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Abstract—The addition of barbiturates (pentobarbital, Amytal, thiopental or thiamylal) to beef heart
mitochondria that accumulated Ca®* resulted in the loss of respiratory control. The effect of barbiturates
was dependent on Ca?* uptake, as the respiratory control was not lost when barbiturates were added
after Sr2* uptake. Barbiturates potentiated the calcium-induced configurational change of mitochondria
(aggregated to orthodox) as determined by light-scattering measurements. These results indicate that
barbiturates potentiate the calcium-induced membrane transition, which involves a calcium specific
induction of non-specific permeability of the mitochondrial inner membrane to small molecules and
ions [D.R. Hunter, R. A. Haworth and J. H. Southard, J. biol. Chem. 251, 5069 (1976)].

The effects of barbiturates on the functions of mito-
chondria have been studied by a number of inves-
tigators. Aldridge and Parker [1] showed that both
oxy- and thiobarbiturates inhibit respiration while
only thiobarbiturates uncouple oxidative phos-
phorylation. Chance and Hollunger [2] demon-
strated that Amytal and thiopental, respectively,
induced increased reduction and oxidation of pyri-
dine nucleotides. More recently, Weiss et al. [3]
showed Amytal- or pentobarbital-induced reduction
of pyridine nucleotides in perfused rat heart. Little
is known, however, about the effects of barbiturates
on the uptake and release of Ca’* by mitochondria.
In preliminary experiments, we found that barbitu-
rates are not specific inhibitors of Ca* uptake as
determined by their effect on calcium-stimulated
respiration of beef heart mitochondria. On the other
hand, we noted that respiratory control was lost
when a barbiturate was added to mitochondria that
accumulated Ca®'. The characterization of this
phenomenon is the subject of this communication.

MATERIALS AND METHODS

Heavy beef heart mitochondria were isolated
according to the method of Hatefi and Lester [4].
As isolated, over 90 per cent of the heavy beef heart
mitochondria are in the aggregated configuration
[5]. Respiration was measured polarographically
using a Beckman oxygen analyzer at 30°. The basal
reaction mixture (4 ml) contained 250 mM sucrose;

* A preliminary account of this paper was reported at
the Biophysical Society Twenty-second Annual Meeting,
27-29 March, 1978, Washington, D.C., U.S.A.

§ mCICCP: carbonylcyanide m-chlorophenylhydrazone.

10mM Tris-HCl (pH 7.4), 2.5uM rotenone;
12.5mM succinate and 1.25mg of mitochondrial
protein per ml. With fourteen preparations of heavy
beef heart mitochondria, the rates of respiration in
the presence and in the absence of an uncoupler (1
uM mCICCP)§ were, respectively, 0.34 = 0.04 and
0.08 = 0.01 patoms[O)/min-mg (respiratory control
ratio, 4.4 = 0.5). Protein concentration was deter-
mined by the biuret method [6]. Light scattering of
a mitochondrial suspension was measured as
described by Hunter and Haworth [7]. The measure-
ment of calcium-induced permeability of the mito-
chondrial inner membrane (calcium-induced tran-
sition) under non-energized conditions was carried
out as described elsewhere [8]. The method involves
the measurement of the rate of shrinkage of hypo-
tonically swollen mitochondria by polyethylene gly-
col (mol. wt 1500), the rate of shrinkage being
dependent on the permeability of the inner mem-
brane to low molecular weight solutes trapped in the
matrix space (see Ref. 8 for detail). Pentobarbital
(sodium salt) and thiopental (sodium salt) were
obtained from Abbott Laboratories, North Chicago,
IL, and Amytal (amobarbital, sodium salt) and thia-
mylal (sodium salt) were obtained from Eli Lilly,
Indianapolis, IN, and Parke-Davis, Detroit, MI,
respectively.

RESULTS AND DISCUSSION

The addition of Ca®* to an aerobic suspension of
mitochondria in the presence of a substrate results
in the stimulation of respiration concomitant with
the uptake of Ca®* [9]. The rate of respiration slows
down (respiratory control) as the uptake of Ca’*
declines. When a barbiturate was added at this point,
the rate of respiration gradually increased, and with
sufficiently high concentrations of barbiturates
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Fig. 1. Effect of Amytal on the calcium-induced loss or respiratory control. Mitochondria were incubated

with succinate in the presence of rotenone. In trace a, the arrow indicates the addition of CaCl, (250 uM),

and in traces b-d, the first arrow indicates the addition of CaCl, (250 uM) and the second, the addition

of Amytai at the foilowing concentrations: (b) 0.5 mM; (c) 1 mM; and (d) 2 mM. In trace e, the arrow
indicates the addition of mCICCP (1 uM).

reached a maximum rate comparable to that
obtained in the presence of an uncoupler. Figure 1
shows the effect of Amytal on the time course of
respiration after the Ca?* uptake. The characteristic
effect of Amytal was seen more clearly when the
rates of respiration were plotted against time (Fig.
2). Similar results were obtained with other barbitu-
rates; an effect comparable to 2 mM Amytal was
obtained with 2 mM pentobarbital*, 0.25 mM thio-
pental or 0.25 mM thiamylal. The effect of barbitu-
rates was specific for Ca®", as the respiratory control
was not lost when a barbiturate was added to mito-
chondria after Sr** uptake. A concentration (4 mM)
of pentobarbital twice as high as that which showed
a maximum effect after Ca®* uptake did not induce
the loss of respiratory control after Sr** uptake (Fig.
3). Similar resulits were obtained when Amytal, thia-
mylal or thiopental was used instead of
pentobarbital.

The time-denendent loss of res
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rates potentiated Icium-induced membrane

transition reported by Hunter et al. [5]. A

alternative possibility is that the loss of respiratory
control was due to specific Ca®* cycling as in the case
of the release of respiratory control caused by the
addition of the divalent cation ionophore A23187
[10]. In this case, respiratory control should be
restored by inhibiting Ca?* uptake with ruthenium
red or lanthanum [11, 12]. If the loss of respiratory
control is due to the caicium-induced transition, ruth-
enium red or lanthanum should not restore respir-
atory control. As can be seen in Fig. 4, a concen-
tration of ruthenium red which was sufficient to
inhibit Ca®* uptake completely when added prior to

* Pentobarbital was supplied as a solution (0.2 M) in
40% propylene glycol plus 10% ethanol. In a control
experiment, up to 0.8% propylene glycol plus 0.2% ethanol
(concentrations that were attained when 4 mM pentobar-
bital was added) had no effect on

of respiratory control.
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Fig 2. Effect of Amytal on the time course of the increase
in the rate of respiration after Ca®* uptake. The plots were
obtained from the slopes of the traces in Fig. 1. Curves a’-
d’ correspond to the traces a—d in Fig. 1, and ¢ = 0 in Fig.
2 corresponds to the time of Amytal addition or, in the
case of the curve a’, 45 sec after the Ca®" addition.

F92+ addition was not effective in

reversing the loss of respiratory control whe
after Ca?* uptake had taken place.
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light-scattering changes of a mitochondrial suspen-
sion accurately reflect the aggregated-to-orthodox
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addition of pentobarbital (2 mM) resulted in a 3-fold
increase in the rate of the light-scattering change of
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Similar results were obtained with the other bar-
biturates used in this study. The plasma concentra-
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Fig. 3. Inability of Sr** to replace Ca?*. The concentration of Ca’* and Sr** was 250 uM.
Pento = pentobarbital (4 mM).
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Fig. 4. Effect of ruthenium red on the calcium-induced loss of respiratory control. Key: Ca, CaCl,
(250 uM); RR, ruthenium red (5 uM); and Pento, pentobarbital (2 mM).
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Fig. 5. Effect of pentobarbital on calcium-induced light-
scattering change. The reaction mixture (3 ml) contained
250 mM sucrose, 10mM Tris-sHCl (pH 7.4), 3.3uM
rotenone, 1.67 mM succinate and 0.5 mg of mitochondrial
protein per ml. The concentrations of mitochondria and
Ca®* lower than those used in the respiration assay were
used to allow an accurate determination of the rate of light-
scattering changes. At t=0, CaCl, (50 yM) was added,
and after 3.5 min (arrow) pentobarbital (2 mM) was added
to one of the two cuvettes while the other served as the
control.

cerebral ischemia [13]. For a myocardial depressant
effect, Dresel et al. [14] showed that the concentra-
tion of pentobarbital required for half-maximal
inhibition of isometric contraction of cat papillary
muscle was about 0.2 mM, while from the data of
Weiss et al. [3] it can be seen that about 1 mM
pentobarbital or Amytal was required for the half-
maximal inhibition of left ventricular pressure or
heart rate of perfused rat heart. Thus the concen-
trations of barbiturates shown in this study to poten-
tiate the calcium-induced transition are within an
order of magnitude of the concentrations in experi-
ments with intact myocardium. It is important to
note that, with oxybarbiturates, the loss of respir-
atory control was observed only after accumulation
of Ca’* by mitochondria. In the absence of Ca**
accumulation, the effect of oxybarbiturates is the
inhibition of respiration and, consequently, the
reduction of pyridine nucleotides [2, 3]. The poten-
tiation of the calcium-induced transition by barbitu-
rates described in this paper is likely to occur in vivo
under pathological conditions when there is an
abnormal accumulation of Ca?* by mitochondria.
Four mechanisms are known to protect mitochon-
dria from the calcium-induced transition; these are
NADH, Mg?*, ADP and energization [7)]. Since a
number of thiobarbiturates uncouple oxidative phos-
phorylation [1], and thiopental is known to cause
oxidation of pyridine nucleotides [2], it seems likely
that thiobarbiturates potentiate the calcium-induced
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transition by interfering with protection by NADH
and energization. On the other hand, the potentia-
tion of the calcium-induced transition by oxybarbi-
turates could not involve the removal of protection
by NADH or by energization, since oxybarbiturates
have little uncoupling action [1] and cause reduction
of pyridine nucleotides {2, 3]. In fact, the results in
Fig. 6 show that 2 mM Amytal potentiated the cal-
cium-induced transition by increasing the affinity of
binding site(s) for Ca®* even under non-energized
conditions. Barbiturates are anionic compounds with
a hydrophobic moiety, and they are ‘anesthetics’ in
the broad sense of the term [15]. A characteristic of
anesthetics is interaction with biological membranes,
which modifies their structure and functions, and
certain neutral anesthetics are known to enhance
Ca®* binding to nerve [16] and red cell [17] mem-
brane. It appears very likely that barbiturates
enhance Ca®* binding to the mitochondrial inner
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Fig. 6. Potentiation of calcium-induced permeability
increase by Amytal under the non-energized condition.
The transition was induced in heavy beef heart mitochon-
dria under hypotonic conditions by incubation in the pres-
ence of 1mM arsenate, as described earlier [8]. Three
milligrams of such treated mitochondria were suspended
in 2.7 ml of medium which was S mM in K*-morpholino-
propanesulfonic acid (K*-MOPS), 25 mM in K*-cacodyl-
ate, and 50mM in KCI, pH 6.8, at 30°. The suspension
was mixed after the addition of 2.5 ug A23187 and varying
concentrations of CaCl,, and 2 mM Amytal. The identical
reaction mixture with no Amytal served as the control. The
pH was readjusted to 6.8 with cacodylic acid, and the
calcium-induced increase in the permeability of the inner
membrane was measured from the rate of shrinkage of
mitochondria caused by the addition of 3.5% polyethylene
glycol (mol. wt 1500). The rate of shrinkage was estimated
from the rate of change in the light-scattering signal, as
described previously [8].
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membrane and potentiate the calcium-induced tran-
sition by virtue of their effects on membrane struc-
ture. In this regard, it should be noted that Grist
and Baum [12] reported that a neutral anesthetic,
halothane, potentiated calcium-induced loss of res-
piratory control in rat liver mitochondria.

Finally, since calcium-induced changes in perme-
ability are not limited to mitochondria but are known
to occur also in red blood cells [18], nerve [19-21]
and cardiac plasma membrane [22], it is possible that
barbiturates may affect the calcium-induced perme-
ability changes in biological membranes other than
mitochondria. In this respect, the present study may
be regarded as a study of the effect of barbiturates
on mitochondria as a model biological membrane
which can be readily isolated in large quantity.
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