dependent Ca efflux
Uncoupler-dependent ATPase
Adenine nucleotide transport
Retention time for accumulated Ca®*
Calcium-induced massive swelling
Matrix volume
Glutaminase activity
Membrane potential
pH gradient
Leakage of adenine nucleotides
Endogenous phospholipase A , activity

+(58.173-178)
+(173,.174,179. 180)
+(175, 177, 180)

+(163, 165, 175, 181-188)
+(163, 165, 175, 181-188)
+(183, 190)

+(183, 187)

+(184, 191)

+(185-187) N (183)

+(142, 163, 192-196)
+(193-196)

+(130, 131, 142, 164, 165)
+(130, 131, 142, 164, 165, 197)
+(197-199, 208)

+(182, 200) N (198)

+(182)

+(183, 189, 198, 199, 201, 202)
+(201)

+(203, 204)

+(164, 165, 201)

+(165) N (199)

+(189, 198, 199)

—(58)

+(58, 64, 175, 205) N (18, 60, 209)

+ (145, 206)

+(60, 182)

+(180, 182, 199) N (54, 59)
—(58)

—(207)

+(173,174,177-179)
+(173. 174, 180)
+(180)

+(180. 188)
+(142, 165, 189)

N (186, 188)
+(142, 188, 196)

+(131, 142, 164, 188)
+(131. 142, 164, 188)

+(189)

+(142, 164)

+(189)

—(188)

+(64)

+(145)

+ (60, 188, 199)

+(189) N (60, 180, 188)
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mitochondrial isolation procedure [18,210]. Further-
more, hormonal stimulation of respiration, pyruvate
carboxylation and citrulline synthesis can be demon-
strated in liver cells permeabilised with fillipin [178], in
crude liver homogenates [210] and in mitochondria pro-
duced from isolated hepatocytes by rapid cell disruption
[70,178].

V-C. Mechanisms involved in the effects of hormones that
persist in isolated liver mitochondria

Research in several laboratories has been directed
towards establishing the basis of the persistent effects of
hormone treatment and whether these effects are occur-
ring in vivo. This work has been reviewed elsewhere
(111,112,216,217] and only a brief summary will be
given here. In this laboratory we have been unable to
demonstrate any changes in protein phosphorylation of
mitochondrial proteins that could account for the
hormone effects [218]. Nor have we observed any sig-
nificant changes in mitochondrial phospholipids in vivo
[64]. However, when mitochondrial phospholipids were
labelled with *2P, by treating rats with **P; for 12 hours
prior to hormone injection, we were able to show a
decrease in the lysophospholipid content of the
mitochondria from glucagon treated animals and a de-
crease in the activity of mitochondrial phospholipase A,
towards endogenous substrates [207). This data comple-
mented our previous conclusions that many of the ef-
fects of glucagon treatment could be reversed by aging
of mitochondria, a process known to involve
mitochondrial phospholipase A, [58,183]. More recent
studies on the effects of glucagon treatment on the
sensitivity of the respiratory chain to inhibitors of elec-
tron flow have suggested that in addition to an effect on
the lysophospholipid content of mitochondria, glucagon
might also decrease lipid peroxidation [219]. Since lipid
peroxides are extremely sensitive to attack by phos-
pholipase A, [220] their decrease in response to gluca-
gon may account for the reduced phospholipase A,
activity. Whether such effects on lipid peroxidation
occur in vivo is not known, but glucagon has been
observed to cause a decrease in H,O, production by
liver cells, and this is a product of lipid peroxidation
[221].

In Sections V-E and VII (summarised in Fig. 12) I
will present evidence that the respiratory chain is
activated in vivo in response to glucogenic hormones
and that this is achieved by an increase in mitochondrial
volume stimulating e¢lectron flow into the ubiquinone
pool. It is known that restriction of electron flow through
this region of the respiratory chain (as occurs naturally
in hypoxia) can lead to the production of free radicals
and hence the production of lipid peroxides [222,223].
Thus, if hormones are able to activate the respiratory
chain in vivo they might cause a decrease in lipid

peroxidation and thus account for the decreased damage
by phospholipase A, during mitochondrial preparation.
This would imply that the physiological effects of
hormones on mitochondrial metabolism in situ might be
reflected in the persistent effects seen in isolated
mitochondria, but the mechanism by which they are
achieved may be quite different.

Other explanations that have been put forward for
the mechanism by which glucagon may exert its effects
on mitochondrial metabolism are by an increase in the
phosphate [208,209] or malate [224] content of
mitochondria. In our own experiments we have shown
that increasing the phosphate content of mitochondria
by incubation with phosphate containing media can
increase the matrix volume [18]. Furthermore, in some
experiments we have been able to show that
mitochondria isolated from glucagon treated animals
have a slightly increased matrix volume [58,64,75,205],
although this is not always observed [18,60,209]. A
change in matrix volume cannot account for all the
persistent effects of hormone treatment found in iso-
lated mitochondria, especially those which also persist
in sub-mitochondrial particles [184,207,219]. Neverthe-
less the detection of changes in matrix volume in some
experiments and reports in the literature of the effects
of valinomycin and osmolality on mitochondrial func-
tion led us to investigate whether changes in
mitochondrial volume could be a mechanism of regulat-
ing mitochondrial function in vivo.

V-D. The effects of changing the matrix volume of
mitochondria on their metabolism

In their original studies Adam and Haynes demon-
strated that incubation of mitochondria in hypo-osmotic
medium greatly stimulated their rate of pyruvate
metabolism [173]. These data were confirmed in this
and other laboratories [52,58] and other studies showed
that a similar stimulation could be induced by addition
of low concentrations (10~° M) of valinomycin [225].
Many other aspects of mitochondrial metabolism are
influenced by the mitochondrial matrix volume and
these are summarised in Table III.

We have demonstrated that increasing the matrix
volume not only stimulates pyruvate metabolism [58]
but also increases the initial rate of citrulline synthesis
[58] and the rate of uncoupled and ADP-stimulated
oxidation of both succinate and those substrates gener-
ating intra-mitochondrial NADH [18,58]. In addition,
work from McGivan’s laboratory has demonstrated that
glutaminase is activated by hypo-osmotic treatment of
mitochondria [206,227,228]. It was suggested many years
ago that uncoupler might inhibit the oxidation of
palmitoyl carnitine by isolated brown fat mitochondria
by depleting them of K* and so causing them to shrink
[230,231]. Otto and Ontko have provided evidence that
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The effects of increasing the mitochondrial matrix volume that are also
observed in hepatocytes treated with hormones

1. Stimulation of ADP-stimulated oxidation of all respiratory
substrates entering the respiratory chain before cytochrome
¢, but especially fatty acid oxidation.

. Increase in the reduction state of cytochromes b and c.

. Increase in ATP/ADP ratio.

. Stimulation of pyruvate carboxylation.

. Stimulation of citrulline synthesis.

. Stimulation of glutaminase activity.

[ N o

Ca’* might increase palmitoyl carnitine oxidation in
isolated liver mitochondria through an increase in the
matrix volume [232]. More recent work in this labora-
tory has investigated the effects of increasing the
mitochondrial matrix volume on the rates of fatty acid
oxidation in isolated liver and heart mitochondria in
more detail [61,229]. We have confirmed that S-oxida-
tion is extremely sensitive to small changes in the ma-
trix volume between 0.9 and 1.4 pl/mg protein [61].
This is shown in Fig. 1 where I also present data from
our own and other laboratories on the volume sensitiv-
ity of glutaminase, respiration and pyruvate carboxyla-
tion. It is of considerable interest that all these processes
are sensitive to an increase in matrix volume<over the
same range and has led us to ask three important
questions. Firstly, how does the mitochondrial volume

Mitochondrial vo|ujm\es in hepatocytes
Control Stimulated*

4

100 .

Activity expressed as % maximal

1 i1 1 L L

.1 1.3 1.5 1.7 1.9

0.7 0.9
Mitochondrial matrix volume (ul per mg protein)

Fig. 1. The effects of changing the matrix volume on respiration,
pyruvate carboxylation and glutaminase activity in isolated liver cells.
Data for the rates of ADP stimulated oxidation of 5 mM glutamate +1
mM malate (a), 100 M palmitoyl-carnitine (®) or 5 mM succinate + 1
pg/ml rotenone (M) were taken from Ref. 62. Data for the rate of
pyruvate carboxylation (O) and glutaminase activity () were taken
from Ref. 52 and Ref. 228 respectively. In all cases mitochondrial
volumes were altered by changing the osmolality of the incubation
medium, and measured using *H,0 and ['* C)sucrose.
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exert its effect on mitochondrial metabolism. Secondly,
does the mitochondrial volume change in vivo within
the range over which mitochondrial metabolism is sensi-
tive to swelling. Thirdly, how could hormones regulate
the intra-mitochondrial volume in vivo.

V-E. Mechanisms by which the matrix volume influences
liver mitochondrial metubolism

Citrulline synthesis and pyruvate carboxylation both
require a supply of ATP within the matrix. Since no
extra-mitochondrial ATP is added in the experimental
protocol we use to study these processes it must be
generated by the respiratory chain. Thus, it is possible
that the stimulation of pyruvate carboxylation and
citrulline synthesis is secondary to the stimulation of the
respiratory chain and we have provided evidence that
this is the case. Increasing the matrix volume by in-
cubating mitochondria in hypo-osmotic media increased
the mitochondrial ATP/ADP ratio at the same time as
stimulating pyruvate carboxylation and citrulline
synthesis [58]. Both these processes have been shown to
be activated by increases in mitochondrial ATP/ADP
ratio under appropriate conditions [142,163,233-238].
This suggests that it may be the activation of the
respiratory chain and subsequent increase in ATP/ADP
ratio that is responsible for the activation of pyruvate
carboxylation and citrulline synthesis. Conversely ad-
dition of low concentrations of a respiratory chain
inhibitor such as amytal inhibited pyruvate carboxyla-
tion and citrulline synthesis by decreasing the
ATP/ADP ratio as predicted [207]. We have also dem-
onstrated that the respiratory chain exerts a strong
influence on the rate of pyruvate carboxylation and
gluconeogenesis in isolated hepatocytes [122,157]. Thus,
the flux control coefficient of the respiratory chain for
gluconeogenesis from L-lactate was found to be 0.61,
indicating that it has a significant rate controlling in-
fluence on gluconeogenesis. In the presence of glucagon
ot phenylephrine the flux control coefficient dropped to
0.39 and 0.25, respectively [122], confirming that the
respiratory chain is stimulated by these hormones and
may play an important role in the regulation of gluco-
neogenesis (see Section VII).

The mechanism by which the respiratory chain can
be regulated through changes in the matrix volume
remains unclear. It is quite possible that there is a
volume mediated effect on the fluidity of the inner
mitochondrial membrane which is sensed by the re-
spiratory chain. In halotolerant bacteria changes in the
osmotic strength of the external medium are known to
influence membrane fluidity [241], whilst changing the
fluidity of the inner mitochondrial membrane by ad-
dition of benzyl alcohol, through the operation of phos-
pholipase A, or by changes in diet can all influence the
activity of the respiratory chain significantly
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[58,183,239,240]. Furthermore, glutaminase is known to
be associated with the inner membrane and its proper-
ties are greatly influenced by that association [228].
There have been recent reports that carbamoyl phos-
phate synthetase and ornithine transcarbamylase are
also associated with the inner membrane which might
provide an additional mechanism for controlling the
rate of citrulline synthesis [242]. It is also possible that a
change in membrane fluidity could affect the activity of
the K*/H™" antiporter involved in osmo-regulation as
described in Section IV. In this context it is of interest
that membrane stretching can activate a Ca’* channel
in the choroid plexus epithelium membrane [243].
Another mechanism by which the matrix volume
could influence the activity of membrane bound en-
zymes would be by the dilution of a specific activator or
inhibitor of the enzyme. As outlined in Section IV,
Mg?* has been suggested to act as a physiological
inhibitor of the K* /7H™ antiporter and a similar sugges-
tion has been made for the activation of glutaminase
through increases in matrix volume [228]. However,
using uncoupled mitochondria in the presence of A23187
and variable [Mg2*] we were unable to find any signifi-
cant inhibitory effect of Mg?* on respiratory chain
activity. Changing the matrix volume might also affect
the folding of the cristae in such a way as to alter the
local environment around membrane bound enzymes,
but no studies on this possibility have been performed.
The location at which an increase in matrix volume
stimulates electron flow through the respiratory chain
and fatty acid oxidation has been investigated in this
laboratory. The cytochrome spectra of mitochondria
oxidising succinate or glutamate + malate under State 3
or uncoupled conditions have been compared in hyper-
osmotic and iso-osmotic media. It was concluded that
electron flow into the bc; complex was inhibited under
hyper-osmotic conditions [183). We have extended these
observations by demonstrating that the effect of
mitochondrial volume on the oxidation of both sub-
strates was still apparent in the presence of ubiquinone-1
and ferricyanide [62]. Under these conditions fer-
ricyanide acts as terminal electron acceptor without
requiring electron flow through the bc¢, complex and
cytochrome oxidase. Increasing the matrix volume was
shown to stimulate the rate of oxidation of succinate
and all substrates generating intra-mitochondrial
NADH. This suggests that it is the oxidation of NADH
itself that is stimulated rather than the production of
NADH by the matrix dehydrogenases [58,61]. However,
when duroquinol was used as respiratory substrate
(donating electrons directly into the bc¢, complex), no
effect of matrix volume on oxidation rates was observed
{62]. Nor was there an effect of matrix volume on the
oxidation of ascorbate in the presence of TMPD [58].
Thus, the evidence suggests that the effects of matrix
volume must be associated with a locus on the reduced

side of ubiquinone, leading to a regulation of electron
flow into the ubiquinone pool.

The oxidation of palmitoyl-carnitine or short chain
fatty acids not requiring carnitine to cross the inner
membrane, was particularly sensitive to changes in the
matrix volume [62]. In addition, with these substrates it
was possible to identify the site of action of matrix
volume more precisely by studying the redox state of
the electron-transferring flavoprotein (ETF). This
flavoprotein can be identified as a major contributor to
the flavoprotein absorbance of liver mitochondria and
its oxidation and reduction may be followed spectro-
photometrically [62]. In hyper-osmotic media the
flavoprotein remained highly reduced whilst when the
matrix volume was increased, it was readily oxidised
[62]. This implies that increasing the matrix volume
stimulates the transfer of electrons from ETF to
ubiquinone, a reaction which is catalysed by ETF dehy-
drogenase, an iron sulphur protein containing enzyme
[244,245]. We do not have any information on how the
activity of this enzyme responds to the matrix volume.
However, since electron transfer from NADH dehydro-
genase and succinate dehydrogenase also involves iron
sulphur proteins, it seems likely that a similar mecha-
nism may be responsible for the stimulation of NADH
and succinate oxidation.

V-F. The effects of hormones on intra-mitochondrial
volume in situ

We have used three different techniques (see Section
III) to demonstrate that glucagon, Ca-mobilising
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Fig. 2. The effects of hormones on the light-scattering of isolated rat
hepatocytes. Hepatocytes from 24 h-starved rats were incubated with
continuous stirring in a split-beam spectrophotometer at 37°C as
described elsewhere [64]. Hormones were added as shown, 20 pM
phenylephrine (PHEN), 0.1 oM glucagon (GLUC), 25 nM vasopres-
sin (VASO) or 1 nM valinomycin (VAL).
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Fig. 3. Correlation between hormonally induced changes in light-

scattering of hepatocytes and mitochondrial volumes measured in situ.

Data are taken from Ref. 64 and Table I. Mitochondrial volumes were

either measured in situ using ['*C]mannitol (solid shading) or with

{1 Clsucrose after rapid cell disruption (stippled shading). Where

error bars are given they represent the S.EM. of 3-15 separate
experiments.

hormones and valinomycin increase the matrix volume
in situ over a range which will cause actjvation of
mitochondrial metabolism. Rapid cell disruption into
media containing ['*CJsucrose and *H,0O gave values
for the intra-mitochondrial volume (in pl per mg
mitochondrial protein) in control cells of 1.09 rising to
1.23 in the presence of glucagon or phenylephrine, 1.42
in the presence of both hormones together and 1.29 in
the presence of 1 nM valinomycin. In parallel it was
demonstrated that the hormones caused a decrease in
light-scattering which was also greatest when both
hormones were added together. This is illustrated in
Fig. 2. Inspection of Fig. 1 shows that these small
changes in matrix volume observed with hormone treat-
ment may well be sufficient to account for many of the
effects of hormones on mitochondrial metabolism in
situ. Use of [**C)mannitol and *H,0 in intact cells also
demonstrated hormonally induced increases in the
mitochondrial volume similar to those measured by the
disruptive technique as summarised in Fig. 3. However,
as discussed above and shown in Table I, more recent
experiments with ['*C]mannitol and *H,O have given
larger intra-mitochondrial volumes both in situ and in
vitro than our original experiments, but the effects of
hormones are still apparent.

V1. The mechanism by which hormones increase the
mitochondrial matrix volume

The ability of 1 nM valinomycin to increase the
mitochondrial matrix volume in situ provides a plausi-
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ble mechanism for the stimulation of gluconeogenesis
by this antibiotic [120.225,226,246]. In addition to in-
creasing the K* permeability of the plasma membrane
and hence causing the membrane potential across this
membrane to become more negative [246], the iono-
phore can have a direct effect on the inner mitochondrial
membrane to increase its permeability to K*. The slight
delay before it exerts its mitochondrial effects probably
represents the diffusion of the ionophore to the
mitochondria [64]. However, in the case of hormones an
intracellular signal must be generated which causes the
increase in K* permeability and hence mitochondrial
volume. In the case of the Ca’* mobilising hormones
such as phenylephrine and vasopressin an obvious
candidate for this signal is Ca®*.

VI-A. The role of Ca’*

Evidence for an important role for Ca** came from
the observation that vasopressin and phenylephrine
failed to elicit a light-scattering response of any magni-
tude when extra-cellular Ca’* was removed just before
hormone addition [64,84]. However, addition of Ca’*
back to the cells after vasopressin (but not glucagon)
addition gave a large light-scattering response not ob-
served in the absence of hormone [64]. It was also
demonstrated that A23187 addition to hepatocytes pro-
duced a decrease in light-scattering concommitant with
an increase in gluconeogenesis [84]. Further evidence
for a role of Ca®* came from studies of the effects of
Ca’" on isolated mitochondria [84). Mitochondria were
incubated under energised conditions in the presence of
albumin, Mg>*, phosphate, ATP and EGTA, and Ca**
added to give a free [Ca’*] of 0.1-2.0 uM, similar to
the range of cytosolic Ca?* concentrations observed in
hepatocytes following hormone addition [246-257]. A
decrease in light-scattering occurred with a time course
similar to that seen in hepatocytes following hormone
addition [258]. This is illustrated in Fig. 4. The half
maximal response was seen at about 0.3 uM Ca’* and it
was shown to be associated with an uptake of K™ and
an increase in matrix volume [84,258]. It was prevented
by the omission of phosphate from the medium or by
addition of a respiratory chain inhibitor. Rb* could
replace K* whilst Na*, Li* and choline were progres-
sively less effective. The presence of ruthenium red to
block the electrogenic influx pathway for Ca’* pre-
vented the swelling unless high concentrations of Ca**
were added. Thus, it appears that Ca’* must enter the
mitochondria in order to exert its effect. Ba?*, Mn?*
and Sr* were unable to substitute for Ca’*. Swelling
occurred without uncoupling or any non-specific per-
meability increases of the inner membrane and was not
affected by inhibitors of phospholipase A,. Neither
were inhibitors of the known ion transport mechanisms
of the plasma membrane able to inhibit swelling at
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Fig. 4. The effects of ATP, bongkrekic acid and carboxyatractyloside
on Ca?*-induced swelling of isolated liver mitochondria. Isolated rat
liver mitochondria were incubated at 37° C with continuous stirring
in a split-beam spectrophotometer as described in Ref. 84. The
buffered KCl medium contained 5 mM succinate, 2.5 mM phosphate,
25 mM Mg2+ and 0.5 mM EGTA. In addition, 1 mM Mg-ATP was
present in traces i-iii (solid lines) and 10 ug/ml bongkrekic acid
(BKA), 10 M carboxyatractyloside (CAT) or Ca®* (final [Ca®* ], 0.4
M) were added to the sample cuvette as indicated.

concentrations that would cause maximal inhibition of
plasma membrane ion fluxes, although quinine was
slightly inhibitory at 100 pM as has been described for
the K* influx mechanism for isolated mitochondria (see
Section 1V). Swelling was enhanced if ATP was omitted
from the buffer or if carboxyatractyloside was added,
whilst the presence of bongkrekic acid inhibited swell-
ing. In contrast addition of carboxyatractyloside in the
absence of Ca’* had no effect on swelling whilst
bongkrekic acid stimulated swelling. This is illustrated
in Fig. 4. These data suggest some involvement of the
adenine nucleotide translocator in the Ca-stimulated
entry of K* into mitochondria, and this is consistent
with observations of others on the effects of adenine
nucleotides and atractyloside on the K* permeability of
mitochondria [94-97]. This is considered more fully in
subsection VI-B.

Ca-mobilising hormones increase cytosolic [Ca
through 2 mechanisms (see Refs. 123,124,247-250).
There is an initial and rapid release of Ca’* from the
endoplasmic reticulum as the result of a rise in inositol-
1,4,5-trisphosphate derived from the hormone induced
breakdown of phosphatidylinositol-4,5-bisphosphate.
This rise in [Ca2*] is only transient unless extra-cellular
Ca* is present since Ca?* will be lost from the cell.
However, there is a second phase of Ca’* mobilisation
which involves Ca%™ entry from outside and this leads
to a net uptake of Ca®* into the cell [250, 259-268].

2+]

More recent evidence suggests that within individual
cells the increase in cytosolic [Ca?*] occurs as a se-
quence of transient pulses where Ca’" rises to values of
about 1 pM and then returns to basal, before rising
again. The frequency of the pulses depends on the
hormone concentration and there are differences be-
tween the pattern of Ca’* transients seen with each
hormone [257]. How these oscillations in cytosolic
[Ca®*] are translated into changes in mitochondrial
[Ca2*]is unclear, but both from direct measurements of
mitochondrial [Ca2*] and from the observed activation
of Ca-sensitve enzymes within the mitochondria it ap-
pears that there is an increase in mitochondrial [Ca®*]
[268,270-275]. This sustained increase in cellular Ca®*
is greatly enhanced when glucagon (or cyclic AMP) are
added before the Ca-mobilising hormone and under
these conditions substantial net uptake of Ca” into the
liver and their mitochondria can be observed [260-268].
It should be noted that the values in the literature for
cytosolic [Ca%*] following hormone stimulation using
Quin-2 fluorescence are largely restricted to the initial
rise in [Ca®*]. When incubations with hormone have
been continued for longer, sustained rises in [Ca®*] are
only observed when extracellular Ca’* is present in the
incubation media. Maintenance of this increase in
[Ca*] is only seen if the incubation medium contains
HCO; [255,269]. All our own experiments were per-
formed in bicarbonate buffered media gassed with
0,/CO, and measurement of the NAD(P)H fluores-
cence (an indirect measure of intra-mitochondrial (Ca®*]
under these conditions) indicated that there was a sus-
tained increase in mitochondrial [Ca®*] following
vasopressin or phenylephrine addition provided extra-
cellular Ca®* was present [157]. Like the effects of
hormones on light-scattering the effect on NAD(P)H
fluorescence was greater with vasopressin than with
phenylephrine and greater still when glucagon was also
present. Thus, our data imply that a sustained increase
in mitochondrial [Ca®*] is responsible for the increase
in the mitochondrial volume under these conditions.
However, the role of Ca’* in the mechanism by
which glucagon increases the mitochondrial volume is
less clear. Whén added on its own glucagon does pro-
duce a rapid and significant increase in cytoplasmic
[Ca2*] which can be mimmicked by addition of cyclic
AMP or forskolin [261,269-271], although there may
also be a second receptor for glucagon which stimulates
phosphatidyl-4,5-bisphosphate breakdown [276]. How-
ever, comparison of the time courses of the light-scatter-
ing responses caused by glucagon and vasopressin or
phenylephrine (Fig. 2) shows that the response to
glucagon is delayed by 90 s or so whereas the response
to the other hormones is almost immediate [64). Yet the
initial rise in cytosolic [Ca®*] in response to glucagon is
rapid and is maximal within 30 s or so, not unlike the
response to vasopressin. Net uptake of Ca®* into the
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Fig. 5. The Ca?* concentration dependence of the decrease in light scattering (a) and matrix pyrophosphate content (®) of isolated liver

mitochondria. Mitochondria were incubated under energised conditions in the presence of 5 mM succinate, 2.5 mM phosphate, 3.5 mM Mg?*, 1

mM ATP, 0.5 mM EGTA and Ca2* to give the [Ca?* | shown. Details may be found elsewhere {258]. Error bars represent the S.E.M. of at least
four separate experiments.

cell is not observed following glucagon treatment alone
whereas it is with phenylephrine or Vasopressin
[84,262,263]. Thus, it would seem that the rise in cyto-
solic and therefore mitochondrial [Ca%*] caused by
glucagon added alone is not sufficient to cause an
increase in mitochondrial volume. Rather glucagon may
have an alternative cyclic AMP dependent mechanism
by which it increases the matrix volume.

VI-B. The role of inorganic pyrophosphate (PP;) in the
regulation of the mitochondrial matrix volume

In the course of some experiments designed to study
the effects of short chain fatty acids on the metabolism
of hepatocytes we observed that butyrate, 4,5-pentenoate
and valerate caused a decrease in light-scattering similar
to that induced by hormones [111,217]. A similar re-
sponse was apparent when isolated mitochondria were
incubated with butyrate [258]. The activation of butyrate
to butyryl-CoA occurs within the mitochondrial matrix
and produces AMP and PP; [277-279]. Indeed it had
been demonstrated that in the presence of Ca’* and
butyrate liver mitochondria could produce large quanti-
ties of PP, [278]. It is known that PP, is a weak substrate
for the adenine nucleotide translocator [280-282], and
our earlier data had implied a role for this protein in the
swelling process [84]. Thus, we decided to see whether
Ca’* might cause a rise in mitochondrial [PP,] and that
this might increase K* permeability by interacting with

the adenine nucleotide translocator [258]. We were able
to demonstrate a Ca”*-induced rise in PP, as shown in
Fig. 5 and the response was half maximal at 0.3 uM just
as was the light-scattering response. Furthermore, there
was a close correlation between the time course of the
Ca®* or butyrate induced rise in PP, and the decrease in
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Fig. 6. Time course of the increase in matrix pyrophosphate occurring

after addition of Ca? or butyrate to isolated liver mitochondria.

Conditions are the same as those in Fig. 4 with Mg-ATP present at
0.5 mM. Data are taken from Ref. 258.
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light-scattering (Fig. 6). Only when matrix PP, was
increased beyond about 500 pmol per mg protein (as in
the presence of Ca?* and butyrate) did the correlation
break down. It is thought that this may be a conse-
quence of the precipitation of CaPP, or MgPP, [283].
Addition of PP, to energised mitochondria was also able
to produce swelling provided that adenine nucleotides
were not present [258].

In order to demonstrate an effect of PP, on K*
permeability directly and to explore further the involve-
ment of the adenine nucleotide translocator, we have
used the technique of swelling of de-energised
mitochondria in iso-osmotic KSCN [14,75,258,284]. In
this buffer swelling is limited by the entry of K™ and
can be greatly stimulated by the addition of valinomy-
cin. Addition of ADP inhibited swelling and this effect
was reversed by the addition of either carboxyatrac-
tyloside or bongkrekic acid as shown in Fig. 7a. Swell-
ing was stimulated by addition of PP, [258,284], 20 mM
PP, producing about the same rate of swelling as 0.5
uM valinomycin, a concentration ratio for their com-
parative efficacy of 4-10%. In energised mitochondria
exposed to 1 pM Ca®*, matrix [PP,] increased by about
300 pM and swelling of the same order was induced by
0.5 nM valinomycin, a concentration ratio of 6-10%.
The similarity between these concentration ratios lends
additional support to the PP, induced K* permeability
increase being responsible for the Ca%* induced swell-
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ing. However, the effect of externally added PP, was not
inhibited by either carboxyatractyloside or bongkrekic
acid, which argues against an involvement of the adenine
nucleotide translocase when PP; acts externally. In ad-
dition, as shown in Fig. 7b, the effects of PP, could be
mimicked by addition of N-(hydroxyethyl)-ethylen-
ediamine-triacetic acid (HEDTA) a metal chelator whose
Mg complex has a K, of 43 uM at pH 7.2 similar to
that of MgPP; (55 pM). It has been suggested that in
energised mitochondria chelation of matrix Mg2* causes
their shrinkage through stimulation of the K*/H™* anti-
porter [80]. Since an increase in intra-mitochondrial
[PP,] would chelate matrix Mg?* and yet causes
mitochondrial swelling, it is unlikely to be acting through
an effect on the K*/H™ antiporter under energised
conditions. Displacement of adenine nucleotides from
the inner face of the adenine nucleotide translocase by
matrix PP, remains a possibility and would require that
the carrier without adenine nucleotides bound allowed
the electrogenic entry of K* into the mitochondria.
However, the affinity of PP; for the carrier is consider-
ably less than that of ADP and ATP [282], which does
not offer strong support for such a mechanism. An
alternative explanation would be for PP, to open another
K™ channel in the inner mitochondrial membrane such
as the 53 kDa K *-translocating protein recently isolated
from mitochondrial inner membranes [99a] as described
in Section IV.
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Fig. 7. The effects of substrates and inhibitors of the adenine nucleotide translocase and of Mg?*-chelators on swelling of de-energised liver
mitochondria in iso-osmotic KSCN. Liver mitochondria were rapidly mixed into 150 mM KSCN containing 10 mM Mops, 5 mM Tris and 1 pg/ml
each of rotenone and antimycin at pH 7.2 to give a final concentration of 2 mg protein/ml, and transferred into both sample and reference cuvettes
(a, traces iv, and v and b, traces i—iv) or just the sample cuvette (a, traces i—iii) of a split-beam spectrophotometer. In the latter case a suitable
compensating filter was present in the reference cuvette to balance the absorbance signal. The temperature was 20°C and Ag,, was monitored
continuously. In those experiments represented by dashed traces 0.5 mM ADP was present in the buffer. Further additions were made to the
sample cuvette as indicated: 10 pM carboxyatractyloside (CAT), 10 pg/ml bongkrekic acid (BKA), 0.5 mM ADP, and PP, or N-(hydroxyethyl)-
ethylenediamine-triacetic acid (HEDTA) at the concentrations shown. Further details may be found elsewhere [258, 284].



VI-C. The mechanism by which Ca*"* increases matrix
PP,

The concentration of PP, within the mitochondrial
matrix must represent a balance between its synthesis,
degradation and transport out of the mitochondria.
There are two potential sources of PP, within the
mitochondrial matrix. Firstly, it could be produced from
the breakdown of ATP, perhaps as a consequence of the
turnover of mitochondrial phospholipids by the oper-
ation of the Ca-activated phospholipase A, and subse-
quent re-esterification of the released fatty acids
[105-107,207]. This involves activation of fatty acids to
fatty acyl-CoA and consequently the production of both
AMP and PP,. However, we have shown that the inhibi-
tor of mitochondrial phospholipase A ,, tetracaine, does
not influence the ability of Ca™ to increase the matrix
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volume and [PP;] {258]. Secondly there are reports of the
presence of a PP-synthesising, proton-translocating py-
rophosphatase which is membrane bound and driven by
the protonmotive force [285,286]. Such an enzyme is
well documented in bacteria where it plays a part in
energy conservation [287] but is less well studied in
mammalian mitochondria.

We have confirmed [258,284] that PP, can enter or
leave the mitochondria on the adenine nucleotide trans-
locase in exchange for adenine nucleotides [280-282].
This may well account for the observed increase in total
mitochondrial adenine nucleotides after incubation of
mitochondria with micromolar [Ca’*] [258,288] and
following treatment of rats or isolated hepatocytes with
glucogenic hormones (see Table II for references). How-
ever, this would not be capable of allowing substantial
net transport of PP; out of the mitochondria. We have

0 0.0l 0.1 | 10 100
[Ca*] uM

Fig. 8. The inhibition of mitochondrial matrix pyrophosphatase by Ca2* at different concentrations of Mg?*. Pyrophosphatase activity in a matrix

fraction of liver mitochondria was assayed from time courses of PP, hydrolysis [291] at the free concentration of Mg?* and Ca?* shown. Data

points are for one preparation of enzyme unless error bars are given, where values are the means +S.E.M. of values obtained with 3 separate
preparations. The lines drawn are calculated by least squares regression analysis to the equation:

(e () oo (522 ) () N () )

where K

ml®

K., K;; and K, are the K, or K; values for MgPP,, Mg2*, CaPP; and PP, respectively. N, and N, are the Hill coefficients for
MgPP; and Mg?* respectively, and V,; is the V. of the enzyme. The total [PP;] was 500 pM and concentrations of MgPP;. CaPP, and free PP,
were calculated using a metal ligand binding program. K, was set at 5 uM and the other parameter values (+S.E.) were calculated as K,

231415 pM, Ky, 0.067+0.004 pM, K5, 5064159 pM, N,, 0.98 + 0.03, N,, 1.01+£0.07 and V. 394 + 6 milli-units per mg matrix protein. At

some [Mg2™* ] inhibition by Ca?* was not studied and the theoretical curves are drawn as dashed lines.
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Fig. 9. Correlation between increase in hepatocyte pyrophosphate and the decrease in light-scattering caused by hormones. Hepatocytes were

incubated in a spectrophotometer and the decrease in light-scattering following hormone addition monitored until completion. At this time samples

of the cell suspension were taken for assay of PP, after sedimenting cells through silicone oil intoc HCIO,. Details are given in Ref. 296. Hormones

used were as follows: 0.1 pM glucagon (@), 20 pM phenylephrine (W), 25 nM vasopressin (a), 10 pM ADP (@), 0.6 mM butyrate (v), 15 uM
A23187 (O) and glucagon in the presence of phenylephrine (D), vasopressin (a) or ADP ().

demonstrated that the adenine nucleotide carrier can
also catalyse an exchange of PP, with P; in the absence
of adenine nucleotides which would allow net transport
of PP, across the membrane [284]. However, such a
mechanism would not operate at a significant rate in
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Fig. 10. The mitochondrial location of hepatocyte pyrophosphate.
Hepatocytes were incubated in the absence (®) or presence of gluca-
gon (0)), phenylephrine (&), vasopressin (v), A23187 (O), butyrate (M),
glucagon + vasopressin (¥) or glucagon + phenylephrine (a). The cells
were either sedimented directly through silicone oil into HCIO,, or
subject to rapid cell disruption using a combined shear force digitonin
technique before sedimenting mitochondria through oil into HCIO,.
Corrections were made for mitochondrial breakage using citrate syn-
thase. Further details are given in Ref. 296.

the presence of physiological concentrations of adenine
nucleotides, and so is unlikely to be important in the
regulation of matrix [PP,].
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Fig. 11. The time course of the rise in hepatocyte pyrophosphate
induced by vasopressin. The techniques used were the same as for Fig.
8, but incubations were terminated at the times shown.



Studies in both this and other laboratories have
shown that when liver mitochondria are exposed to
both butyrate and Ca’* together, there is a massive
increase in PP, to values 20-fold above basal or more
[258,278]. This is far greater than the sum of the effects
of either agent on its own and suggests that Ca’* may
inhibit the breakdown of the PP, that is produced by the
activation of butyrate to butyryl-CoA. There appears to
be significant pyrophosphatase activity associated with
the mitochondrial matrix and this has been shown to be
inhibited by Ca®*, but only at concentrations far in
excess of those found physiologically {289,290]. How-
ever, we have studied the effects of low concentrations
of Ca’* on the pyrophosphatase activity of a
mitochondrial matrix fraction assayed under more phys-
iological conditions [284,291] and results are shown in
Fig. 8. The V,,,, activity of the enzyme is about 400
nmol PP, hydrolysed per mg matrix protein at 37°C,
and the apparent K for PP, is less than 20 uM (see
below). Ca’"* is a powerful inhibitor of the enzyme, the
sensitivity to Ca®* being decreased as the concentration
of Mg?*, which is essential for enzyme activity, is
increased. We have successfully analysed our results
using a model derived from that proposed for the yeast
enzyme whose kinetics have been studied 1n detail [292].
The substrate for the enzyme is MgPP, for which the
K., is about 5 uM. Ca** acts primarily throygh forma-
tion of CaPP; which is a very strong competitive inhibi-
tor with respect to MgPP; (K; < 0.1 uM). Free PP, acts
as a very weak competitive inhibitor for the same site
(K; =500 pM). There is an additional Mg?* activating
site on the enzyme (K 5=23 gM) for which Ca’*
competes very poorly.

These results demonstrate that inhibition of
mitochondrial matrix pyrophosphatase by Ca** prob-
ably accounts for the effects of Ca’* on matrix [PP].
The effective K; for Ca?* inhibition of the enzyme at
0.3 mM [Mg?*], the probable matrix concentration
[293], was 3.7+ 0.4 pM (mean + S.E.M. of three sep-
arate enzyme preparations). This is of the same order as
the K, for Ca’* activation of isocitrate dehydrogenase
and of pyruvate dehydrogenase phosphate phosphatase,
but significantly higher than that for 2-oxoglutarate
dehydrogenases [294,295]. In contrast, the K 5 for
Ca’*-mediated increases in matrix volume and PP, un-
der physiological conditions is about 0.3 uM [258],
similar to the K for activation of 2-oxoglutarate and
pyruvate dehydrogenases in intact mitochondria under
such conditions [294,295]. This difference between the
sensitivity of the isolated pyrophosphatase and the ma-
trix PP, content to [Ca®*] might be explained as fol-
lows. If the pyrophosphatase is not inhibited by a
naturally occurring inhibitor, and the PP, present in the
matrix is free rather than present as an inert metal salt,
the low K of the enzyme suggests that it must be
working under V. conditions. This would lead to a
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futile cycle of PP; synthesis and breakdown which might
account for a part of the State 4 rate of respiration.
Possible endogenous inhibitors might be ATP, ADP
and P;, but we have shown that none of these have a
significant effect on enzyme activity when present at 5
mM [291]. Thus, even the smallest inhibition of the
enzyme will lead to a significant build up of PP; until
either further synthesis is inhibited or PP, can be trans-
ported out of the matrix on the adenine nucleotide
translocase.

VI-D. The subcellular location of PP, in hepatocytes and
its hormonal regulation

Freeze clamped livers of rats treated with glucagon
or phenylephrine show a highly significant increase in
tissue PP, from a control value of about 10 nmol per g
wet weight to about 14 and 12 nmol per g wet weight in
the presence of the respective hormones [258]. If it is
assumed that all this PP, is mitochondrial, then from
the known mitochondrial content of liver it can be
calculated that the mitochondrial PP, would be about
130 pmol per mg protein. This compares with a mea-
sured value of about 110 pmol per mg protein for
isolated mitochondria [258] which suggests that much of
the PP, in the hepatocyte is intra-mitochondrial. Such a
conclusion is not unexpected, since degradation of PP,
1s regarded as an essential feature of those biosynthetic
pathways in the cytosol which produce it. Treatment of
isolated hepatocytes with hormones, other Ca’*-mobi-
lising agents such as A23187 and ADP, or with butyrate
also caused an increase in whole cell PP, and this
correlated with the observed light scattering response
(Ref. 296 and Fig. 9). Recently we have used a rapid
sub-cellular fractionation technique to demonstrate di-
rectly that about 95% of cellular PP, is
intra-mitochondrial and that it is within this compart-
ment that the hormonally induced increase in PP, oc-
curs as predicted (Ref. 296 and Fig. 10). The time
course of the increase in PP, and that of the lLght
scattering induced by hormones are also similar (Fig.
11).

As predicted from the light scattering data discussed
earlier the omission of Ca’* from the medium inhibited
the increase in PP, just as it did the light scattering
response [296)]. Furthermore, addition of both glucagon
and a Ca-mobilising hormone together caused a much
larger increase in PP, than does either hormone alone.
Under these conditions it appeared that a point was
reached at which the increase in PP, was not accompa-
nied by an increase in the light scattering response (Ref.
296 and Fig. 9). When both butyrate and vasopressin
were added together the PP; could reach levels as high
as 800 pmol per mg cell protein which is equivalent to
2400 pmol per mg mitochondrial protein. This was
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accompanied by an inhibition of the light scattering
response much as was seen in isolated mitochondria
incubated with both Ca?* and butyrate [258,296].

Taken together the data we have obtained strongly
support a role for a Ca’* induced increase in
mitochondrial PP, being responsible for the increase in
mitochondrial volume caused by addition of vasopres-
sin and phenylephrine (alone or in combination with
glucagon). With glucagon added alone the increase in
matrix volume also appears to correlate with an increase
in matrix PP; but, as discussed above, it is unlikely that
this is induced by Ca’*. An alternative mechanism by
which glucagon could increase the matrix PP, would be
through a change in the mitochondrial membrane (see
subsection V-C) also causing an activation of the pro-
ton-translocating pyrophosphatase, and this possibility
is under investigation.

VII. Summary of the mechanisms involved in the
hormonal regulation of liver mitochondrial metabolism

In Fig. 12 I have attempted to draw together the
information of Sections V and VI into a scheme

HORHONE HORHONE

PlPZiﬂPa ~ ATP iwAHP
1 Cytoplalic {€a2*] /

1 Hitochon¥rial (Ca2*]
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Fig. 12. A proposed scheme for the activation of mitochondrial
metabolism by hormones in the liver. Increases and decreases in
concentrations are indicated by 1 and |, respectively.

summarising how we believe hormones acting at the cell
surface can influence mitochondrial metabolism through
changes in the matrix volume. Hormones that act
through breakdown of phosphatidylinositol-4,5-bis-
phosphate such as vasopressin, angiotensin and phenyl-
ephrine cause a rise in cytoplasmic [Ca®*] which is
relayed across the mitochondrial membrane to elevate
mitochondrial [Ca?*]. This rapidly activates the
mitochondrial Ca-sensitive dehydrogenases [294,295]
causing a rise in mitochondrial NADH/NAD™ ratio,
which can be detected by an increase in NAD(P)H
fluorescence [157,169-171] and an increase in B-hy-
droxybutyrate /acetoacetate ratio [121,153,172]). There is
also an equally rapid increase in the rate of respiration
and the reduction state of cytochrome ¢ [149-157].
Data illustrating the effects of vasopressin addition to
hepatocytes on their NAD(P)H fluorescence, cy-
tochrome ¢ reduction state and light-scattering are
shown in Fig. 13 where comparison is made with the
effects of Ca%* addition on isolated liver mitochondria.
It should be noted that the responses are very similar
including the transience of the increase in NAD(P)H
fluorescence which decreases again with the same time
course as the increase in mitochondrial volume detected
by the decrease in light-scattering [157]. Such a transient
change is also seen with phenylephrine [121,157,169-
171] and yet in all cases cytochrome ¢ remains more
reduced [157] and the rate of respiration stimulated
[149-156]. This may be explained by a Ca-mediated
increase in matrix [PP;] and mitochondrial volume caus-
ing stimulation of the respiratory chain and increasing
electron flow from NADH to cytochrome c. Further
evidence for such a mechanism is provided by the
effects of valinomycin on intact cells or isolated
mitochondria (Fig. 13). Here there is no rapid Ca-in-
duced increase in NADH and cytochrome ¢ reduction,
but rather a slow oxidation of NADH and reduction of
cytochrome ¢ whose time courses parallel those for the
decrease in light-scattering. This is exactly what would
be expected for a stimulation of electron flow between
NADH and cytochrome ¢ mediated by an increase in
mitochondrial matrix volume [157].

Glucagon also causes a rise in cytosolic [Ca®*] as
described in subsection VI-D and this is accompanied
by an activation of the Ca-sensitive dehydrogenases
[294,295] and an increase in NAD(P)H fluorescence
f121,157,169-171]. This rise in NAD(P)H fluorescence
is more transient than with vasopressin or phenyl-
ephrine and may lead to the mitochondrial NADH
becoming more oxidised than in the absence of
hormones [121,157,298). However, once again both the
rate of respiration and the reduction state of cy-
tochrome ¢ remain elevated, consistent with a stimula-
tion of the respiratory chain mediated by an increase in
matrix volume. As with vasopressin and phenylephrine
this is thought to be brought about by an increase in
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matrix [PP;] but, as discussed in subsection VI-D, it
may not be dependent on a rise in matrix [Ca®*].

With both classes of hormones the stimulation of
respiration seen in the perfused liver is biphasic
[121,153,155,172,299] and this is illustrated in Fig. 14.
There is an initial rapid increase in the rate of respira-
tion which follows the time course of the increase in
NAD(P)H fluorescence, then a slight decrease and fi-
nally another increase in rate. This latter phase follows
the same time course as the increase in mitochondrial
matrix volume, and thus may represent a volume-medi-
ated stimulation of the respiratory chain. Such a two
phase mechanism for the stimulation of respiration
offers distinct advantages for the cell. It allows the
respiratory chain to synthesise ATP at a faster rate to
fuel the increased rates of gluconeogenesis and citrulline
synthesis, but it does so without decreasing ATP/ADP
or NAD*/NADH ratios, both of which can be inhibi-
tory for gluconeogenesis (see Refs. 157,300). Indeed
mitochondrial ATP/ADP ratios often increase
[130,131,142,163-167], which may. be important for the
activation of pyruvate carboxylation [233-237]. Fur-
thermore, the increase in matrix volume is able to
stimulate fatty acid oxidation [61,232] and hence in-

are included for comparison with the data for cytochrome c.

crease production of acetyl-CoA to supply the stimu-
lated citric acid cycle and to activate pyruvate carboxy-
lase. There is therefore a concerted stimulation of both
the production and utilisation of NADH and ATP to
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supply the increased requirements of the cell with
minimal disturbance of their concentration. The con-
centrations of glutamate and 2-oxoglutarate are de-
creased however as a result of the stimulation of 2-
oxoglutarate dehydrogenase (130,131,172,301-304], but
this is desirable for glutamate acts as an inhibitor of
pyruvate carboxylase [304]. Thus, a decrease in its con-
centration may be important in the hormonal stimula-
tion of this enzyme.

Further evidence for an increase in matrix volume
playing a vital role in the stimulation of fatty acid
oxidation, flux through the citric acid cycle, respiration
and the rate of gluconeogenesis comes from studies
using mild respiratory chain inhibitors [62]. We have
demonstrated that the rate of respiration, fatty acid
oxidation and gluconeogenesis are all very sensitive to
inhibition by such agents, yet without changes in tissue
ATP concentrations. Such experiments also allowed us
to demonstrate that the flux control coefficient of the
respiratory chain towards gluconeogenesis is very high
(0.61), but is decreased after glucagon or phenylephrine
treatment to 0.39 and 0.25, respectively, as a result of
the stimulation of the respiratory chain. These conclu-
sions do not necessarily conflict with those of Groen et
al. [305] who conclude that the majority of flux control
is exerted at the level of pyruvate carboxylase and
pyruvate kinase, since the effects on gluconeogenesis of
modulating the respiratory chain may be mediated
through an effect on either or both of these enzymes. At
present the exact mechanisms involved are unclear
[62,306,307].

The increase in respiratory chain activity is also
important to provide the additional ATP required for
the stimulated rate of urea synthesis observed in the
presence of hormones. Although it is thought by many
workers that primary stimulation of this pathway is
mediated through increases in N-acetylglutamate con-
centrations [193-196], these changes occur much more
slowly than the rapid increases in urea synthesis ob-
served following phenylephrine treatment [303]. In ad-
dition to the effects of the intra-mitochondrial volume
on respiration and consequently on metabolism that is
dependent on respiration, the increase in matrix volume
is responsible for the observed activation of
mitochondrial glutaminase [143-146]. This enzyme is
important in acid base balance to ensure that the amide
group of any glutamine reaching the liver is converted
into urea rather than utilized in the kidney for the
excretion of NH; [146-148).

VIII. Regulation of the mitochondrial volume in other
tissues and in pathological states

VIII-A. The liver in disease

Electron microscopic analysis of the liver of humans
and animals in various diseased or drug induced states

has revealed the existence of giant mitochondria [308].
Whilst such mitochondria do not necessarily have in-
creased matrix volumes per mg mitochondrial protein,
and indeed no measurements of this parameter have
been made, it would seem quite probable that this is so.
Two situations are of particular interest. Firstly, alcohol
induced damage to liver [309]. It is known that alcohol
can cause a rise in cytosolic [Ca’*] which might be
expected to increase mitochondrial [PP;] and matrix
volumes in its own right. However, in addition to this a
major product of alcohol metabolism is acetate [311]
and this can be metabolised by liver mitochondria with
the generation of PP, [312]. Since we know that butyrate
and Ca’* can produce massive increases in PP, in
isolated mitochondria it is possible that alcohol abuse
might do the same and that this might account for the
large mitochondria observed. Secondly such giant
mitochondria are sometimes observed in diabetes or
prolonged starvation [308]. Under these conditions
ketosis occurs and acetate is produced by hydrolysis of
acetyl-CoA [313). This might also be expected to yield
high levels of PP, and it is therefore of interest that
Cohen has observed that about 25% of the livers of
diabetic rats show a large PP, NMR signal [314]. In
preliminary experiments using freeze clamped livers of
two diabetic and three control rats we found that the
diabetic rats showed increases of 60% and 1300% in
their total tissue PP, when compared to the control rats.
The very high value found in one corresponds to the
levels of PP; detected by Cohen in some of her diabetic
rats.

VIII-B. Brown fat

Upon cold adaption or stimulation with adrenaline
the rate of oxygen consumption by brown fat increases
dramatically [315]. This is usually thought to be due to
an increase in the concentration of the uncoupling
protein (thermogenin) or its activation by fatty-acid
displacement of guanine or adenine nucleotides [316].
However, it is alsc well documented from electron
microscopic studies of brown fat that activation of
respiration is accompanied by increases in mitochondrial
volume [317-319]). More recently evidence has been
presented that a 1 h exposure to noradrenaline or to the
cold increased the mitochondrial matrix volume mea-
sured using H,0O from almost undetectable levels to
about 1 pl/mg protein. This was accompanied by an
unmasking of existing thermogenin which could be
mimicked in control mitochondria by swelling {319). It
is also known that the oxidation of fatty acids and other
substrates by brown fat mitochondria is negligble under
conditions of matrix condensation [230,231] Thus, the
data suggest that increases in the mitochondrial volume
of brown fat mitochondria may be an essential process
in the stimulation of thermogenesis. Measurements of
PP; in brown fat have yet to be made.



VIII-C. Secretory tissues

A wide variety of exocrine glands, when stimulated
to secrete, form watery vacuoles [320]. Morphological
studies on the rat parotid, lacrimal and sweat glands
have shown that formation of these vacuoles is also
accompanied by an increase in the size of the
mitochondria which is dependent on the presence of
extracellular [Ca®*][320,321]. Whether this is important
for secretion or whether it involves a rise in PP; is not
known, but secretion is usually accompanied by an
increase in respiration.

VIII-D. The heart

The volume of isolated rat heart mitochondria can be
increased by exposure to similar Ca?* concentrations as
cause liver mitochondria to swell [229]. Such increases
in volume are also able to stimulate the respiratory
chain of heart mitochondria and especially the rate of
B-oxidation of fatty acids in a similar manner to that
observed in liver {229]. However, there are no available
data for the mitochondrial volume in the heart nor any
studies on whether it might be regulated under physio-
logical conditions. It is known that reperfusion after
ischaemia does cause considerable ultrastructural
changes to the mitochondria including a Ca’* depen-
dent swelling [322], but this is a highly pathological and
potentially lethal situation.

Nevertheless, there are reasons to believe that in-
creases in mitochondrial volume may be an important
response of the heart to stimulatory hormones such as
adrenaline or to increased workload. This would allow
the heart to increase its rate of respiration without
greatly perturbing its ATP/ADP ratio or NADH/
NAD™ ratio just as was argued for the liver. Under
conditions of incubation thought to mimic the situation
in vivo the mitochondrial volume of isolated heart
mitochondria is in the range over which fatty acid
oxidation and respiration are extremely sensitive to
Ca’*-mediated changes in volume. It is also known that
the increased respiration under these conditions is
accompanied by a Ca®* activation of mitochondrial
Ca?* sensitive dehydrogenases. This can be abolished
by the addition of Ruthenium Red to prevent entry of
Ca?" into the mitochondria [286,323]. Recent experi-
ments using hearts perfused with glucose have demon-
strated that the surface NAD(P)H fluorescence increases
under stimulated conditions confirming that activation
of mitochondrial dehydrogenases is occurring [324].
Since it has not been possible to demonstrate significant
changes in the ATP/ADP - P, ratio under these condi-
tions [324-326], it has been suggested that the increase
in NADH may be responsible for the increased rate of
respiration [327]. Nevertheless, it would seem physio-
logically desirable to complement the activation of the
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mitochondrial Ca-sensitive dehydrogenases which pro-
duce NADH with a volume mediated stimulation of its
oxidation. Such a mechanism would avoid stimulation
of respiration being accompanied by large increases in
NADH which would have the undesirable effect of
increasing lactate output by the heart. When fatty acids
rather than glucose are the respiratory substrate the
increase in matrix volume may play an additional role.
Stimulation of flux through the citric acid cycle cannot
be achieved by Ca®* activation of 2-oxoglutarate and
isocitrate dehydrogenases alone, since an increased
supply of acetyl-CoA is also required. When glucose is
the respiratory substrate this is achieved by Ca’* activa-
tion of pyruvate dehydrogenase [286,323]. However,
when fatty acids are the main respiratory fuel an alter-
native mechanism must be available. It would seem
appropriate that this should also be' a Ca** dependent
mechanism, and a Ca*-mediated increase in the matrix
volume leading to stimulation of B-oxidation of fatty
acids would provide such a mechanism.

Acknowledgements

Research in the author’s laboratory is funded by
grants from The Medical Research Council and British
Diabetic Association. I am grateful to the many col-
leagues who have contributed towards the work pre-
sented here, especially to Annie E. Armston, David E.
Whipps, Paul T. Quinlan and Anne M. Davidson, and
to Professor R.M. Denton, Dr. J.G. McCormack and
Dr. J.D. McGivan for many helpful discussions.

References

1 Munn, E.A. (1974) in The Structure of Mitochondria, pp.1-138,
Academic Press London.

2 Munn, E.A. (1974) in The Structure of Mitochondria, pp.

320-356, Academic Press London.

Hackenbrock, C.R. (1966) J. Cell. Biol. 30, 269-294.

Hackenbrock, C.R. (1968) J. Cell. Biol. 37, 345-369.

Werkheiser, W.C. and Bartley, W. (1957) Biochem. J. 66, 79-91.

De Pierre, J.W. and Ernster, L. (1977) Ann. Rev. Biochem. 46,

201-262.

Benz, R. (1985) CRC Crit. Rev. Biochem. 19, 145-190.

Zalman, L.S., Nikaido, H. and Kagawa, Y. (1980) J. Biol. Chem.

255,1771-1774.

9 Freitag, H., Neupert, W. and Benz, R. (1982) Eur. J. Biochem.
123, 629-636.

10 Tedeschi, H., Mannella, C.A. and Brown, C.L. (1987) J. Membr.
Biol. 97, 21-29.

11 Bakeeva, L.E., Chentsov, Y.S., Jasaitis, A.A. and Skulachev,
V.P. (1971)Biochim. Biophys. Acta 275, 319-331.

12 Harris, E.J., Tate, C., Mauger, J.R. and Bangham, J.A. (1971) J.
Bioenergetics 2, 221-232.

13 Wrogemann, K., Nylen, E.G., Adamson, I. and Pande, S.V.
(1985)Biochim. Biophys Acta 806, 1-8.

14 Chappell, J.B. and Haarhoff, K.N. (1967} in Biochemistry of
Mitochondria (Slater, E.C.. Kanaiga, Z. and Wojtczak, L., eds)
pp. 75-91, Academic Press, London and New York.

15 Klingenberg, M. (1970) Essays in Biochemistry 6, 119-159.

[ S VR N A

00 -3



378

16

17

18
19
20
21
22
23
24
25
26
27
28

29

30
3

32
33

34
35

36

37
38

39
40

41
42

43

45
46
47
48
49

S0

LaNoue, K. and Schoolwerth, A.C. (1984) in New Comprehen-
sive Biochemistry Vol. 9 (Ernster, L. ed.) pp. 221-268, Elsevier,
Amsterdam.

Chappell, J.B. and Hansford, R.G. (1972) in Subcellular Com-
ponents; Preparation and Fractionation 2nd edn. (Birnie, G.D.,
ed.) pp. 77-91, Butterworth, London.

Whipps, D.E. and Halestrap, A.P. (1984) Biochem. J. 221,
147-152.

Chappell, J.B. and Greville, G.D. (1963) Biochem. Soc. Symp.
23, 39-65.

Tedeschi, H. and Harris, D.L. (1955) Arch. Biochem. Biophys.
58, 52-67.

O’Brien, R.L. and Brierley, G. (1965) J. Biol. Chem. 240,
4527-4531.

Bentzel, C.J. and Solomon, A.K. (1967) J. Gen. Physiol. 50,
1547-1563.

Harns, E.J. and Van Dam, K. (1968) Biochem. J. 106, 759-766.
Rossi, E. and Azzone, G.F. (1969) Eur. J. Biochem. 7, 418-426.
Massarni, S. and Azzone. G.F. (1972) Biochim. Biophys. Acta
283, 23-29.

Massari, S., Frigeri, L. and Azzone, G.F. (1972) J. Membr. Biol.
9, 57-70.

Azzone, G.F. and Massari, S. (1973) Biochim. Biophys. Acta
301, 196-222.

Halestrap, A.P. and Quinlan, P.T. (1983) Biochem. J. 214,
387-393.

Beavis, A.D., Brannan, R.D. and Garlid, K.D. (1985) J. Biol.
Chem. 260, 1324-13433,

Stoner, C.D. and Sirak, H.D. (1969) J. Cell. Biol. 43, 521-538.
Denton, R.M. and Halestrap, A.P. (1979) Essays Biochem. 15,
37-77.

Mitchell, P. (1979) Eur. J. Biochem. 95, 1-20.

Brand, M.D. and Murphy, M.P. (1987) Biol. Rev. 62, 141-193.
Slater, E.C. (1987) Eur. J. Biochem. 166, 489—504.

Williamson, J.R. {1976} in Gluconeogenesis; its Regulation in
Mammalian Species (Hanson, R.W. and Mehlman, M.A., eds)
pp. 165-220, Wiley-Interscience. New York.

Siess, E.A., Brocks, D.G. and Wieland, O.H. (1982) in Mela-
bolic Compartmentation (Siess, H., ed.) pp. 236-257, Academic
Press, London.

Nicholls, D.G. (1974) Eur. J. Biochem. 49, 586-593.
Akerboom, T.P.M., Van der Meer, R. and Tager, J.M. (1979) in
Techniques in Life Sciences (Kornberg, H.L., Metcalfe, J.C.,
Northcote, D.H., Pogson, C.I. and Tipton, K.F., eds) Vol. B205,
pp. 1-33, Elsevier/North-Holland, New York.

Rottenburg, H. (1979) Methods Enzymol. 55, 547-569.
Ferguson, S.S. and Sorgata, M.C. (1982) Annu. Rev. Biochem.
51, 185-217.

Baudhuin, P. (1974) Methods Enzymol. 32, 3-20.

Weibel, E.R. (1979) Stereological Methods, Vol. 1. Practical
Methods for Biological Morphometry, Academic Press, London.
Cruz-Orwe, L.M., Eggman, R., Sanger, A. and Weibel, E.R.
(1986) J. Cell. Biol. 102, 97-103.

Candipan, R.C. and Sjostrand, F.S. (1984) J. Ultrastruct. Res.
89, 281-294.

Gear, A.R.L. and Bednarek, J.M. (1972) J. Cell. Biol. 54,
325-341.

Sitaramam, V. and Sarma, M.K.J. (1981) Proc. Natl. Acad. Sci.
USA 78, 3441-3443.

Sambasivarao, D. and Sitaramam, V. (1983) Biochim. Biophys.
Acta 722, 256-270.

Sambasivarao, D. and Sitaramam, V. (1985) Biochim. Biophys.
Acta 806, 195-209.

Haworth, R.A. and Hunter, D.R. (1979) Arch. Biochem. Bio-
phys. 195, 460-466.

Hunter, D.R. and Haworth, R.A. (1979) Arch. Biochem. Bio-
phys. 195, 453-459.

51
52

53

54
55
55a
56
57
58
59
60
61
62
63
64

65

66

66a

67

68

69

70
70a

70b

71

72

73

74
75

76

77
78

79
80

81

Al-Nasser. 1. and Crompton, M. (1986) Biochem. J. 239, 19-29,
Martin, A.D. and Titheradge, M.A. (1984) Biochem. J. 222,
379-387.

Halestrap. A.P. and McGivan, J.D. (1979) in Techniques in Life
Sciences (Kornberg, H.L.. Metcalfe, J.C., Northcote. D.H.. Pog-
son, C.I. and Tipton, K.F., eds) Vol. B206. pp. 1-23,
Elsevier /North-Holland, New York.

Cohen, N.S.. Cheung, C.W. and Raijman, L. (1987) Biochem. J.
245, 375-379.

Edlund, G.L. and Halestrap, A.P. (1988) Biochem. J. 249.
117-126.

Halestrap, A.P (1988) Biochem. J. 253, 622-623.

Halestrap, A.P. (1978) Biochem. J. 172, 389-398.

Lund, P. and Wiggins. D. (1987) Biosci. Rep. 7. 59-66.
Armston, A.E., Halestrap, A.P. and Scott, R.D. (1982) Biochim.
Biophys. Acta 681, 429-439.

Beavis, A.D. (1977) Ph.D. Thesis. University of Bristol.

Brown, G.C. and Brand. M.D. (1985) Biochem. J. 225, 399-405.
Halestrap, A.P. and Armston. A.E. (1984) Biochem. J. 223,
677-683.

Halestrap, A.P. and Dunlop, J.L. (1986) Biochem. J. 239,
559-565.

Whipps. D.E., Armston, A.E., Pryor, H.J. and Halestrap. A.P.
(1987) Biochem. J. 241, 835-843.

Quinlan, P. T., Thomas, A.P., Armston. A.E. and Halestrap.
A.P. (1983) Biochem. J. 214, 395-404.

Williamson, J.R. (1969) in The Energy Level and Metabolic
Control in Mitochondria (Papa. S. Tager, J.M., Quagliariello, E.
and Slater, E.C., eds.) pp. 385-400, Adriatica Editrice. Bari,
Italy.

Zuurendonk, P.F. and Tager, J.M. (1979) Biochim. Biophys.
Acta 333, 393-379.

Tischler, M.E., Hecht. P. and Williamson, J.R. (1977) Arch.
Biochem. Biophys. 181, 278-292,

Hoek, J.B., Nicholls, D.G. and Williamson, J.R. {1980} J. Biol.
Chem. 255, 1458-1464.

Soboll, S., Scholz, R., Friest, M., Elbers, R. and Heldt, H.W.
(1976) in Use of Isolated Liver Cells and Kidney Tubules in
Metabolic Studies (Tager, J.M. Soling, H.D. and Williamson,
I.R., eds.) pp. 29-40, Elsevier /North-Holland, Amsterdam.
Weibel, E.R., Staubli, W., Gnigi, H.R. and Hess, F.A. (1969) J.
Cell. Biol. 42, 68-92.

Vargas, A.M. (1982) J. Biochem. Biophys. Methods 7., 1-6.
Tolleshaug, H. and Seglen, P.O. (1985) Eur. J. Biochem. 153,
223-229.

Gordon, P.B., Hoyvik, H. and Seglen, P.O. (1987) Biochem. J.
243, 655-660.

Bohren, C.F. and Huffman, D.R. (1983) Absorption and
Scattering of light by Small Particles pp. 181-223, Wiley Inter-
science, New York.

Scherer, B. and Klingenberg, M. (1974) Biochemistry 13,
161-170.

Nicholls, D.G. and Lindberg, O. (1972) Eur. J. Biochem. 37,
523-530.

Chappell, J.B. (1968) Br. Med. Bull. 24, 150-157.

Garlid, K.D. and Beavis. A.D. (1985) J. Biol. Chem. 25,
13434-13441,

Hackenbrock, C.R., Rehn, T. G., Weinbach, E.C. and Lemas-
ters, J.J. (1971} J. Cell. Biol. 51, 123-157.

Brierley, G.P. (1976) Mol. Cell. Biochem. 10, 41-62.

Garlid, K.D. (1979) Biochem. Biophys. Res. Commun. 87,
8423849,

Garlid, K.D. (1980) J. Biol. Chem. 255, 11273-11279.

Dardick, R.S,, Brierley, G.P. and Garlid, K.D. (1980) J. Biol.
Chem. 255, 10299-10303.

Brierley, G.P., Jurkowitz, M.S., Farooqui, T. and Jung, J.W.
(1984) J1. Biol. Chem. 259, 14672-14678.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

99a

100

101

102

103

104

105

106

107

108

109

110

111

112

Azzone, G.F., Bortolotto, F. and Zanotti, A. (1978) FEBS Lett.
96, 135-140.

Bernadi, P., Pozzan, M. and Azzone, G.F. (1982) J. Bioenerg.
Biomembr. 14, 387-403.

Halestrap. A.P., Quinlan, P.T., Whipps, D.E. and Armston, A E.
(1986) Biochem. J. 236, 779-787.

Jung, D.W_, Shi, G.H. and Brierley, G.P. {1981} Arch. Biochem.
Biophys. 209, 356-361.

Nakashima, R.A., Dordick, R.S. and Garlid. K.D. (1982) J.
Biol. Chem. 257, 12540-12545.

Nakashima, R.A. and Garlid. K.D. (1982) J. Biol. Chem. 257,
9252-9254,

Duszynsnski, J. and Wojtczak, L. (1977) Biochem. Biophys. Res.
Commun. 74, 417-424.

Settlemire, C.T., Hunter, G.R. and Brierley, G.P. (1968) Bio-
chim. Biophys. Acta 162, 487-499.

Jung, D.W,, Chavez, E. and Brierley, G.P. (1977) Arch. Bio-
chem. Biophys. 183, 452-459.

Jung, D.W. and Brierley, G.P. (1986) J. Biol. Chem. 261,
6408-6415.

Chang, H.S. and Diwan, J.J. (1982) Biochim. Biophys. Acta 681,
220-223.

Diwan, J.J., Srivastava, J., Moore, C. and Harley, T. (1986) I.
Bioenerg. Biomemb. 18, 123-134.

Panov, A., Filippova, S. and Lyakhovich, V. (1980) Arch. Bio-
chem. Biophys. 199, 420-426.

Jung, D.W. and Brierley, G.P. (1981) J. Biol. Chem.
10490-10496.

Jung, D.W. and Brierley, G.P. (1984) J. Biol. Chem.
6904-6911.

Webster, K.A. and Bronk. J.R. J. Bioenerg. Biomembr. 10.
23-44.

Jung, D.W,, Farooqui, T., Utz, E. and Brierley, G.P. (1984) J.
Bioenerg. Biomembr. 16, 379-387.

Martin, W.H., Beavis, A.D. and Garlid, K.D. (1984) J. Biol.
Chem. 259, 2062-2065.

Diwan, J.J., Haley, T. and Sanadi, D.R. (1988) Biochem. Bio-
phys. Res. Commun. 153, 224-230.

Garlid, K.D. Diresta, D.J., Beavis, A.D. and Martin, W.H.
(1986) J. Biol. Chem. 261, 1529-1533.

Jung, D.W. and Brierley, G.P. (1982) Biochem. Biophys. Res.
Commun. 105, 432-438.

Jung, D.W. and Brierley, G.P. (1982) Biochem. Biophys. Res.
Commun. 106, 1372-1377.

Chappell, J.B. and Crofts, A.R. (1965) Biochem. J. 95, 378-386.
Crofts, A.R. and Chappell, J.B. (1965) Biochem. J. 95, 387-392.
Pfeiffer, D.R., Schmid, P.C., Beatrice, M.C. and Schmid, H.H.O.
(1979) I. Biol. Chem. 254, 11485-11492.

Beatrice, M.C., Palmer, J.W. and Pfeiffer, D.R. (1980) J. Biol.
Chem. 255, 8663-8671.

Halestrap, A.P. (1981) in Short Term Regulation of Liver
Metabolism (Hue, L. and Van de Werve, G., eds.) pp. 389-409
Elsevier /North-Holland, Amsterdam.

Selwyn, M.J., Dawson, A.P. and Fulton, D.V. (1979) Biochem.
Soc. Trans. 7, 216-219.

Garlid, K.D. and Beavis, A.D. (1986) Biochem. Biophys. Acta
853, 187-204.

Sorgato, M.C., Keller, B.V. and Stiithmer, W. (1987) Nature 330,
498-500.

Halestrap, A.P,, Quinlan, P.T. Armston, A.E. and Whipps. D.E.
(1985) in Achievements and Perspectives of Mitochondrial Re-
search (Quagliariello, E., Slater, E.C., Palmieri, F., Saccone, C.
and Kroon, A.M., eds.) Vol. 1 pp. 469-480, Elsevier, Amster-
dam.

Halestrap, A.P. (1986) in Hormonal Regulation of Gluconeo-
genesis (Kraus-Friedmann, N., ed.) Vol. 3 pp. 31-48 CRC Press
Inc., Cleveland, OH.

256.

259,

113
113a

114
115

116

117

118

119
120

128
129

130

131

132

133

134

135
136

137

138

139
140

141

142

143

144

145

146

147

379

Kraus-Friedmann, N. (1984) Physiol. Rev. 64, 170-259.

Siess, E.A.. Banik. E. and Neugebauer, S. (1988) Eur. J. Bio-
chem. 173, 369-374.

Hers, H.G. and Hue, L. (1983) Ann. Rev. Biochem. 52, 617-653.
Groen, A.K., Vervoorn, R.C.. Van der Meer. R. and Tager. J.M.
(1983) J. Biol. Chem. 258, 14346-14353.

Sistare, F.D. and Haynes, R.C.. Jr.. (1985) 1. Biol. Chem. 260,
12748-12753.

Groen, A.K. Van Roermund, C.W.T.. Vervoorn, R.C. and Tager.
J.M. (1986) Biochem. J. 237, 379-389.

Leverve, X., Verhoeven, AJ.. Groen, A.K.. Meijer. A.J. and
Tager, J.M. (1986) Eur. J. Biochem. 155, 551-556.

Rognstad, R. and Katz, J. (1977) J. Biol. Chem. 252, 1831-1833.
Thomas, A.P. and Halestrap, A.P. (1981) Biochem. J. 198,
551-564.

Patel, T.B. and Olson, M.S. (1986) Biochim. Biophys. Acta 888,
316-324.

Pryor, HJ., Smyth, J.E.. Quinlan, P.T. and Halestrap, A.P.
(1987) Biochem. J. 247, 449-457.

Exton, J.H. (1986) Advances in Cyclic Nucleotide and Protein
Phosphorylation Research 20, 211-262.

Thomas. A.P., Joseph. S.K. and Williamson, J.R. (1986)
Hormones and Cell Regul. 139, 8§1-93.

Hue, L. (1981) Adv. Enzymol. 52, 247-331.

Sugden, M.C. and Williamson. D.H. (1981) in Short Term
Regulation of Liver Metabolism (Hue, L. and Van der Werve,
G.. eds.) pp. 291-309, Elsevier Biomedical Press. Amsterdam.
McGarry, J.D. and Foster, D.W. (1983) Glucagon I: Handbook
of Experimental Pharmacology. 66. 383-398.

Saggerson, E.D. (1982) Biochem. J. 208, 525-526.

Williamson, J.R., Browning, E.T., Thurman. R.G. and Scholz,
R. (1969) J. Biol. Chem. 244, 5055-5064.

Siess, E.A., Brocks, D.G., Lattke, H.K. and Wieland, O.H.
(1977) Biochem. J. 166, 225-235.

Siess, E.A., Brocks, D.G. and Wieland, O.H. (1978) Biochem.
Soc. Trans. 6, 1139-1144.

Brocks, D.G., Siess, E.A. and Wieland, O.H. (1980) Eur. J.
Biochem. 113, 39-43.

Siess, E.A., Brocks, D.G. and Wieland, O.H. (1978) Biochem. J.
172, 517-521.

Sugden, M.C., Ball, A.J., Illic, V. and Williamson, D.H. (1980)
FEBS Lett. 116, 37-40.

Sugden, M.C. and Watts, D.I. (1983) Biochem. J. 212, 85-91.
Taylor, W.M., Reinhart, P.H. and Bygrave, F.L. (1983) Bio-
chem. J. 212, 555-565.

Taylor, W.M., Van de Pol, E. and Bygrave, F.L. (1986) Bio-
chem. J. 233, 321-324.

Kosugi, K., Harano, Y., Nakano, T., Suzuki, M., Kashiwagi, A.
and Shigela, Y. (1983) Metab. Clin. Exp. 32, 1081-1087.

Ly, S. and Kim, K.H. (1981) J. Biol. Chem. 256, 11585-11590.
Assimacopoulos-Jeannet, F., Denton. R.M. and Jeanrenaud, B.
{1981) Biochem. J. 198, 485-450.

Meijer, AJ. and Hensgens, H.E.S.J. (1982) in Metabolic Com-
partmentation (Sies, H., ed.) pp. 259-286 Academic Press, New
York.

Titheradge, M.A. and Haynes, R.C., Jr. (1980) Arch. Biochem.
Biophys. 201, 44-55.

Joseph, S.K. and McGivan, J.D. (1978) Biochim. Biophys. Acta
543, 16-28.

Joseph, S.K., Verhoeven, A.J. and Meijer, A.J. (1981) Biochim.
Biophys. Acta 667, 506-511.

Corvera, S. and Garcia-Sainz, J.A. (1983) Biochem. J. 210,
957-960.

Verhoeven, AJ., Estrela, J.M. and Meijer, A.J. (1985) Biochem.
J. 230, 457-463.

Atkinson, D.E. and Bourke, E. (1984) Trends Biochem. Sci. 7,
297-300.



380

148
149
150
151
152
153
154
155

156
157

158

159
160

161
162
163
164
165
166

167
168

169
170
17

172
173

174

175
176

177
178

179
180
181
182
183
184

185
186

Haussinger, D., Gerok, W. and Sies, H. (1984) Trends Biochem.
Sci. 7, 300-302.

Exton, J.H., Corbin, C.G. and Harper, S.C. (1972) J. Biol.
Chem. 247, 4997--5003.

Dehaye, J.-P., Hughes, B.P., Blackmore, P.F. and Exton. J.H.
(1981) Biochem. J. 194, 945-956.

Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1982) J. Biol.
Chem. 257, 1906-1912.

Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1984) Bio-
chem. J. 220, 35-42.

Buxton, D., Barron, L.L. and Olson, M.S. (1982) J. Biol. Chem.
257, 14318-14323.

Blackmore, P.F., Hughes, B.P., Charest, R., Schuman, E.A. and
Exton, J.H. (1983) J. Biol. Chem. 258, 10488-10494.

Sies, H., Graf., P. and Crane, D. (1983) Biochem. J. 212,
271-278.

Binet, A. and Claret, M. (1983) Biochem. J. 210, 867-873.
Quinlan, P.T. and Halestrap, A.P. (1986) Biochem. J. 236,
789-800.

Nicholls, D.G. and Bernson, V.S.M. (1977) Eur. J. Biochem. 75,
601-612.

Hansford, R.G. (1980) Curr. Top. Bioenerg. 10, 217-278.
Wanders, RJ.A., Groen, AK., Meijer, AJ. and Tager, J.M.
(1981) FEBS Lett. 132, 201-206.

Williamson, J.R., Steinman, R., Coll, K. and Rich, T.L. (1981) J.
Biol. Chem. 256, 7287-7297.

Erecinska, M. and Wilson, D.F. (1982) J. Membr. Biol. 70,
1-14.

Bryla, J.E., Harris, E.J. and Plumb, J.A. (1977) FEBS Lett. 80,
443-448.

Titheradge, M.A., Stringer, J.L. and Haynes, R.C. (1979) Eur. J.
Biochem. 102, 117-127.

Titheradge, M.A. and Haynes, R.C. (1980) J. Biol. Chem. 255,
1471-1477.

Aprille, J.R., Nosek, M.T. and Brennan, W.A. (1982) Biochem.
Biophys. Res. Commun. 108, 834-839.

Soboll, S. and Scholz, R. (1986) FEBS Lett. 205, 109-112.
Strzelecki, T., Thomas, J.A., Koch, C.D. and LaNoue, K.F.
(1984) J. Biol. Chem. 259, 4122-4129.

Sugano, T., Shiota, M., Tanaka, T., Miyamae, Y., Shimada, M.
and Oshino, N. (1980) J. Biochem. (Tokyo) 87, 153-166.
Kimura, S., Suzaki, T., Kabayashi, S., Abe, K. and Ogata, E.
{1984) Biochem. Biophys. Res. Commun. 119, 212-219.
Balaban, R.S. and Blum, JJ. (1982) Am. J. Physiol. 242,
C172-C177.

Haussinger, D. and Sies, H. (1984) Biochem. J. 221, 651-658.
Adam, P.AJ. and Haynes, R.C. (1969) J. Biol. Chem. 244,
444-450.

Garrison, J.C. and Haynes, R.C. (1975) J. Biol. Chem. 250,
2769-2777.

Halestrap, A.P. (1978) Biochem. J. 172, 389-398.

Chen, T.M., Bacon, C.B. and Hill, S.A. (1979) J. Biol. Chem.
254, 8730-8737.

Garrison, J.C. and Borland, M.K. (1979) JI. Biol. Chem. 254,
1129-1133.

Allan, E.H., Chisholm. A.B. and Titheradge, M.A. (1983) Bio-
chem. J. 212, 417-426.

Titheradge, M.A. and Coore, H.G. (1976) FEBS Lett. 63, 45-50.
Titheradge, M.A. and Coore, H.G. (1976) FEBS Lett. 71, 73-78.
Yamazaki, R.K. (1975) J. Biol. Chem. 250, 7924-7930.
Halestrap, A.P. (1978) Biochem. J. 172, 399-405.

Halestrap, A.P. (1982) Biochem. J. 204, 37-47.

Titheradge, M.A,, Binder, S.B., Yamazaki, RK. and Haynes,
R.C. (1978) J. Biol. Chem. 253, 3357-3360.

Siess, E.A. and Wieland, O.H. (1978) FEBS Lett. 93, 301-306.
Siess, E.A. and Wieland, O.H. (1980) Eur. J. Biochem. 110,
203-210.

187

188

189

190

191

192

193

154

195

196

197

198
199

200
201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219
220

221
222

Titheradge, M.A. and Haynes, R.C. (1979) FEBS Lett. 106,
330-334.

Armston, A E. (1984) Ph.D. Thesis, University of Bristol, Bris-
tol.

Taylor, W.M., Prpic, V., Exton, J.H. and Bygrave, F.L. (1980)
Biochem. J. 188, 443-450.

Zammit, V.A. (1980) Biochem. J. 190, 293-300.

Prpic, V. and Bygrave, F.L. (1980) J. Biol. Chem. 255, 6193-6199.
Yamazaki, R.K. and Graetz, G.S. (1977) Arch. Biochem. Bio-
phys. 179, 19-23.

Hengsens, H.E.S.J., Verhoeven, E.J. and Meijer, A.J. (1980) Eur.
J. Biochem. 107, 197-205.

Rabier, O., Briand, P., Petit, F., Parvy, P., Kamoun, P.J. and
Cathelineau, L. (1982) (1982) Biochem. J. 206, 627-631.
Verhoeven, A.S., Hengsens, H.E.S.J. Meijer, AJ. and Tager.
J.-M. (1982) FEBS Lett. 140, 270-272.
Corvera, S. and Garcia-Sainz, J.A.
2493-2498.

Barritt, G.J., Thorne, R.F.W. and Hughes, B.P. (1978) Biochem.
J. 172, 577-585.

Hughes, B.P. and Barritt, G.J. (1978) Biochem. I. 176, 295-304.
Prpic, V., Spencer, T.L. and Bygrave, F.L. (1978) Biochem. J.
176, 705-714.

Haynes, R.C. (1976) Metabolism 25, 1361-1363.

Yamazaki, R.K., Sax, R.D. and Hauser, M.A. (1977) FEBS Lett.
75, 295-299.

Andia-Waltenbaugh, A., Tate, C.A. and Kraus-Friedmann, N.
(1681) Mol. Cell. Biochem. 36, 177-184.

Goldstone, T.P. and Crompton, M. (1982) Biochem. J. 204,
369-371.

Goldstone, T.P.,, Duddridge, R.J. and Crompton, M. (1983)
Biochem. J. 210, 463-472.

Halestrap, A.P., Scott, R.B. and Thomas, A.P. (1980) Int. J.
Biochem. 11, 97-105.

Lacey, J.H., Bradford, N.M., Joseph, S.K. and McGivan, J.D.
(1981) Biochem. J. 194, 29-33.

Armston, AE. and Halestrap, A.P. (1984) Biosci. Rep. 4,
903-908.

Siess, E.A., Kientsch, R.I., Fahimi, F.M. and Wieland, O.H.
(1984) Eur. J. Biochem. 141, 543-548.

Hamman, H.C. and Haynes, R.C. (1983) Biochim. Biophys.
Acta 724, 241-250.

Jensen, C.B., Sistare, F.D. Hamman, H.C. and Haynes, R.C.
(1983) Biochem. J. 210, 819-827.

Siess, E.A. (1983) Hoppe-Seyler’'s Z. Physiol. Chem. 364,
279-290.

Siess, E.A. (1983) Hoppe-Seyler's Z. Physiol. Chem. 364,
835-838.

Siess, E.A., Fahimi, F.M. and Wieland, O.H., (1981) Hoppe-
Seyler’s Z. Physiol. Chem. 362, 1643-1651.

Martin, AD, Allan, E.H. and Titheradge, M.A. (1984) Bio-
chem. J. 219, 107-115.

Siess, E.A., Fahimi, F.M. and Wieland, O.H. (1980) Biochem.
Biophys. Res. Commun. 95, 205-211.

Halestrap, A.P., Armston, A.E., Quinlan, P.T. and Whipps, D.E.
(1983) Hormones Cell Regul. 7, 185-200.

Halestrap, A.P., Quinlan, P.T., Armston, A.E. and Whipps, D.E.
(1985) Biochem. Soc. Trans. 13, 659-663.

Vargas, A., Halestrap, A.P. and Denton, R.M. (1982) Biochem.
J. 208, 221-229.

Halestrap, A.P. (1987) Biochim. Biophys. Acta 927, 280-290.
Van Kuijk, F.J.G.M,, Sevanian, A., Handelman, G.J. and Dratz,
E.A. (1987) Trends Biochem. Sci. 12, 31-34.

Siess, E.A. and Wieland, O.H. (1984) FEBS Lett. 177, 6-9.
Jones, D.P, (1985) in Oxidative Stress (Sies, H., ed.) pp. 151-195,
Academic Press, London.

(1982) Life Sci. 31,



223

224

225

226

232
233
234
235
236
237
238
239
240
241

242

243
244

245

246

247

248
249

250

251

252

253

254

255

256

257

258

Chance, B., Sies, H. and Boveris, A. (1979) Physiol. Rev. 59.
527-605.

Bobyleva-Guarriero, V., Wehbie, R.S. and Lardy, H.A. (1986)
Arch. Biochem. Biophys 245, 477-482.

Haynes, R.C., Garrison, J.C. and Yamazaki, R.K. (1974) Mol.
Pharmacol. 10, 381-388.

Tolbert, M.E.M. and Fain, J.N. (1974) J. Biol. Chem. 249,
1161-1166.

Joseph, S.K., McGivan, J.D. and Meijer, A.J. (1981) Biochem. J.
194, 35-41.

McGivan, J., Vadher, M., Lacey. J. and Bradford, N. (1985)
Eur. J. Biochem. 148, 323-327.

Halestrap, A.P. (1987) Biochem. J. 244, 159-164.

Nicholls, D.G. and Lindberg, D. (1972) FEBS Lett. 25, 61-64.
Osmundsen, H. and Bremer, J. (1976) FEBS Leit. 69, 221-224,
Otto, D.A. and Ontko, J.A. (1982) Eur. J. Biochem. 129, 479-483.
Walter, P. and Stucki, J.W. (1970) Eur. J. Biochem. 12, 508-519.
Stucki, J.W., Brawand, F. and Walter, P. (1972) Eur. J. Bio-
chem. 27, 181-191.

Brawand, E., Folly. G. and Walter, P. (1980) Biochim. Biophys
Acta 590, 285-287.

Thienen, W.D. and Davis, EJ. (1981) J. Biol. Chem. 256,
8371-8378.

Bryla, J. and Niedzwiecka, A. (1979) Int. J. Biochem. 10,
235-239.

Hamman, H.C. and Haynes, R.C. (1983) Arch. Biochem. Bio-
phys. 223, 85-94.

Narabayashi, H., Takeshige, K. and Minakami, S. (1982) Bio-
chem. J. 202, 97-105.

McMurchie, E.J., Gibson, R.A, Abeywardena, M.Y. and
Charnock, 1.S. (1983) Biochim. Biophyé. Acta 727, 163-169.
Curtain, C.C., Looney, F.D., Regan, D.L. and Ivancie, N.M.
(1983) Biochem. J. 213, 131-136.

Powers-Lee. S.G., Mastico, A.A. and Bendayan, N. (1987) J.
Biol. Chem. 262, 15683-15688.

Christensen, O. (1987) Nature 330, 66-68.

Ruzicka, F.J. and Beinhert, H. (1977) J. Biol. Chem. 252,
8440-8443.

Ohnishi, T. and Salerno, J.C. (1982) in Metal Ions in Biology.
Vol. 2, Iron Sulphur Proteins (Spiro, T.G., Ed.), pp 285-327,
John Wiley, Chichester, U.K.

Friedmann, N. and Dambach, G. (1980) Biochim. Biophys.
Acta 596, 180-185.

Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1984) Bio-
chem. J. 223, 1-13.

Exton, J.H. (1985) Am. J. Physiol 248, E633-E647.

Joseph, S.K. and Williamson, J.R. (1983) J. Biol. Chem. 258,
10425-10432.

Joseph, S.K., Coll, K.E., Thomas, A.P., Rubin, R. and William-
son, J.H. (1985) J. Biol. Chem. 260, 12508-12515.

Blackmore, P.F., Hughes, B.P., Shuman, E.A. and Exton, J.H.
(1982) J. Biol. Chem. 257, 190-197.

Charest, R., Blackmore, P.F., Berthon, B. and Exton, J.H.
(1983) J. Biol. Chem. 258, 8769-8773.

Thomas, A.P., Alexander, J. and Williamson, J.R. (1984) J. Biol.
Chem. 259, 5574-5584.

Berthon, B., Binet, A., Mauger, J-P. and Claret, M. (1984) FEBS
Lett. 167, 19-24.

Binet, A., Berthon, B. and Claret, M. (1984) Biochem. J. 228,
565-574.

Combettes, L., Berthon, B., Binet, A. and Claret, M. (1986)
Biochem. J. 237, 675-683.

Woods, N.M., Cuthbertson, K.S.R. and Cobbold, P.H. (1986)
Nature 319, 600-602. .

Davidson, A.M. and Halestrap, A.P. (1987) Biochem. J. 246,
715-723.

259

260

261

262

263

264

265

266

267

268

269

270

278
279

280

281

282

283

284

285

286

287

288
289
290
291
292
293
294

295

381

Reinhart, P.H.. Taylor, W.M. and Bygrave, F.L. (1984) Bio-
chem. J. 220, 43-50.

Mauger, J.-P.. Poggioli. J.. Guesdon, F. and Claret, M. (1984)
Biochem. J. 221, 121-127.

Poggioli, J., Mauger, J-P. and Claret, M. (1986) Biochem. J. 235,
663-669.

Altin, J.G. and Bygrave, F.L. (1985) Biochem. J. 232, 911-917.
Altin, J.G. and Bygrave, F.L. (1986) Biochem. J. 238, 653-661.
Altin. J.G. and Bygrave, F.L. (1987) Biochem. Biophys. Res.
Commun. 142, 745-753.

Morgan, N.G., Blackmore, P.F. and Exton, J.H. (1983) J. Biol.
Chem. 258, 5110-5116.

Morgan, N.G.. Charest, R., Blackmore, P.F. and Exton. J.H.
(1984) Proc. Natl. Acad. Sci. USA 81, 4208-4212.

Mauger, J.-P., Poggioli, J. and Claret, M. (1985) J. Biol. Chem.
260, 11635-11642.

Assimacopoulos-Jeannet, F., McCormack, J.G. and Jeanrenaud,
B. (1986) J. Biol. Chem. 261. 8799-8804.

Sistare, F.D., Picking, R.A. and Haynes, R.C. (1985) J. Biol.
Chem. 26, 12744-12747.

Staddon., J.M. and Hansford, R.G. (1987) Biochem. J. 238.
737-743.

Staddon. J.M. and Hansford. R.G. (1987) Biochem. J. 241,
729-735.

Shears, S.B. and Kirk, C.J. (1984) Biochem. J. 219, 382-389.
Kleineke, J. and Soling, H.D. (1985) J. Biol. Chem. 260,
1040-1045.

McCormack, J.G. (1985) FEBS Lett. 180, 259-264.
McCormack, J.G. (1985) Biochem. J. 231, 581-595.

Wakelam, J.O., Murphy, G.J.. Hruby, V.J. and Houslay. M.D.
(1986) Nature 323, 68-71.

Aas, M. and Bremer. J. (1968) Biochim. Biophys. Acta 164,
157-166.

Otto. D.A. and Cook, G.A. (1982) FEBS Lett. 150, 172-176.
Veech, R.L., Cook, G.A. and King. M.T. (1980) FEBS Lett. 117,
(Suppl.). K65-K72.

Asimakis, G.K. and Aprille, J.R. (1980) FEBS Lett. 117,
157-160.

D’Souza, M.P. and Wilson, D.F. (1982) Biochim. Biophys. Acta
680, 28-32.

Krimer, R. (1980) Biochim. Biophys. Acta 592, 615-620.
Wiers, B.H. (1971) Inorg. Chem. 10. 2581-2584.

Halestrap, A.P. and Davidson, A.M. (1989) in Anion Carriers of
Mitochondrial Membranes (Azzi, A., Fonyo, A., Nalecz, M.J.,
Vignais, P.V. and Wojtcak, L.. eds.) Springer Verlag, in press.
Mansurova, S.E., Shakhov, Y.A. and Kulaev, L.S. (1977) FEBS
Lett. 74, 31-34.

Volk, S.E. and Baykov, A.A. (1984) Biochim. Biophys. Acta 791,
198-204.

Baltscheffsky, M. and Nyren, P. (1984) in Bioenergetics (Ern-
ster, L., ed.), pp 187-206, Elsevier Science Publishers, Amster-
dam.

Haynes, R.C., Picking, R.A. and Zaks, W.J. (1986) J. Biol
Chem. 261, 16121-16125.

Irie, M., Yabuta, A., Kimura, K., Shindo, Y. and Tomito, K.
(1970) J. Biochem. (Tokyo) 67, 47-58.

Volk, S.E., Baykov, A.A., Duzhenko, V.S. and Avaeva, S.M.
(1982) Eur. J. Biochem. 125, 215-220.

Davidson, A.M. and Halestrap, A.P. (1989) Biochem. J..in press.
Cooperman, B.S. (1982) Methods Enzymol. 87, 526-548.
Corkey, B.E., Duszynski, J., Rich, T.L., Matschinsky, B. and
Williamson, J.R. (1986) J. Biol. Chem. 261, 2567-2574.
Denton, R.M. and McCormack, J.G. (1985) Am. J. Physiol. 249,
E543-E554.

Denton, R.M., McCormack, J.G., Midgely, P.J.W. and Rutter,
G.A. (1987) Biochem. Soc. Symp. 54, 127-143.



382

296

297
298

299
300
301
302
303
304
305

306

307

308
309

310

Davidson, A.M. and Halestrap, A.P. (1988) Biochem. J. 254,
379-384.

Crompton, M. (1985) Curr. Top. Membr. Transp. 25, 231-276.
Agius, L., Chowdhury, M.H. and Alberti, K.G.M.M. (1986)
Biochem. J. 239, 593-601.

Williamson, J.R., Scholz, R. and Browning, E.T. (1969) J. Biol.
Chem. 244, 4617-4627.

Sistare, F.D. and Haynes, R.C. (1985) J. Biol. Chem. 260,
12748-12753.

Staddon, J.M. and McGivan, J.D. (1984) Biochem. I. 217,
477-483.

Staddon, J.M. and McGivan, J.D. (1985) Biochem. J. 225,
327-333.

Taylor, W.M., Van de Pol, E. and Bygrave, F.L. (1986) Eur. J.
Biochem. 155, 319-322.

Scrutton, M.C. and White, M.D. (1974) J. Biol. Chem. 249,
5405-5415.

Groen, A.K., Van Roermund, CW.T., 'Vervoorn, R.C. and
Tager, J.M. (1986) Biochem. J. 237, 379-389.

Berry, M.N,, Gregory, R.B., Grivell, A.R., Henly, D.C., Phillips,
J.W., Wallace, P.G. and Welch, G.R. (1987) FEBS Lett. 224,
201-207.

Berry, M.N., Gregory, R.B., Grivell, A.R., Henly, D.C., Phillips,
I.W., Wallace, P.G. and Welch, G.R. (1988) FEBS Lett. 231,
19-24.

Tandler, B. and Hoppel, C.L. (1986) Ann. NY Acad. Sci. USA
488, 65-81.

Taraschi, T.F., Thayer, W.S., Ellingson, J.S. and Rubin, E.
(1986) Ann. NY Acad. Sci. USA 488, 127-139.

Hoek, J.B.,, Thomas, A.P., Rubin, R. and Rubin, E. (1987) J.
Biol. Chem. 262, 682-691.

3

312

313

314
315

316
317
318
319
320
321
322
323
324
325
326

327

Lundquist, F., Tygstrup, N., Winkler, K., Mellemgaard, K. and
Munck-Petersen, S. (1962) J. Clin. Invest. 41, 955-961.

Scholte, H.R. and Groot, P.H.E. (1975) Biochim. Biophys. Acta
409, 283-296.

Seufert, C.D., Graf, M., Janson, G., Kuhn, A. and Soling, H.D.
(1974) Biochem. Biophys. Res. Commun. 57, 901-909.

Cohen, S.M. (1987) Biochemistry 26, 563-572.

Foster, D.O. (1986) in Brown Adipose Tissue (Trayhurn, P. and
Nicholls, D.G., eds.) pp. 31-51 Arnold, London.

Nicholls, D.G. and Locke, R.M. (1984) Physiol. Rev. 64, 1-64.
Vallin, L. (1970) Acta Zool. 51, 129-139.

Desautels, M. and Himms-Hagen, J. (1980) Can. J. Biochem. 58,
1057-1068.

Nedergaard, J. and Cannon, B. (1987) Eur. J. Biochem. 164,
681-686.

Leslie, B.A. and Putney, J.W. (1983) J. Cell. Biol. 97, 1119-1130.
Sampson, H.W. (1982) Cell Biol. Int. Rep. 6, 981.

Post, J.A., Leunissen-Bijvelt, J.,, Ruigrok, T.J.C. and Verkleij,
A.J. (1985) Biochim. Biophys. Acta 845, 119-123.

McCormack, J.G. and England, P.J. (1983) Biochem. J. 214,
581-58s.

Katz, L.A., Koretsky, A.P. and Balaban, R.S. (1987) FEBS Lett.
221, 270-276.

Neely, J.R., Denton, R.M,, England, P.J. and Randle, P.J.
(1972) Biochem. J. 128, 147-159.

From, A.H.L,, Petein, M.A., Michurski, S.P., Zimmer, S.D. and
Ugurbil, K. (1986) FEBS Lett. 206, 257-261.

Koretsky, A.P. and Balaban, R.S. (1987) Biochim. Biophys.
Acta 893, 398-408.



