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On isolated hepatocytes mitochondrial swelling induced in hypoosmotic
medium does not affect the respiration rate
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Abstract

In isolated hepatocytes incubated in hypoosmotic media, a large increase in the mitochondrial volume is not directly involved in the
activation of respiration. Moreover, results of the quantification of the various bioenergetic parameters are not in accordance with an
activation of the respiratory chain as previously proposed (Halestrap, A.P. (1989) Biochim. Biophys. Acta, 973, 355-382), but point more
to an inhibition of respiration. The same respiration rate is obtained in hypoosmolar incubation media in vitro and in situ for a higher

overall thermodynamic driving force over the electron transport chain,
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1. Introduction

It is now well known that an increase in cell volume,
both in perfused liver and isolated hepatocytes, affects
fluxes through some metabolic pathways, acts like an
anabolic signal ({1]; for review), and stimulates and in-
hibits the biosynthesis and degradation pathways, respec-
tively. Cell volume increase can be a consequence of either
a decrease in extracellular osmolarity or an incubation with
Na*-cotransported amino acids [2]. Thus, cell swelling
induced by either a hypoosmotic medium, exposure to
amino acids or insulin (i) inhibits glycogenolysis, glycoly-
sis [3,4], proteolysis [1,5~7], glutamine synthesis and urea
synthesis from NH} [5,8] (ii) stimulates glycogen synthe-
sis [2], protein synthesis [5], amino acid uptake [5,8,9],
glutaminase [S] and urea synthesis from amino acids [5,8].

While the intermediary metabolism has been exten-

Abbreviations: ApH, mitochondrial transmembrane difference in pH;
Ay, mitochondrial transmembrane difference in electrical potential; Ap,
protonmotive force; AE}, Gibbs free-energy difference in oxidation
reaction, AG,, Gibbs free-energy of ATP hydrolysis reaction; Ay,
cellular transmembrane difference in electrical potential; J,,, oxygen
consumption flux; CCCP, carbonyl cyanide m-chlorophenylhydrazone;
TPMP, tetraphenyl methyl phosphonium; DMO, 5,5'-dimethyloxazoli-
dine-2,4-dione.
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sively studied and some mechanisms linking cell volume
changes and the alterations of metabolic function have
been proposed [10-12], little is known in this field regard-
ing mitochondria in situ and the bioenergetic parameters
(in hypoosmotic conditions the B-hydroxybutyrate/
acetoacetate ratio decreases; Haiissinger’s unpublished re-
sults, but see [1]).

On isolated mitochondria, the matrix volume influences
mitochondrial metabolism in various ways. Hypotonic con-
ditions [[13,14], for review] or hormone-induced swelling
[15] increase the mitochondrial ATP/ADP ratio at the
same time as stimulating pyruvate carboxylation, citrulline
synthesis, succinate oxidation [16] and respiratory chain
activity. It has been proposed that changes in mitochon-
drial matrix volume can be considered as a mechanism of
hormone signal transduction across the liver mitochondrial
membrane [14]. Glucagon, cAMP, and vasopressin all
induce mitochondrial swelling and cell shrinkage, while
phenylephrin induces both mitochondrial and cell swelling
[14].

In this paper, we investigate the bioenergetic parameters
of hypoosmotic cell swelling. As cell volume changes in
hepatocytes are the consequence of the modification in
extracellular osmolarity, this may greatly affect the mito-
chondrial compartment. Until now, no systematic studies
concerning the energy state of the cell have been described
in these conditions.
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2. Materials and methods
2.1. Preparation and incubation of hepatocytes

Hepatocytes from 20--24 h starved male Wistar rats
(200-250 g) were isolated by the collagenase method of
Berry and Friend [17]; as modified by Groen et al. [18].

Hepatocytes (8—10 mg dry weight,/ml) were incubated
in 20 ml stopped plastic or glass vials in a shaking
waterbath. The basic incubation medium was a Krebs-
Henseleit-bicarbonate buffer (144 mM Na*) at pH 7.4 [19]
containing 2.5 mM Ca’*, 2% defatted bovine serum albu-
min, a substrate (either 20 mM glucose or 4 mM octanoate
as indicated), 0.1 uM TPMP™, 0.5 mM mannitol, and 0.2
mg/ml inulin. Hypoosmotic, Na*-depleted media were
obtained by decreasing the Na* concentration of the buffer
as indicated. All media were in equilibrium with a gas
phase containing O,/CO, (95:5). The temperature was
37°C.

2.2. Mitochondria preparation

The rat liver was quickly removed and put into an
ice-cold isolation medium containing 225 mM sucrose, |
mM EGTA and 10 mM Tris-HCI (pH 7.2). Mitochondria
were isolated in the same medium according to Klingen-
berg and Slenzka [20]. The standard incubation medium
was the isolation medium supplemented by 6 mM gluta-
mate, 6 mM malate, 1 mM ADP, 5 uM TPMP™ and 5
mM P,-Tris.

2.3. Measurement of respiration rate

After 20 min incubation, the cell suspension was trans-
ferred to a thermostatically controlled oxygraph vessel
equipped with a Clark-type electrode for determination of
the respiration rate. Myxothiazol was used at 2 pg/ml in
order to completely abolish mitochondrial respiration ac-
tivity. Carbonyl cyanide m-chlorophenylhydrazone (CCCP)
was used at 15 uM, which is the concentration inducing
the maximal respiratory rate (not shown).

2.4. Measurement of cell and mitochondria volumes in situ

Hepatocytes were incubated in the presence of (i) either
2.5 uCi/ml *H,0 and 0.1 uCi/ml ['*Clcarboxymethy-
linulin (added 1 min before sampling) for measurement of
cell volume (i) or 2.5 wCi/ml *H,O and 0.1 uCi/ml
['*Clmannitol for measurement of mitochondrial volume
[21]. After 25 min incubation, 1 ml of cell suspension was
transferred to an Eppendorf™ tube and centrifuged for 5 s
at 7600 X g. Within 10 s, 100 ul of the supernatant was
removed into a scintillation vial containing 5 ml of a liquid
scintillation cocktail (Beckman™), and the remainder was
aspired. The pellet was resuspended with 300 pl HCIO,
10%, centrifuged, and 200 ul of the supernatant treated as

before. The volume of each isotope in the pellet was
(dpm, -3/2)/(dpm,/100) in ul.

2.5. Measurement of mitochondrial and cytosolic mem-
brane potential in situ

Hepatocytes were incubated in the presence of (i) either
1 uCi/ml [PHITPMP* for measurement of TPMP™ accu-
mulation (i) or 0.1 uCi/ml **Cl~ for measurement of
C1~ distribution [22]. Cell samples were treated as above.
The [*HJTPMP* accumulation ratio and the *°C1~ distri-
bution were calculated as in [23]. Thus, the mitochondrial
membrane potential was,

Vcam
AY, ., = —60log ”

m

macy
[TPMP~], [CI7], (V, + V.)a,,
[TPMP*]. [CI"],  V.a,

(1)

(see also [24-26]). V,, V,,, a,, a,, and a,, refer respec-
tively to cellular and mitochondrial volumes, and apparent
activity coefficients for TPMP* in the extracellular
medium, the cytoplasm and the mitochondrial matrix. We
redetermined a, (because of our varying extracellular
medium), as well as a,, and a, (see [23,27], for experi-
mental procedures). We will take a,=0.85, a,, =043,

a,, = 0.38.
2.6. Measurement of mitochondrial ApH in situ

The mitochondrial ApH_., was calculated from the
[P.] gradient across the mitochondrial inner membrane (the
phosphate carrier is thought to operate close to equilib-
rium, see [28,29]). If the anion is translocated in an
electroneutral manner associated with an equivalent amount
of proton [30}, and [P, ], = [P?7], + [P,

log rp=7. = PHn ~PHy (2)
i Jey
[Piz_ ]m
pH, =pK,  +log ] (3)
Eq. (3) is re-arranged.:
_ [Pi,lol]m - 10PKen
[Pi ]m = lopHm 4 lOPK“'"‘ (4)

Substituting into (2) gives:
[Pi.lot]m _
[P Ty

We assumed that: pH, remained constant at 7, pK, ,
=6.7 and pK, ., = 6.9 [31]. Thus, Pl = [P o], 0-44.

107137 (10PHn)* 4+ 1077 - 10PHn —

(5)
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Subscripts m, cy, tot, refer to mitochondrial, cytosolic and
total amounts, respectively.

2.7. Measurement of matrix volume, ApH and Ay in
isolated mitochondria

The mitochondrial suspension (4 mg protein ml~') was
incubated in two different osmotic media (either 80 mM
sucrose or 225 mM sucrose) supplemented with 6 mM
glutamate, 6 mM malate, 1 mM ADP, 5 uM TPMP* and
5 mM P-Trs. In each condition, the mitochondrial vol-
ume, the electrical potential (Ay,; ) and the pH differ-
ence (ApH,_,) across the inner mitochondrial membrane
were routinely determined in the presence of (i) 2.25 uCi
ml~' *H,0 and 0.45 uCi ml~' ["*Clmannitol (i) 2.25
1Ci ml~! [*H]ITPMP* and 0.45 uCi ml~' [**C]mannitol
(iii) 2.25 uCi ml~! [*Hlacetate and 0.45 uCi ml™'
['*Clmannitol, respectively. After equilibration (3 min),
mitochondria were separated from the medium by rapid
centrifugation (10 s, 8000 X g). Within 10 s, 100 ul of the
supernatant was removed into a scintillation vial contain-
ing 5 ml of a liquid scintillation cocktail, and the remain-
der was aspired. The pellet was resuspended with 300 ul
HCIO, 10%, centrifuged, and 200 ul of the supernatant
treated as before. Ay,_, was measured by distribution of
0.05 uCi ml~' *®*Rb* (in the presence of 0.1 pg ml~!
valinomycin) and ApH,_, was also measured by distribu-
tion of 0.45 uCi ml™' ["*CJDMO. These two latter meth-
ods gave the same results as those routinely used (see
above).

2.8. Compartmentation of ATP, ADP and P,

The mitochondrial and cytosolic distribution of ATP,
ADP and P, were studied by using the digitonin fractiona-
tion method as described by Zuurendonk and Tager [32]
(see also [33]), with a slight modification concerning the
volumes used.

2.9. Measurement of intramitochondrial redox potential

The intramitochondrial NADH/NAD™ ratio was deter-
mined by the metabolite indicator method [33] and by
assuming the [B-hydroxybutyrate dehydrogenase reaction
was in near equilibrium (K, > = [AcAc] [NADH]/
[ BOHBu] [NAD"] i.e. 493 10-2; [34]).

2.10. Assays

B-Hydroxybutyrate and acetoacetate were measured flu-
orometrically in neutralised HCIO, extracts [35]. ATP,
ADP were measured by HPLC using a reverse phase
(Spherisorb, ODS 1I, 5 wm) column (0.46 X 25 cm) at
30°C. Elution was performed with a 25 mM sodium
pyrophosphate /pyrophosphoric acid (pH 5.75) buffer at a
flow rate of 1.2 ml /min. ATP, ADP were eluted after 3.97

and 4.92 minutes, respectively. Adenine nucleotide detec-
tion was performed at 254 nm; the determination was
linear in a range of 3 to 3000 pmol. P, was measured
according to the method of Berenblum and Chain [36].

3. Results and discussion

Hepatocytes incubated in various hypoosmotic Na*-de-
pleted media (Table 1) swell whatever the substrate: on
glucose as previously shown [2] and on octanoate. Cell
swelling is related to a large increase in the mitochondrial
volume. Both cellular and mitochondrial swelling are pro-
portional to the decrease in extracellular medium osmolar-
ity. It is worth noting that the increase in mitochondrial
volume represents (at [Na*],,, = 90 mM) 80% and 90% of
the total increase in cell volume, with glucose and oc-
tanoate, respectively. This indicates that the cytosolic vol-
ume per se does not vary significantly during hypotonic
exposure. While cellular response to a hypotonic stress is
mainly due to ionic movements which limit water uptake,
it may be that the mitochondrial response, in spite of some
well known regulatory volume mechanisms (for example
the K*/H"* exchanger [37, for review]), is essentially due
to water uptake. Therefore, in Na*-depleted media and
whatever the substrate used, mitochondria behave like an
osmometer and swell to balance the drop in cytosolic
osmolarity.

The respiration rate was estimated as the oxygen con-
sumption sensitive to myxothiazol at a concentration that
completely inhibited the electron transfer through the res-
piratory chain. Myxothiazol-insensitive oxygen consump-
tion did not vary when the extracellular medium osmolar-
ity was decreased; it was measured at 7.5 + 1.7
nat/min/mg dw (n =3, each condition) and 5.3 £ 1.5
(n =2, each condition) on glucose and octanoate, respec-
tively. Fatty acids compared to glucose maintained a higher
respiration rate by increasing the NADH/NAD™ ratio,
which in turn increased the supply of electrons to the
respiratory chain (see [23,38]). This increased respiration
rate correlated with an increased protonmotive force (Ap)
as previously described [23]. Moreover, if we consider the
relationship between J,, and Ap, at the same proton-
motive force the respiration rate was higher with octanoate
than with glucose. This indicates that Ap-consuming pro-
cesses are also stimulated by fatty acids [39,40].

When the extracellular medium osmolarity decreased
either with glucose or octanoate, the respiration rate was
maintained, whereas the NADH/ NAD™* ratio and the
protonmotive force were decreased (Ap mainly followed
the variations in Ay, although the ApH was greatly
affected). From a thermodynamic point of view, the respi-
ration rate is controlled by two associated forces: the span
of the redox potential over the respiratory chain (AE}) and
the protonmotive force ( Ap). This overall thermodynamic
driving force over the electron transport chain is expressed



Table 1
Effects of hypoosmolar media on different cytosolic and mitochondrial parameters
v, v, Jos ® Joa *+CCCP NADH/NAD*? NADH/NAD™* ® - A¥m;_,, ApH_,, -Ap .
ul/mg TP ul/mg MP nat/min/mg nat/min/mg (x107%) +CCCP (mV) (mV)
dw dw (x107%)

Glucose; control 2.7540.15(10) 0.9840.12 (5) 18.6+ 1.3 (10} 29.0+2.5 153+ 1.5(6) 4.1+0.6 152.4+5.8 (10) 0.34+0.02 172.8
120 mM Na* 3.22+021° 2.16+0.24°¢ 21.6£1.5 284+19 11.3£24° 3.1+04 136.34+4.5° 0.14+0.02°¢ 144.7
90 mM Na* 3.68+0.18° 29740.14°¢ 2061 1.1 30.1+£1.7 89+19° 28+0.5 1199+63° 0.06+0.03 1235

Octanoate; control 2.89+0.14 (12) 0.95+0.05 (8) 34.6+1.1(9) 37.0+25 31.6+£2.3(5) 225419 160.3+£4.3 (9) 0.44 +£0.03 186.7
120 mM Na* 33440.19°¢ 1.71+0.18 ¢ 334+1.5 362+1.8 276+2.1° 19.7+22°¢ 142.84+5.7°¢ 0.3340.02 ¢ 162.6
90 mM Na* 3.58+0.11° 2.66+0.08° 33.7+15 395+2.1 18.7+29°¢ 149+08° 1285+3.4° 0.14+0.02°° 136.9

2AE, —nAp @ - AT ATP/ADP ® ATP /ADP © AG'p® AG'p©@ ATP ® ATP ©
(Volt) (mV) (kJ-mol™") (kJ-mol ") nmol /mg dw nmol /mg dw

Glucose; control -042 16.5+1.2(8) 2.61+0.11 9.03+0.09 40.34 51.33 4.4240.19(9) 11.08 +0.47 (9)
120 mM Na* -0.71 202+1.7(4)¢ 2.4540.09 ¢ 11.83+£0.11°¢ 44.88 51.83 4.16+0.22(4)¢ 11.10+0.39 (4)
90 mM Na* -0.92 27.4423(5)°¢ 221+0.12°¢ 10.02+0.08 46.85 51.59 3.66+025(4)° 11.52+0.38°

Octanoate; control -0.29 14.7+£1.2(9) 2.71+£0.24 6.92+0.10 38.60 51.43 1.76 £0.24 (9) 9.4340.45 (8)

120 mM Na* -0.59 19.7£14(5)¢ 2.52+020°¢ 10.94+0.11° 41.89 53.21 1.454£0.17(4)°  10.05+0.42
90 mM Na* —0.80 2934254)° 2.19+0.27°¢ 10.66+0.14 ¢ 45.81 52.72 12240.18(4) ¢ 1048+0.40(4)°¢

The basic incubation medium and the experimental conditions are described in the text. Hypoosmotic, Na*-depleted media were obtained by decreasing the Na™ concentration of the buffer from 144 mM to
120 or 90 mM as indicated. Values are means + SD for (n) or at least 3 cellular preparations. © Value significantly different to the control (P < 0,05; ANOVA).
V, = cellular volume; V, = mitochondrial volume; MP = mitochondrial protein; TP = total protein (1 mg TP = 0.366 MP); * myxothiazol-sensitive; ® mitochondrial; © cytosolic; d AE} is the difference in

redox potential across the electron transport chain and n is the H™ /O stoichiometry of the electron transport chain (n = 10).

wi
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as 2AE; — 10A4p. It is worth noting that in spite of the net
increase (more negative) in this thermodynamic force, the
respiration rate remained stable. This result is inconsistent
with the explanation proposed by Halestrap [14], for whom
the increase in the respiration rate observed in vitro, when
the mitochondrial volume increases, is mainly the conse-
quence of a kinetic activation of the respiratory chain [16].
Such an explanation, based on the fact that when mito-
chondria swell the NADH level and the redox state of the
flavoproteins decrease, is acceptable only if the proton-
motive force measured in these conditions is not signifi-
cantly changed. In fact, it is well known that when Ap
decreases, the NADH level and the redox state of the
cytochromes decrease as Jg, increases.

From our data, when the extramitochondrial osmolarity
decreases, the increase in the overall thermodynamic force
would be sufficient to cause an increase in the respiration
rate, without any change in the kinetic constraints. It is
therefore very surprising that the respiration rate in our
conditions remained unchanged, whatever the extracellular
osmolarity. Two explanations may be proposed: (i) a ki-
netic constraint may intervene at the level of the respira-
tory chain, thus drastically limiting the increase in the
electron flux in response to the decrease in the proton-
motive force (but this hypothesis is not in accordance with
an increase in the oxidized state of the first complex) (ii)
as the activity of the membrane enzymes is strongly
dependent on their physical environment, it may be that
changes in the mitochondrial volume induce a modifica-
tion of the membrane organization that changes the re-
sponse of the respiratory flux to the associated forces.

To test this latter hypothesis, we determined in isolated
mitochondria the relationship between J,, and Ap at two
different extracellular sucrose concentrations: 80 mM and
225 mM. The mitochondrial volumes were 1.50 and 0.76
w] mg protein !, respectively. Fig. 1 shows the titration of
the respiratory flux at different rates of ATP synthesis
obtained by different quantities of oligomycin. We ob-
served two distinct relationships between these two param-
eters. At the same respiration rate, the protonmotive force
maintained in a hypoosmotic medium was always lower
than that measured in an isoosmotic medium. This con-
firms the latter hypothesis.

We also measured the respiration rate and the mito-
chondrial NADH /NAD™ ratio in hepatocytes in the pres-
ence of a protonophoric uncoupler. The use of CCCP made
it possible to estimate to what extent the reduced equiva-
lents were delivered to the respiratory chain, and hence to
determine the maximal respiration capacity. In each exper-
imental condition, the addition of CCCP induced (i) a
stimulation of the respiration rate, which was greater with
glucose than with octanoate and (ii) a decrease in the
NADH /NAD™ ratio, which was also greater with glucose
than with octanoate. These CCCP effects showed that
whatever the external medium osmolarity, a drop in both
Ap and NADH/NAD™ ratio is linked to an increase in
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Fig. 1. Relationships between the respiration rate and the proton motive
force obtained in isolated rat liver mitochondria when J,, is titrated with
various oligomycin quantities. (A ) hypoosmolar medium: 80 mM su-
crose; (A) isoosmolar medium: 225 mM sucrose. The amount of
oligomycin used (in ug mg prot™ ') is mentioned on the graph. For
experimental conditions, see Materials and methods.

respiratory rate, as expected. However, in hypoosmotic
conditions, and in spite of a significant decrease in both
Ap and NADH/NAD" ratio, the respiratory rate was not
enhanced. Considering our results obtained on both iso-
lated and in situ mitochondria, this can be explained by the
fact that an increase in mitochondrial volume induced a
modification in the response of the respiratory chain to its
associated forces. This change is such that the response of
the respiratory rate to its associated forces is qualitatively
maintained at each osmolarity; but quantitatively, when the
mitochondrial volume increases, the overall thermody-
namic driving force over the electron transport chain must
be higher (2AE; — 10Ap more negative) to maintain the
same respiratory rate.

When the incubations performed in the hypoosmolar
medium were compared to their respective control, with
both glucose or octanoate the maximal respiration rate (in
the presence of CCCP) was unchanged. Moreover, while
the NADH/NAD™ ratio did not change with glucose, it
decreased with octanoate (while respiration was main-
tained). In isolated mitochondria it is generally observed
that the decrease in extramitochondrial medium osmolarity
leads to an increase in the uncoupled respiration rate [41].
Unlike the situation observed in vitro, the availability in
situ of the respiratory substrates is strictly dependent on
some ATP-consuming processes involved in either glycol-
ysis or fatty acid activation. In the presence of CCCP, the
decreased ATP content could limit to the same extent the
respiration rate in iso- or hypoosmotic media.

Beyond the availability of the reduced equivalents, the
Ap-consuming pathways, through the availability of ADP
and P,, exert a significant control over the respiration rate.
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Therefore, we measured the mitochondrial and cytosolic
ATP/ADP ratios. Both with glucose and octanoate, an
increased mitochondrial volume was related to a slight but
significant decrease in the mitochondrial ATP/ADP ratio
and a decrease in the mitochondrial ATP content. Our
results obtained in situ seem in disagreement with those
observed on isolated mitochondria by Armston et al. [13]
(see also [14]): in vitro, in state 3, increasing the matrix
volume by incubating mitochondria in a hypotonic medium
increases the mitochondrial ATP/ADP ratio and also the
mitochondrial ATP content. In situ, both with glucose and
octanoate, when the extracellular medium osmolarity de-
creased, the mitochondrial P, concentration decreased dras-
tically (not shown) and led to a net increase in the intra-
mitochondrial phosphate potential (AG'p). Hence, the
thermodynamic force involved in ATP synthesis (AG'p)
increases both (i) in situ, as a consequence of the de-
creased P, concentration and (ii) in vitro, as a consequence
of the increased mitochondrial ATP/ADP ratio.

In cytosol, the situation is different: (i) both with glu-
cose and octanoate the ATP /ADP ratio was enhanced; (ii)
the phosphate potential was stable on glucose and slightly
increased on octanoate. In both cases the cytosolic ATP
content was slightly enhanced. The rise in the cytosolic
ATP/ADP ratio and the fact that the respiration rate
remained stable indicate that the pathways of the interme-
diary metabolism that were activated during cell swelling
did not represent a large source of energy consumption.
Moreover, both with glucose and octanoate, increasing the
cellular volume in the hypoosmotic medium increased the
cellular transmembrane electrical potential (Awp), in ac-
cordance with the results obtained by Wondergem and
Castillo [42] and Wang and Wondergem [43]. It has been
demonstrated by these authors that hepatocytes exhibit a
regulatory volume decrease during hypotonic shock, which
comprises loss of intracellular K* and Cl1~ accompanied
by hyperpolarization of the transmembrane potential due to
an increase in membrane K* conductance. They have also
shown that ouabain has no effect on the change of Ay,
either during or after hypotonic stress, thus suggesting that
active pumping of K* by the Na™-K*-ATPase plays no
role in compensating changes in cell K* during an in-
crease in cell water volume. In these conditions, the ATP
consumption linked to the functioning of the Na®-K*-
ATPase was not enhanced. Moreover, the greater the
decrease in extracellular osmolarity, the more the Na™*
gradient (AuNa*) on both sides of the membrane is
decreased. This implies a lesser energy consumption to
maintain the Na* gradient.

At present, the value of the driving force 2 AE; — 10Ap
measured in situ seems to indicate that the rate of ATP
synthesis decreases as external osmolarity decreases. In
fact, the adenine nucleotide transporter is an electrogenic
carrier and there is a relationship between the Ay, and the
(ATP/ADP),,,,/(ATP/ADP),,;, ratio. It is well known
that the adenine nucleotide translocator is a controlling

step of ATP synthesis [44], and the observed
(ATP/ADP),,,/(ATP/ADP), ;, ratio does not reflect the
thermodynamic equilibrium. Classically this ratio de-
creases when |Ay | decreases. Here, it increased as the
Ay, decreased, indicating that the adenine nucleotide
carrier tends towards near its thermodynamic equilibrium.
Moreover, in non-phosphorylating conditions (state 4), the
proton flux generated by the respiratory chain strictly
balances the ionic movements linked to the leak. In iso-
lated mitochondria (Fig. 1), when the extramitochondrial
medium osmolarity was decreased, the respiration was
slightly increased while —Ap,_, was decreased. This
indicates a higher proton or cation leak as the extramito-
chondrial medium osmolarity decreases. In situ, when the
extracellular medium osmolarity decreased, the cytosolic
phosphate potential was unchanged and the mitochondrial
phosphate potential was increased. This result is in accor-
dance with a lower energy consumption and therefore with
a lower ATP synthesis. Moreover, the fact that the term
2AE;, — 10Ap was decreased in situ is not in favor of an
increase in ATP synthesis.

In situ, the respiration rate is maintained in spite of the
net decrease in ATP synthesis; this can be explained by the
rise or the triggering of another source of energy consump-
tion: for example, ion movements across the inner mem-
brane that could dissipate A¢ym and/or ApH. Unlike the
situation observed in vitro, in the extramitochondrial com-
partment, ions are largely involved in the maintenance of
osmotic pressure. Moreover, changes in mitochondrial ma-
trix volume strongly exhibit energy-dependent salt move-
ments [37].

It is now well documented that cell swelling induced
either by a hypoosmotic medium or insulin exposure stim-
ulates glycogen and urea synthesis [2,5,8]. This implies a
higher energy consumption through these metabolic path-
ways. From the results previously published by Gustafson
et al. [45], in the presence of 20 mM glucose, the ATP flux
associated to these pathways was 2.56 uwmol min~' g~ ' at
70 mM [Na*].,,, compared to the value of 1.34 in the
control condition (isoosmotic medium). If we consider the
respiratory rate measured in our experiments (Table 1) and
an ATP /O ratio of 2.5, the increase in ATP consumption
due to these pathways represents only 2 or 3% of the
calculated ATP flux produced by oxidative phosphoryla-
tions. This leads to the conclusion that under these particu-
lar conditions (low level of substrates for these anabolic
pathways), the increase in ATP consumption was very
small compared to ATP production. The lack of significant
increase in J,, under hypoosmotic conditions was not in
contradiction with the stimulation of some anabolic path-
ways.

In the literature, an increase in mitochondrial volume is
often associated with an activation of respiration (i) in situ
as a consequence of hormonal action, (i) in vitro in
hypoosmolar media. Halestrap [14,15] has proposed that
the hormone-induced increase in the matrix volume could
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be directly involved in situ in respiratory chain activation.
On isolated mitochondria Armston et al. [13] have shown
that hypotonic incubations stimulate respiratory chain ac-
tivity. In accordance with Halestrap, Quinlan et al. [21]
also showed that on isolated mitochondria, an increase in
the mitochondrial volume caused by valinomycin (a K*
ionophore) is accompanied by an increase in the respira-
tion rate. It should be noticed that in their experiments
performed with hepatocytes, the increase in respiratory rate
was always linked to an ion uptake in an unchanged
external medium osmolarity. Thus, the respiration rate
increase could be a consequence of a matrix ion accumuia-
tion rather than a rise in the volume per se (in our
experiments, it is clear that water movements are the main
processes involved in mitochondrial osmotic pressure ad-
justment).

4. Conclusion

In this paper we show that in isolated hepatocytes
incubated in hypoosmotic media, a large increase in the
mitochondrial volume is not directly involved in the acti-
vation of respiration. Moreover, results of the quantifica-
tion of the various bioenergetic parameters are not in
accordance with an activation of the respiratory chain as
previously proposed, but point more to an inhibition of
respiration. The same respiration rate is obtained in hy-
poosmolar incubation media in vitro and in situ for a
higher overall thermodynamic driving force over the elec-
tron transport chain (2 AE; — 10Ap). From a strictly ther-
modynamic point of view, the decrease in 2AE; — 104p
could be associated with an increase in the respiration rate.
However, since this is not so, there would seem to be
greater kinetic constraints at the level of the respiratory
chain. Moreover, when extracellular medium osmolarity
decreases, it seems that the control exerted by the translo-
case decreases. This could be in accordance with an in-
crease in the kinetic control at the level of the respiratory
chain (or at the level of the supply of reduced equivalents).
Such an increase in the kinetic control, at this level, could
explain the lack of response of the respiratory flux to the
overall thermodynamic force (2 AE}, — 10Ap) (see [46)).
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