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(1) The effects of changes in the intramitochondrial volume, benzyl alcohol treatment and calcium-induced
mitochondrial aging on the behaviour of liver mitochondria from control and glucagon-treated rats are
reported. (2) The stimulatory effects of glucagon on mitochondrial respiration, pyruvate metabolism and
citrulline synthesis could be mimicked by hypo-osmotic treatment of control mitochondria and reversed by
calcium-induced aging of mitochondria or by treatment with 20 mM benzyl alcohol. Hypo-osmotic treatment
increased the matrix volume whilst aging but not benzyl alcohol decreased this parameter. (3) Liver
mitochondria from glucagon and adrenaline-treated rats were shown to be less susceptible to damage by
exposure to calcium than control mitochondria and frequently showed slightly (15%) elevated in-
tramitochondrial volumes. (4) Aging, benzyl alcohol and hypo-osmotic media increased the susceptibility of
mitochondria to damage caused by exposure to calcium. (5) Glucagon-treated mitochondria were less leaky to
adenine nucleotides than control mitochondria. (6) These results suggest that glucagon may exert its action
on a wide variety of mitochondrial parameters through a change in the disposition of the inner mitochondrial
membrane, possibly by stabilisation against endogenous phospholipase A, activity. This effect may be
mimicked by an increase in the matrix volume or reversed by calcium-dependent mitochondrial aging.

Introduction

Adam and Haynes [1] first demonstrated that
liver mitochondria prepared from rats treated with
glucagon metabolized pyruvate faster than those
from control animals. This effect appears to be
mediated by cyclic AMP [2] althought a similar
stimulation is induced in a cyclic AMP-indepen-
dent manner by adrenaline [3]. Since these initial
observations it has become apparent that numer-
ous aspects of mitochondrial metabolism are af-

Abbreviations: FCCP, carbonyl cyanide p-trifluorometho-
xyphenylhydrazone; TMPD, N,N,N’, N’'-tetramethyl-p-phenyl-
enediamine; Mops, 4-morphilinepropanesulphonic acid.
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fected by glucagon [4,5]. These include activation
of the respiratory chain [6-11], pyruvate transport
[7-9], activation of the oligomycin-sensitive
ATPase and adenine nucleotide transport [12,13],
enhanced citrulline synthesis [14,15], elevated
membrane potential, pH gradient, ATP /ADP ratio
and total content of adenine nucleotides, phos-
phate, magnesium and potassium [9,11,15-20], in-
creased ability to retain accumulated Ca®* [18,19],
stimulation of glutaminase activity [21], decreased
succinyl-CoA concentration and elevated succinate
dehydrogenase activity [22-25), and increased rates
of respiratory chain and ATP-driven cation accu-
mulation [6,26].

Such a catalogue of effects suggests that some
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fundamental change in mitochondrial function is
induced by glucagon, and begs the question as to
the nature of the primary event in the action of the
hormone on the mitochondria. We have suggested
that many, if not all the effects, might be explica-
ble in terms of a glucagon-induced structural
change in the mitochondrial membrane [5]. This
suggestion could allow a single cyclic AMP-media-
ted effect on the inner mitochondrial membrane to
produce all the known effects of glucagon on the
mitochondria as primary and secondary conse-
quences of a change in membrane disposition.
Previous work from this laboratory has demon-
strated that perturbing the mitchondrial mem-
brane by aging the mitochondria, exposing them
to benzyl alcohol or decreasing the matrix volume
causes changes in the mitochondrial cytochrome
spectra exactly the opposite of those induced by
glucagon treatment [27]. In this paper, we extend
these studies by examining the effects of the same
three in vitro treatments of mitochondria on a
number of other parameters known to be in-
fluenced by glucagon treatment. It is demon-
strated that all three treatments also oppose the
action of glucagon on mitochondrial pyruvate
metabolism, citrulline biosynthesis, ATP con-
centrations, uncoupled and ADP-stimulated respi-
ration supported by substrates entering the re-
spiratory chain before cytochrome ¢ and calcium-
stimulated mitochondrial swelling. These observa-
tions are consistent with a model for glucagon
action which proposes a change in the disposition
of the mitochondrial inner membrane as the
primary event mediating the numerous other ef-
fects of the hormone on the mitochondria. The
data are also consistent with the recent suggestion
that glucagon-treated mitochondria may be more
resistant to endogenous phospholipase A, [5,72],
which could provide a mechanism for the apparent
change in membrane disposition.

Experimental Section

Materials

Rats (female Wistar rats, 200-250g) were al-
lowed free access to food and water before
anaesthetising and intraperitoneal injection of
glucagon (0.4 mg/kg body weight), adrenaline (1.2
mg/kg body weight) or saline as described previ-
ously [1,9].

Mitochondria were prepared as described previ-
ously [9] in sucrose (300 mM), EGTA (2 mM) and
Tris-HCl (10 mM), pH 7.6, at 4°C. Unless other-
wise stated mitchondria were only washed once
before use.

The sources of all chemicals, biochemicals and
radiochemicals were the same as those given in
Ref.9.

Methods

Measurement of intramitochondrial volumes,
respiratory chain activity, pyruvate metabolism and
ATP content of mitochondria were performed as
described previously [9], but with the modifi-
cations described below. In many cases, rates of
respiration are expressed as a percentage of the
rate of uncoupled oxidation of ascorbate + TMPD,
whose rate of oxidation (242 =7.4 ngatom/min
per mg protein (n =11 at 30°C) is insensitive to
glucagon [4-10]. In the measurement of
mitochondrial volumes certain refinements were
made to previous techniques [9,28]. The protein
sedimented by centrifugation of mitochondria was
measured by a modified biuret technique [29] in a
parallel experiment to the measurement of *H,0
and [ CJsucrose present in the pellet. Great care
was taken to avoid *H,O loss from the pellet by
evaporation. Quench corrections were made for
both 'C overspill into the *H channel and *H
overspill into the '*C channel of the scintillation
counter. The same volume of mitochondrial pellet
extract and supernatant was counted, the two sam-
ples always following one another in sequence in
the counter to minimize the effects of variable
efficiency. All samples were recycled to give at
least three estimates of the intramitochondrial
volume for each sample which were then averaged.
Four incubations were carried out for each condi-
tion. With these precautions the reliability of mea-
suring small intramitochondrial volumes was en-
hanced greatly.

Citrulline synthesis was studied by following
the incorporation of H'“CO; into acid-stable
material as decribed in Ref. 30. The buffer con-
tained 125 mM KCl, 0.5 mM K-EGTA, 2.5 mM
potassium phosphate, 25 mM KH"“CO, (250
dpm/nmol), 2.5 mM MgCl,, 20 mM ornithine, 5
mM NH,CI, 10 mM Mops, 7 mM Tris base and
0.1 pg/ml rotenone at pH 7.4. Rates were cor-



rected for ornithine-independent incorporation of
'“C and the values obtained were checked by
chemical assay of citrulline {31].

Calcium-dependent swelling of mitochondria
was carried out in a Pye Unicam SP 8100 split-
beam spectrophotometer. To 5 ml of buffer con-
taining 125 mM KCl, 2.5 mM potassium phos-
phate, 2.5 mM potassium succinate, 10 mM Mops
and 7 mM Tris base, pH 7.4, were added
mitochondria (approx. 10 mg protein). After vortex
mixing the mitochondrial suspension was divided
between two cuvettes in the spectrophotometer
and the absorbance at 535 nm was recorded. After
obtaining a baseline, CaCl, (10 nmol Ca’*/mg
mitochondrial protein) was added to one of the
cuvettes and the change in absorbance continu-
ously recorded.

Mitochondrial aging with Ca?* was performed
at 37°C for 5 min in sucrose medium ( 300 mM
sucrose, 10 mM, Tris-HCl, 2 mM EGTA, 6 mM
Ca-EGTA, pH 7.4) at a protein concentration of
approx, 75 mg/ml. The free [Ca’"] under these
conditions was 0.1 uM. Aging was terminated by
addition of a large excess of ice-cold isolation
medium and the mitochondria re-sedimented by
centrifugation. Control mitochondria were subject
to the same treatment in the absence of Ca-EGTA.
All manipulations of the osmotic strength of media
involved changes in KCl or sucrose concentrations
only.

Fluorescence depolarization has been used ex-
tensively to study the fluidity of membranes, in-
cluding mitochondria [32.33], and the most usual
probe used is 1,6-diphenyl-1,3,5-hexatriene.
Mitochondria were freeze-thawed twice before in-
cubating at a protein concentration of 2 mg/ml
for 1h with 2 uM 1,6-diphenyl-1,3,5-hexatriene
(added as a 2 mM solution in tetrahydrofuran) in
125 mM KCl, 20 mM Tris-HC1 and 2 mM K-
EGTA at pH 7.4 and 25°C. At this time, fluores-
cence depolarization measurements were per-
formed with excitation at 342-358 nm and emis-
sion at 442—-458 nm. A series 8000 spectrofluorom-
eter from SLM Instruments Inc. Urbana, IL,
U.S.A., was used which integrated both vertically
and horizontally polarized signals for 10 s and
calculated the ratio of the vertical to horizontal
signal (R). The ratio of R obtained with vertically
polarized incident light to that obtained with
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horizontally polarized light was taken as the nor-
malized polarization measurement.

Estimation of the leakage of adenine nucleo-
tides out of the mitochondria was made by observ-
ing the extent of extramitochondrial protein phos-
phorylation that occurred when mitochondria were
exposed to [*?Plphosphate [34]. Under these con-
ditions, extramitochondrial proteins are only phos-
phorylated when [y-3?PJATP leaks out of the
mitochondria to become available to ex-
tramitochondrial protein kinases. Incubations of
mitochondria with [*?P]phosphate were performed
as described in Ref. 34. In some incubations, ADP
(0.1 mM) was added to allow the synthesis of
sufficient extramitochondrial [y-3?PJATP to give
maximal extramitochondrial protein phosphoryla-
tion.

Results

The effects of various in vitro treatments on respira-
tory chain activity.

Inhibition of the rate of oxidation of glutamate
+ malate and acyl carnitine under conditions of
uncoupler-induced matrix condensation has been
reported by others [35,36]. In Fig. 1, data are pre-
sented demonstrating that the rate of uncoupled
oxidation of succinate + rotenone (Fig. la) or
glutamate + malate (Fig. 1b) is extremely sensitive
to changes in the osmolarity of the incubation
medium. Oxidation of ascorbate + TMPD was far
less sensitive to such changes in osmolarity (Fig. 1b)
especially at osmolarities below 300 mosmol (iso-
osmotic) where changes in the matrix volume were
largest (Fig. 1a). Indeed, between 200 and 300
mosmol an increase in the matrix volume of about
15% caused stimulation of the rate of oxidation of
succinate or glutamate + malate by about 30%
without an appreciable change in the rate of
ascorbate + TMPD oxidation. At very low osmo-
larity the rate of oxidation of both succinate and
glutamate + malate declined from its maximal
value. At these osmolarities the effect of glucagon
on succinate oxidation was reduced from 55 = 10.5
to 9+4.1% and on glutamate + malate oxidation
from 38 = 18.5 to 8 £5.7% (values given as means
*S.E. for eight separate experiments), indicating
in both cases that respiration was no longer limited
by that process stimulated by glucagon.
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Fig. 1. The effects of osmolarity on intramitochondrial volume
and respiratory chain activity. Mitochondria (approx. 1 mg
protein) were added directly to 1 ml of medium containing
ADP, uncoupler and substrate and rates of oxygen uptake
(®, M) measured as described in the Experimental Section
when a constant rate was achieved. The temperature was 30°C.
(a) Intramitochodrial volume (A, ¥) was determined under
identical conditions, as described in the Experimental Section.
Error bars represent the S.E. for four different incubations on
the same batch of mitochondria. The inset shows the same data
plotted against the reciprocal of osmolarity. All osmolarities
were varied by changing KCl concentrations only. (a) The
respiratory substrate was 5 mM succinate; (b) either 5 mM
glutamate +2 mM malate (lower traces) or 10 mM ascorbate +
0.3 mM TMPD (higher traces) were present. Mitochondria
from both control (@, ¥) and glucagon-treated animals (ll, A)
were used throughout.

We have also studied the effects of altering the
intramitochondrial volume without changing the
osmolarity of the incubation medium. In media
containing low K* concentrations such as those
based on sucrose or choline chloride the matrix
volume is considerably reduced as shown in Table I
and Ref. 9. This reflects the role of K* in the
regulation of the intramitochondrial volume [38-
40]. In these media the volume may be further
reduced by the addition of adenine nucleotides in
the presence of oligomycin [41]; such treatment
caused a decrease in volume of 25 = 5% (mean *
S.E. of three separate observations on different
batches of mitochondria). Shrinkage of mitochon-
dria by any of the above treatments inhibited
respiration in exactly the same way as did chang-
ing the osmotic strength of the medium (data not
shown). Conversely, the matrix volume could be
increased in KCl medium by incubation for 5 min
with 107° M valinomycin or 1 mM ADP in the
presence of oligomycin (10 pg/ml) before measur-
ing the rate of uncoupled respiration. The respec-
tive increases in volume were 15.4+ 4.5 and 19.5
+2.0% (values given as the means =S.E. of four
separate observations) and again the rate of un-
coupled respiration increased by the amount ex-
pected from experiments where the volume was
increased by the use of hypotonic media. To
establish that neither the effects of changing the
matrix volume nor the effects of glucagon treat-
ment were due to changes in the internal [Mg?™" |
or [Ca"], incubations were performed in the pres-
ence of the divalent metal ion ionophore A23187
at various concentrations of Mg?" and Ca’".
Under no conditions did these additions abolish
the effects of volume changes or glucagon treat-
ment on the rate of uncoupled respiration.

Rapid aging of mitochondria may be achieved
by incubating them at 37°C for 5 min in isolation
buffer (containing 2 mM EGTA) with 6 mM Ca-
EGTA (see Experimental Section and Ref. 27). In
Tablel it is shown that such limited exposure to
low concentrations of Ca’* inhibited the oxida-
tion of succinate and glutamate + malate but not
ascorbate + TMPD. After more prolonged ex-
posure the rate of ascorbate + TMPD oxidation
was also impaired, probably as a result of
calcium-dependent swelling and subsequent loss of
cytochrome ¢ [27,42]. The conditions described for
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calcium-induced aging in the Experimental Section
routinely produced maximal effects on succinate
oxidation without inhibition of ascorbate + TMPD
oxidation. Data are only shown in TableI for aged
mitochondria from glucagon-treated rats, since
aging of control mitochondria caused similar
changes and was not routinely performed.

In Fig. 2, the effect of increasing concentrations
of benzyl alcohol on uncoupled succinate oxida-
tion and membrane fluidity measured by the fluo-
rescence depolarization of 1,6-diphenyl-1,3,5-
hexatriene is shown. Benzyl alcohol is known to
perturb membrane structure and to increase mem-
brane fluidity [43]. It was found that coincident
with changes in fluidity measured by fluorescence
depolarization, benzyl alcohol caused substantial
inhibition of mitochondrial succinate oxidation
without affecting the oxidation of ascorbate+
TMPD. Similar inhibition of the oxidation of
glutamate + malate was also observed (data not
shown). At 20 mM benzyl alcohol inhibition of
uncoupled. succinate oxidation was 31 +2.5%
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Fig. 2. The effects of benzyl alcohol on succinate oxidation by
rat liver mitochondria and the degree of fluorescence depolari-
zation of 1,6-diphenyl-1,3,5-hexatriene. Rates of succinate
oxidation (@) were studied polarographically under uncoupled
conditions as described in the Experimental Section. Values
given represent the mean of four separate experiments with the
S.E. indicated by an error bar. Fluorescence depolarization of
1,6-diphenyl-1,3,5-hexatriene () was measured as described in
the Experimental Section, the value shown being the mean of
two separate experiments agreeing within 10%. No inhibition of
ascorbate + TMPD oxidation was observed at any of the benzyl
alcohol concentrations used.

(mean = S.E. of four observations on different
mitochondrial preparations).

The effects of intramitochondrial volume, aging and
benzyl alcohol on mitochondrial metabolism

Data are shown in Figs. 3 and 4 on the effects
of aging, intramitochondrial volume and benzyl
alcohol (20 mM) on mitochondrial pyruvate
metabolism and citrulline biosynthesis. In the
Dixon plots of the inhibition of pyruvate metabo-
lism by a-cyano-4-hydroxycinnamate, it is ap-
parent that hypo-osmotic media caused control
mitochondria to behave like glucagon-treated
mitochondria (Fig. 4a) whereas aging or 20 mM
benzyl alcohol caused glucagon-treated
mitochondria to behave more like control
mitochondria (Fig. 3b). The same pattern was
observed in the time course of citrulline synthesis
by mitochondria and associated mitochondrial
ATP content (Fig. 4a, b). These effects of intrami-
tochondrial volume on the metabolism of pyruvate
by mitochondria may partially explain the slower
rates of metabolism seen in sucrose medium than
in KCl medium, since the intramitochindrial
volume is considerably greater in KCl medium
than in sucrose medium (TableI). Data are only
given for the effects of aging and benzyl alcohol
on mitochondria from glucagon-treated animals,
since control mitochondria behaved similarly. Ex-
cessive aging or benzyl alcohol treatment inhibited
rates of citrulline synthesis and pyruvate metabo-
lism to levels too low to measure with accuracy.
However, even at these greatly inhibited rates a
glucagon effect was still apparent.

Effects of glucagon and various in vitro treatments
on the intramitochondrial volume of isolated liver
mitochondria

In Tablel, data are presented to show that
mitochondria from glucagon-treated rats exhibit
matrix volumes 10-20% greater than those from
control rats under a variety of incubation condi-
tions with either KCl or sucrose as osmotic sup-
port. Although this increase in matrix volume may
appear small, it must be realised that there is an
osmotically inactive component of the matrix
volume of 0.6-0.8 ul /mg mitochondrial protein as
indicated in the inset to Fig. la and reported
elsewhere [44,45]. Thus, the changes in osmotically
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Fig. 3 The effects of glucagon treatment, aging, hypo-osmotic
media and benzyl alcohol on mitochondrial pyruvate metabo-
lism. The rate of pyruvate metabolism by mitochondria was
measured by the disappearance of pyruvate from the medium
as described in the Experimental Section. The data were fitted
to the equation for non-competitive inhibition using non-linear
least-squares regression as described previously [9). Rates of
pyruvate uptake were corrected for carrier-independent pyru-
vate transport (normally less than 10% of the carrier-mediated
rate) as described by Thomas and Halestrap [76]. (a) Data are
shown for control mitochondria (@, O) and glucagon-treated
mitochondria (M, O) in buffer of normal (@, W) and half-nor-
mal (O, ) osmolarity. (b) Data are given for control
mitochondria (@), glucagon-treated mitochondria (W), aged
glucagon-treated mitochondria (A) and glucagon-treated
mitochondria in the presence of 20 mM benzyl alcohol (V).
The difference in K, values between experiments a and b is
within the range found previously [9] and probably reflects
minor pH perturbations due to loss of CO, from the medium.
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Fig. 4 The effects of glucagon treatment, hypo-osmotic media
and benzyl alcohol on citrulline synthesis by liver mitochondria.
Citrulline synthesis was measured at 37°C by the incorporation
of H™COj into acid-stable material as described in the
Experimental Section. ATP was measured in the HCIO, extract
using luciferase. All measurements are the means of two
observations on the same batch of mitochondria except where
error bars are given. These represent the S.E. of four observa-
tions. The symbols used are the same as given in the legend to
Fig. 3.

active volume may be more significant than the
changes in total volume suggest. Previous data
from this laboratory included the measurement of
intramitochondrial volumes [9] and following
glucagon treatment small increases in the matrix
volume were observed provided measurements
were made in the absence of valinomycin. How-
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ever, the changes were not measured with suffi-
cient accuracy to be statistically significant. In the
present experiments, the accuracy of the measure-
ments was considerably enhanced by using the
modifications outlined in the Experimental Sec-
tion, and even with these precautions an effect of
glucagon on intramitochondrial volume was not
detected in every experiment. Liver mitochondria
from rats treated with adrenaline also showed an
increase in matrix volume (14.7 = 4.3%, n = 6) only
on those days that glucagon treatment also caused
an increase in matrix volume (9.7 = 4.8%). It should
be stressed, however, that there were days when
neither hormone appeared to affect the matrix
volume even though other of the hormones were
apparent. This may explain the inability of
Titheradge and Coore [8] to observe in-
tramitochondrial volume changes after glucagon
treatment although we cannot account for the
decrease in matrix volume that these workers ob-
served after adrenaline treatment, nor for the very
low values (about 0.4 ul/mg protein) that they
measured.

TableI also provides data to demonstrate that
mitochondrial aging decreases the matrix volumes
of mitochondria from glucagon-treated rats to val-
ues similar to those from control animals. How-
ever, we have been unable to show any effect of 20
mM benzyl alcohol on this parameter.

The effects of glucagon and various in vitro treat-
ments on calcium-dependent swelling and adenine
nucleotide leakage

Exposure of liver mitochondria to low con-
centrations of calcium in the presence of phos-
phate can cause massive, deleterious swelling of
the mitochondria in the absence of adenine
nucleotides {5,27,42,46-49]. Additional data pre-
sented in Table I demonstrate that glucagon treat-
ment inhibits this swelling process whilst aging
enhances it. We have also demonstrated that
hypo-osmotic conditions and 20 mM benzyl al-
cohol enhance calcium-dependent swelling whilst
hyper-osmotic conditions or adrenaline treatment
of rats inhibits this phenomenon (data not shown).

Calcium-dependent swelling is accompanied by
a general increase in mitochondrial permeability
and loss of adenine nucleotides and magnesium
[46—53]. Liver mitochondria from glucagon-treated

«—— 43000 M.

«— 30 000 Mp.

Track no.

Fig. 5 Radioautograph of mitochondrial proteins phosphory-
lated in the absence of added ADP to demonstrated ATP
leakage from mitochondria. Mitochondria were incubated with
[*2P] phosphate as described in the Experimental Section in the
absence of added ADP or EGTA. Tracks 1-6 represent sep-
arate batches of mitochondria from three control and three
glucagon-treated animals in the order control 1, glucagon 1,
control 2, etc. Tracks 7 and 8 represent experiments in the
presence of ADP for both control (7) and glucagon-treated (8)
mitochondria.

rats exhibit a higher endogenous content of adenine
nucleotides, phosphate, magnesium and potassium
than control mitochondrial [9,16,18-20]. It was
therefore of interest to see whether mitochondria
from glucagon-treated mitochondria are less leaky
to adenine nucleotides than control mitochondria.
The data presented in Fig. 5 suggest that this is the
case. In the presence of [*?P]phosphate
mitochondria generate intramitochondrial [y-
2P]ATP which can only phosphorylate extrami-
tochondrial proteins if it leaks out of the
mitochondria. The radioautograms shown in Fig. 5
demonstrate that considerably greater extrami-
tochondrial protein phosphorylation occurred
when control mitochondria were used (tracks
1,3,5) than when glucagon-treated mitochondria
were used (tracks 2,4,6). When excess ex-
tramitochondrial [y-*2P]ATP was provided the ex-
tent of protein phosphorylation was the same in
both cases (tracks 7,8).



Discussion

The results presented in this paper show that
both changing the intramitochondrial volume and
perturbing the mitochondrial membrane by aging
or addition of benzyl alcohol influence many of
the parameters affected by glucagon treatment.
This supports our previous suggestion [5,27] that
the numerous effects of glucagon on mitochondrial
function could be explained by a subtle change in
the disposition of the inner mitochondrial mem-
brane which may be mimicked or reversed by
these in vitro treatments of mitochondria. Other
workers have reported stimulatory effects of in-
tramitochondrial volume on mitochondrial
glutaminase activity and uncoupler-stimulated
ATPase [36,54]. However, although a small in-
crease in intramitochondrial volume is apparent in
mitochondria from glucagon-treated animals (Ta-
bleI), it would not appear to be sufficiently large
or consistent to account for all the effects of
glucagon treatment on the function of isolated
mitochondria. Furthermore, effects of glucagon on
respiratory chain function are apparent in dis-
rupted mitochondria and submitochondrial par-
ticles [11,27]. It is well established that the amounts
of phosphate, Mg?*, K* and adenine nucleotides
in mitochondria from glucagon-treated rats are
greater than in those from control animals
[9,16,18-20], and the increased matrix volume may
simply be and osmotic consequence of this. This in
turn may be the result of glucagon-treated
mitochondria being less leaky than control
mitochondria as indicated by their enhanced abil-
ity to retain adenine nucleotides (Fig. 5). In this
context, it is of interest to note that maturation of
neonatal mitochondria involves a change from very
leaky, inefficient, adenine nucleotide-deficient
organelles to adult, efficient, sealed mitochondria
through a process totally dependent on glucagon
[55,56].

Leakage of adenine nucleotides and Mg?* from
mitochondria is known to be a consequence of
mitochondrial aging, a process thought to involve
phospholipase A, and Ca’* [57-64]. Calcium-
dependent swelling also appears to involve
mitochondrial phospholipase A, and to cause ac-
cumulation of minute amounts of lysophospholip-
ids and unsaturated fatty acids which perturb the
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membrane structure sufficiently to produce in-
creased permeability to small ions [59,60,65-68].
Since both adenine nucleotide leakage and
calcium-dependent swelling are inhibited by
glucagon treatment (Fig.5 and Tablel), it seems
possible (as we have speculated previously [5]) that
mitochondria from glucagon-treated animals are
less susceptible to the activity of endogenous phos-
pholipase A, present in the inner mitochondrial
membrane. A similar conclusion has recently been
reached by others [69] although direct assay of this
enzyme activity has not been achieved by us or
others [66,69].

This hypothesis is support by data which dem-
onstrate that aging of mitochondria caused gluca-
gon-treated mitochondria to revert to those resem-
bling control mitochondria with respect to their
pyruvate metabolism (Fig. 3), citrulline synthesis
(Fig. 4), respiratory chain activity (Table I),
calcium-dependent swelling (TableI) and volumes
(TableI). In addition to this recent work, this
laboratory has demonstrated that the effects of
glucagon and aging of mitochondria on the re-
spiratory chain and its inhibition by colletotrichin
persist in disrupted mitochondria (where changes
in matrix volume are not appropriate). Under
these conditions the effect of glucagon can be
reversed by exposure of the disrupted mitochondria
to added snake venom phospholipase A, [27].
Furthermore, it has been established that the
lysophospholipids and fatty acids produced by
phospholipase A, action on mitochondria can in-
hibit the respiratory chain, adenine nucleotide
translocation and oligomycin-sensitive ATPase ac-
tivity [70-75]. As outlined in the Introduction
these are all processes which are activated by
glucagon.

In the light of the evidence we have presented it
seems possible that the primary locus of action of
glucagon on the mitochondria may be to perturb
the mitochondrial inner membrane, perhaps by
inhibiting an endogenous phospholipase A , known
to be associated with the inner mitochondrial
membrane [55,69,70]. It is thus pertinent to ask
whether the majority of the effects of glucagon
treatment seen in isolated mitochondria are merely
a result of their stabilization during preparation.
This has been suggested recently by Siess et al. [69]
and might be taken to indicate that such effects of
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glucagon are not apparent in vivo. However, we
have demonstrated that mitochondrial pyruvate
transport is activated by glucagon in the intact
hepatocyte [76]. Furthermore, it is known that
glutaminase activity [77], urea synthesis [15],
mitochondrial ATP/ADP ratios [12,15,17], oxygen
consumption [78,79] and mitochondrial
NADH/NAD™* ratios [80] are increased by
glucagon in the intact hepatocyte. It is therefore
quite clear that something is happening to the
mitochondria in situ which resembles the changes
seen in isolated mitochondria. Whether changes is
phospholipase A , activity are responsible for these
in vivo changes in mitochondrial function, and
how such regulation may be achieved remain to be
established.

Acknowledgements

This work was supported by a grant from the
Medical Research Council. We thank Dr. JJ.
Holbrook for assistance with measuring fluores-

cence depolarization.

References

—

Adam, P.A.J. and Haynes, R.C. (1969) J. Biol. Chem. 244,

6444-6450

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

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

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

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

6 Yamazaki, R.K. (1975) J. Biol. Chem. 250, 7924~7930

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

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

10 Halestrap, A.P. (1978) Biochem. J. 172, 399-405

11 Titheradge, M.A., Binder, S.B., Yamazaki, R K. and Haynes,
R.C. (1978) J. Biol. Chem. 253, 3356-3360

12 Titheradge, M.A., Stinger, J.L. and Haynes, R.C. (1979)

Eur. J. Biochem. 102, 117-124

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

14 Yamazaki, R.K. and Graetz, G.S. (1977) Arch. Biochem.
Biophys. 178, 19-23

15 Bryla, J., Harris, E.J. and Plumb, J.A. (1977) FEBS Lett. 80,

433-448

~1

oo

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

17 Siess, E.A., Brocks, D.G., Lattke, H.K. and Wieland, O.H.
(1977) Biochem. J. 166, 225-233

18 Prpic, V., Spencer, T.L. and Bygrave, F.L. (1978) Biochem.
J. 176, 705-714

19 Barritt, G.J., Thorne, R.F.W. and Hughes, B.P. (1978)
Biochem. J. 172, 577-583

20 Hughes, B.P. and Barritt, G.J. (1978) Biochem. J. 176,

295-304

Lacey, J.H., Bradford, N.M., Joseph, S.K. and McGivan,

J.D. (1981) Biochem. J. 194, 29-33

22 Siess, E.A. and Wieland, O.H. (1978) FEBS Lett. 93, 301-
306

23 Siess, E.A. and Wieland, O.H. (1979) FEBS Lett. 101,
277-281

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

25 Siess, E.A., Fahimi, F M. and Wieland, O.H. (1980) Bio-
chem. Biophys. Res. Commun. 95, 205-210

26 Yamazaki, R.K., Sax, R.D. and Hauser, M.A. (1977) FEBS
Lett. 75, 295299

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

28 Halestrap, A.P. and McGivan, J.D. (1979) in Techniques in
Metabolic Research (Kornberg, H.L., ed.), B206, pp. 1-23,
Elsevier /North-Holland, Amsterdam

29 Gornall, H.G., Bardawill, C.J. and David, M.M. (1949) J.
Biol. Chem. 177, 751-756

30 McGivan, J.D., Bradford, N.M. and Mendes-Mourao, J.
(1976) Biochem. J. 154, 415-421

31 Hunninghake, D. and Grisolia, S. (1966) Anal. Biochem. 16,
200-205 i

32 Shinitzky, M. and Inbar, M. (1976) Biochim. Biophys. Acta
433, 133-149

33 Shinitzky, M. and Barenholz, Y. (1978) Biochim. Biophys.
Acta 515, 367-394

34 Hughes, W.A. and Halestrap, A.P. (1981) Biochem. J. 196,
459-469

35 Osmundsen, H. and Bremer, J. (1976) FEBS Lett. 69,
221-224

36 Nicholls, D.G. and Lindberg, D. (1972) FEBS Lett. 25,
61-64

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

39 Garlid, K.D. (1979) Biochem. Biophys. Res. Commun. 87,
842-847

40 Garlid, K.D. (1980) J. Biol. Chem. 255, 1127311278

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

42 Chappell, J.B. and Crofts, A.R. (1965) Biochem. J. 95,
378-386

43 Gordon, L.M., Sauerheber, R.D., Esgate, J.A., Dipple, I,
Marchmont, R.J. and Houslay, M.D. (1980) J. Biol. Chem.
255, 4519-4524

44 Rossi, E. and Azzone, G.F. (1969) Eur. J. Biochem. 7,
418-426

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

46 Hunter, D.R., Haworth, R.A. and Southard, J.H. (1976) J.
Biol. Chem. 251, 5069-5077

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

2

—_—



48

49

50

5

—

52
53
54
55
56
57
58

59
60

61
62
63
64
65

66

Hunter, D.R. and Haworth, RA. (1979) Arch. Biochem.
Biophys. 195, 468 —477

Haworth, R.A. and Hunter, D.R. (1979) Arch. Biochem.
Biophys. 195, 460-467

Chudapangse, P. and Haugaard, M. (1973) Biochim. Bio-
phys. Acta 307, 378-386

Crompton, M., Capano, M. and Carafoli, E. (1976) Bio-
chem. J. 154, 735-742

Harris, E.J., Alshaikhaly, M. and Baum, H. (1979) Biochem.
J. 182, 455-464

Peng, C.F., Price, D.W., Bhuvaneswaran, C. and Wadkins,
C.L. (1974) Biochem. Biophys. Res. Commun. 56, 134-141
Joseph, S.K., McGivan, J.D. and Meijer, A.J. (1981) Bio-
chem. J. 194, 35-41

Sutton, R. and Pollak, J.K. (1978) Differentiation 12, 15-21
Sutton, R. and Pollak, J.K. (1980) Biochem. J. 186, 361-367
Scherpoff, G.L., Scarpa, A. and Van Toorenberg, A. (1972)
Biochim. Biophys. Acta 270, 226-240

Cullis, P.R.J. and Verkleij, AJ. (1979) Biochim. Biophys.
Acta 552, 546-551

Harris, E.J. (1977) Biochem. J. 168 447456

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

Bjornstad, P. (1966) J. Lipid Res. 7, 612-620

Waite, M. (1969) Biochemistry 8, 2536-2542

Parce, J.W., Cunningham, C.C and Waite, M. (1978) Bio-
chemistry 17, 16341639

Siliprandi, D., Toninello, A., Zoccarato, F., Rugolo, M. and
Siliprandi, N. (1978) J. Bioenerg. Biomembranes 10, 1-11
Pfeiffer, D.R., Kauffman, R.R. and Lardy, H.A. (1978) J.
Biol. Chem. 253, 4165-4171

Pfeiffer, D.R., Schmid, P.C., Beatrice, M.C. and Schmid,
H.H.O. (1979) J. Biol. Chem. 254, 11485-11494

67

68

69

70

7

—

72

73

74

75

76

77

78

79

80

439

Zurini, 1., Hugentobler, G. and Gazzotti, P. (1981) Eur. J.
Biochem. 119, 517-521

Roman, 1., Gmaj. P., Nowicka, C. and Angielski, S. (1979)
Eur. J. Biochem. 102, 615-623

Siess, E.A.,, Fahimi, FM. and Wieland, O.H. (1981)
Hoppe-Seyler’s Z. Physiol. Chem. 362, 16431651

Rossi, C.R,, Sartorelli, L., Tato, L. and Siliprandi, N. (1964)
Arch. Biochem. Biophys. 107, 170-175

Wojtczak, L. and Zaluska, H. (1967) Biochem. Biophys.
Res. Commun. 28, 76-81

Badano, B.N., Boveris, A., Stoppani, A.D.M. and Vidal,
J.C. (1973) Mol Cell. Biochem. 2, 157-167

Parenti-Castelli, G., Sechi, A.M., Landi, L., Cabrini, L.,
Mascarello, S. and Lenaz, G. (1979) Biochim. Biophys. Acta
547, 161-169

Sondergaard, L. (1979) Biochim. Biophys. Acta 557, 208-
216

Gomez-Puyou, A., Tuenade de Gomez Puyou, M., Klapp,
M. and Carafoli, E. (1979) Arch. Biochem. Biophys. 194,
399-404

Thomas, A.P. and Halestrap, A.P. (1981) Biochem. J. 198,
551-564

Joseph, S.K. and McGivan, J.D. (1978) Biochim. Biophys.
Acta 563, 16-28

Exton, J.H., Corbin, J.G. and Harper, S.C. (1972) J. Biol.
Chem. 247, 4996-5003

Parrilla, R., Jimenez, J. and Ayuso-Parrilla, M.S. (1975)
Eur. J. Biochem. 56, 375-382

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



