Volume 121, number 2

FEBS LETTERS

December 1980

EXPLORATION OF THE ROLE OF SODIUM IN THE «-ADRENERGIC REGULATION OF
HEPATIC GLYCOGENOLYSIS

Bernard P. HUGHES, Peter F. BLACKMORE and John H. EXTON

Laboratories for the Studies of Metabolic Disorders, Howard Hughes Medical Institute and Department of Physiology,
Vanderbilt University School of Medicine, Nashville, TN 37232, USA

Received 6 October 1980

1. Introduction

A large body of evidence is accumulating which
suggests the existence of an intracellular second mes-
senger for the a-adrenergic system in liver [1-6].
Current findings suggest that, following catechol-
amine binding to hepatic a-adrenergic receptors
located in the plasma membrane [3,7] a factor or
signal is generated which produces an efflux of cal-
cium from mitochondria [3,5,6]. The released cal-
cium is then thought to activate phosphorylase b
kinase allosterically. The nature of this putative mes-
senger is unknown.

Several physiologically occurring factors are

known to influence the release of calcium from mito-

chondria in vitro (e.g., Na*, phosphoenolpyruvate,
prostaglandins, oxidation of nicotinamide nucleo-
tides) [8,9]. It was originally thought that the rat
liver mitochondrial calcium-transport system is not
affected by Na* [8]. However, it has recently been
demonstrated that sodium does produce a release of
calcium from rat liver mitochondria [10,11] as it
does with heart and brain mitochondria [8,12]. It
has also been suggested that sodium may act as the
intracellular second messenger for the a-adrenergic
system in rat liver [10,11] and that Na" is important
for other hepatic a-adrenergic effects [13—15].

Here we show that Na® is able to alter the calcium
buffering point of rat liver mitochondria in vitro.
However, sodium depletion experiments together
with studies utilizing the monovalent cationophore
monensin [16] in isolated hepatocytes demonstrate
that sodium is an unlikely candidate for the putative
a-adrenergic second messenger.
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2. Experimental

‘Heavy mitochondria’ (i.e., those sedimented
between 4800—21 700 X g . min) were isolated from
fed Sprague Dawley rats as in [2]. Mitochondrial
Ca?*-buffering was measured in a medium (6 ml final
vol.) of 120 mM KCl, 10 mM Hepes/KOH, 5 mM
K-succinate, 0.25 mM KP;, 5 uM EGTA, 6 mg mito-
chondrial protein and 26 nmol CaCl, /mg protein
(pH 7.4 at 30°C). To monitor the [Ca?*] a F212Ca
electrode (Radiometer) connected to a pH meter
(pH meter 26, Radiometer) and a Servocord recorder
(Datamark) was used.

The electrode was calibrated daily using EGTA—
Ca?* solutions added to the incubation medium (in
the absence of mitochondria) as in [17]. In some
experiments, the incubation medium contained
230 mM sucrose and 5 mM KCl in place of the
120 mM KCl. Similar resuits were obtained using
both media.

Isolated liver cells were prepared asin [1]. When
cells were washed and incubated in low sodium
medium, the composition of the medium was as
follows: choline chloride 130 mM, calcium chloride
2.4 mM, potassium dihydrogen phosphate 1.1 mM,
magnesium sulfate 1.1 mM, potassium bicarbonate
10 mM. Sodium was 0.7 mM in this medium as mea-
sured by atomic absorption spectroscopy. However,
it was found that 1.5% (w/v) gelatin was required
to maintain cell viability >95%, but this raised the
[Na‘] to 1.7 mM. Essentially the same results were
obtained with and without gelatin, but gelatin was
routinely used in these experiments.

Phosphorylase a levels were determined as in [1].
Na" and K" content of cells was determined by
atomic absorption spectroscopy. The cell ~eparation
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procedure was similar to that used for calcium deter-
minations 1], except that samples of cells were cen-
trifuged through an ice cold solution of 150 mM cho-
line chloride 10% (w/v) sucrose (to prevent mixing of
sample with washing solution) and 1075 M digitoxin
[18]. The washing solution was buffered with 5 mM
Hepes (pH 7 4). Cell pellets were suspended in dis-
tilled water then diluted with an equal volume of

0.6 M HCIO, to precipitate protein.

3. Results and discussion

3.1. Effect of Na* on the ‘set point’ for mitochondrial
Ca® buffering

As shown in [19,20], rat liver mitochondria were
able to buffer Ca®* at ~0.8 uM free Ca®* (fig.1). The
addition of Na* (20 mM) to the incubation resulted
in an almost immediate (<10 s) increase in free
[Ca?*] of ~0.2 uM (fig.1). When further Ca®* was
added, the mitochondria were able to buffer the
added Ca®" at the altered ‘set point’ (fig.1). The
effect of Na* on the ‘set point’ for mitochondrial
Ca? buffering was dose-dependent, with a half-
maximal effect obtained at ~7.5 mM Na” and a full
effect obtained at 25 mM Na* (fig.2).

3.2. Ability of monensin and the o-agonist phenyl-
ephrine to activate phosphorylase and modulate
intracellular sodium in hepatocytes

The results in fig.3A,B show the effects of various
concentrations of monensin on the intracellular level
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Fig.1. Effect of Na’ on the ‘set point’ for mitochondrial Ca
buffering. Mitochondrial Ca®*" buffering was measured as in
section 2.
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Fig.2. Concentration dependence of the effect of Na* on
mitochondrial Ca* buffering. Experimental conditions were
the same as in fig.1 except that the [Na*] added to the incu-
bation was varied as shown. The data are the mean + SEM of
3 expt. A blank incubation (i.e., with mitochondria absent)
was performed, and the values were subtracted from those
obtained in the presence of mitochondria, to correct for the
effect of Na* on the electrode.

of sodium and the activity of phosphorylase in iso-
lated hepatocytes. Monensin (5 X 10~° M) produced
a 4-fold increase in intracellular sodium, This increase
was accompanied by a very small increase in phos-
phorylase g levels (18.8—21.2 units/g wet wt). The
high basal phosphorylase g activity (18.8 vs 13.2, 3C)
was due to the dimethyl sulfoxide solvent used to
dissolve the ionophore. This phenomenon had been
reported [1].

The results with monensin are in contrast to those
obtained with the a-agonist phenylephrine (fig.3C,D).
Phenylephrine at a max dose (1075 M) produced a
large activation of phosphorylase (~2-fold). However,
no increase in intracellular sodium was seen. In fact,
a small decrease in intracellular sodium was some-
times observed, but this was not a consistent result
(fig.4). It can also be observed that basal values for
intracellular sodium varied slightly from one cell
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Fig.3. Effect of several concentrations of monensin and
phenylephrine on Na* content and phosphorylase activation in
isolated liver cells. Samples of 0.5 ml were removed for phos-
phorylase and sodium determinations after 3 min incubation.
The control for the monensin incubations was 1% (v/v)
dimethyl sulfoxide, while the control for phenylephrine was
physiological saline. Each values is the mean of duplicate
assays performed on triplicate incubations. '

preparation to another, ranging from 11.5—8.8 mM.
It should also be noted that these values are lower
than those in [21,22].

The results in fig.4A show that during 2 min
exposure to phenylephrine no consistent change in
sodium level was observed, whereas phosphorylase
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Fig.4. Time course of the effects of phenylephrine and
monensin on phosphorylase ¢ and intracellular sodium levels.
For other details see legend to fig.3.

was maximally activated between 30—60 s. On the
other hand monensin produced a significant increase
in sodium content and phosphorylase activation after
1 min exposure.

Monensin produced a small efflux of calcium (9%
decrease) from the hepatocytes. This was less than
that observed with 10~5 M phenylephrine (22%
decrease).

3.3. Sodium depletion of hepatocytes

In an effort to rule out the involvement of sodium
influx during a-adrenergic action, cells were washed
and incubated in low sodium medium (1.7 mM Na*
as opposed to 154 mM Na®). When these cells were
exposed to various concentrations of phenylephrine,
a shift in dose—response curve for phosphorylase
activation was observed (fig.5B). (The half-maximally
effective concentration in normal cells was 0.3 uM,
and in sodium depleted was >1 uM.) However, gluca-
gon action was inhibited to a much greater extent
(fig.5A), with only partial activation being observed
at a maximally effective dose of 107 M. These results
indicate that if anything, glucagon action is more
affected by extracellular sodium than is a-action.

3.4. Effects of digitoxin
Further experiments designed to exclude a role for
Na® influx in a-adrenergic actions involved the use
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Fig.5. Dose—response for phosphorylase activation by gluca-
gon and phenylephrine in normal and sodium-depleted
hepatocytes. Samples were removed at 3 min for phospho-
rylase ¢ determinations. See legend of fig.3 for other details.

of digitoxin an inhibitor of the Na* + K*-ATPase
[18]. Cells were incubated with 0.1 mM digitoxin and
the intracellular [Na*] measured together with the
[K*]. The results in fig.6A show that S X 10° M
monensin produced a 38% increase in intracellular
Na' in agreement with fig.3B. A relatively low con-
centration of digitoxin (10~ M) produced the same
effect, and both agents together elicited a large
increase. Corresponding, changes were observed for
intracellular potassium (fig.6B). The effect observed
with monensin on potassium was probably due to the
lack of specificity of the ionophore for monavalent
cations [16]. Despite the changes in intracellular Na*
induced by digitoxin in the absence and presence of
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Fig.6. Effects of digitoxin and monensin on intracellular Na*
and K* levels. See legend of fig.3 for other details.
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monensin, it caused no significant alterations in phos-
phorylase a (not shown). The inhibitor was also with-
out effect on the action of a submaximally effective
concentration of phenylephrine on glucose release
(not shown).

These results show that rat liver mitochondria cal-
cium transport activity is modulated by Na*. How-
ever, it would appear from the intracellular Na*
measurements (9.8 £ 1.0 mM, n = 6) that this sodium-
induced calcium efflux pathway would be almost
saturated under normal basal conditions (see fig.2).
Confirmation of this is shown in fig.3,4,6 where
monensin is able to produce a large increase in intra-
cellular sodium especially in the presence of digi-
toxin, but elicits only minimal activation of phos-
phorylase. On the other hand, a large activation of
phosphorylase is observed with phenylephrine, with
no significant change in intracellular [Na®].

The increase in intracellular Na* induced by
monensin would be expected to occur with an
exchange of H' for Na* [16]. Consequently, the small
activation of phosphorylase observed in hepatocytes
incubated in the presence of monensin is not likely
to be due to a decrease in cytoplasmic pH and sub-
sequent release of mitochondrial Ca?*, as shown in
vitro [23].

From these studies it would appear unlikely that
changes in the intracellular [Na®] are responsible for
the release of mitochondrial calciurh during a-adrener-
gic stimuiation of glycogenolysis. Changes in the intra-
cellular [Na'] can, however, regulate that level of
phosphorylase 2 in hepatocytes, as demonstrated by
these data with monensin and the pioneering studies
of Cahill et al. [24]. The nature of the putative intra-
cellular messenger of the a-adrenergic system is
presently being sought in this laboratory.
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