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Abstract—Ryanodine, a highly toxic alkaloid known to react specifically with the Ca’* release channels
in sarcoplasmic reticulum (SR), was employed to study Ca?* sequestration in the liver. Ryanodine at a
200 uM concentration increased cytosolic free Ca?* levels and phosphorylase a activity in isolated
hepatocytes. These effects may involve microsomal Ca?* sequestration, because ryanodine, in the
presence of inhibitors of mitochondrial Ca?* uptake, at concentrations of 1 nM, 1 uM, 50 uM and 100 uM
decreased *°Ca?* retention in permeabilized hepatocytes. This inhibition of Ca’* retention by ryanodine
was not due to inhibition of the microsomal Ca**-ATPase. Dantrolene, a compound shown previously
to inhibit ryanodine binding in the liver, also decreased *°Ca?* retention in permeabilized hepatocytes,
and activated phosphorylase a. These results show that ryanodine administration alters calcium seques-
tration in liver. The possibility of the existence of a ryanodine-sensitive Ca®*-release channel in liver is

discussed.

Ryanodine, a toxic alkaloid, has been employed
successfully in skeletal and cardiac muscle as an
experimental tool to study the mechanism of Ca?*
release. Ryanodine was shown to cause irreversible
contracture of skeletal muscle and to decrease the
tension of cardiac muscle [1]. These results are due
to the interaction of ryanodine with the heavy
sarcoplasmic reticulum (SR), thereby modulating
the Ca’*-release activity of this membrane [2, 3].
The target molecule of ryanodine in muscle has been
purified, reconstituted and found to form a Ca®*
channel [4].

Recently, we reported the presence of ryanodine
binding sites also in the liver [5, 6]. In light of these
data it seemed important to examine whether
ryanodine binding in the liver also results in the
modification of the distribution of Ca®* as it does in
the muscle. To answer this question we employed
three different experimental approaches. We
measured: (1) cystolic free Ca* levels with the Ca®*-
sensitive fluorescent indicator fura-2, (2) the activity
of glycogen phosphorylase a, and (3) °*Ca?* retention
in permeabilized hepatocytes.

MATERIALS AND METHODS
Animals. Fed, male Sprague-Dawley rats weighing

130-180 g, were used in all experiments.
Materials. Ethyleneglycol-bis  (f-aminoethyl-
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ether)-N’',N’,N', N'-tetraacetic acid (EGTA), 3(N-
morpholino) propane sulfonic acid (MOPS), 2-(N-
morpholino) ethanesulfonic acid (MES), trypan-
blue, glycogen, caffeine, 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES), dithiothreitol
(DTT), dantrolene, phenylephrine, ATP, phos-
phocreatine, creatine phosphokinase, ruthenium-
red, and rotenone were obtained from the Sigma
Chemical Co., St. Louis, MO. Collagenase (Type I)
was purchased from the Worthington Biochemical
Corp., Freehold, NJ. Glucagon was obtained from
QUAD Pharmaceuticals, Inc., Indianapolis, IN.
Albumin (bovine; Cohn fraction V) was purchased
from the Biochemical Corp., Cleveland, OH.
Glucose-1-phosphate was obtained from the Aldrich,
Chemical Co., Milwaukee, WI; ryanodine from
Calbiochem, La Jolla, CA; fura-2 from Molecular
Probes, Inc., Eugene, OR; and “*Ca’* from ICN
Radiochemicals, Irvine, CA. All others reagents
were of the highest purity obtainable.

Preparation of isolated hepatocytes. Hepatocytes
were isolated using the collagenase digestion
technique [7] with some modifications. The liver was
perfused in situ through the portal vein using Ca®*-
free Krebs—Ringer bicarbonate (KRB) containing
1mM EGTA and 10 mM glucose. After 5 min of
perfusion aregular KRB solution containing2.54 mM
CaCl,, 10 mM glucose and 0.05% (w/v) collagenase
was added to the perfusion apparatus and the
perfusion continued until the liver surface looked
soft. The liver was removed, placed in a petri dish
containing regular KRB and collagenase, and
minced. The liver suspension was filtered through
cotton gauze. After filtration, cells were washed
first with Ca’*-free KRB containing EGTA and
subsequently twice with regular KRB containing
CaCl,. The cells were resuspendedin KRB containing
CaCl,, counted, and cell viability was assessed by
trypan-blue exclusion.
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Isolation of microsomal fraction. Microsomes were
isolated from livers of fasting male Sprague-Dawley
rats. This method has been described in detail [8].
The liver was homogenized in 250 mM sucrose,
20mM HEPES, 1mM EGTA, and 1mM DTT,
pH 7.4. The homogenate was centrifuged at 1000 g
for 10min. The supernatant was centrifuged at
7700 g for 20 min and the resultant supernatant was
recentrifuged at 100,000 g for 60 min. The pellet was
resuspended in a medium containing 100 mM KCl,
20 mM HEPES, 1 mM DTT, pH6.8.

43Ca’* uptake and retention in permeabilized
hepatocytes. Hepatocytes (1 X 106 cells/mL) were
washed and resuspended in phosphate-buffered
saline (PBS) and incubated on ice with saponin
(0.02%) for 30 min. Permeabilized hepatocytes were
then centrifuged, washed twice with PBS, and
resuspended in a smaller volume of PBS. The
permeabilized hepatocytes were then incubated at
37° for 15min in a reaction mixture containing
19 mM CaCl, buffered with EGTA, **Ca?* (1 uCi/
mL), 2mM ATP, and an ATP-regenerating system
composed of phosphocreatine (5 mM) and creatine
phosphokinase (5 units/mL), which also contained
10 uM ruthenium-red and 10 uM rotenone. An
aliquot of the incubation mixture was filtered through
8.0 um Millipore filters and washed, and the filters
were subsequently counted in a scintillation counter.

Determination of phosphorylase a activity. Hepa-
tocytes (3 x 10° cells/mL) were incubated for 30 min
in KRB containing 2.54 mM CaCl, and 20 mM
glucose. After 30 min, cell samples were taken and
immediately frozen in liquid nitrogen. These samples
were then homogenized in ice-cold buffer containing
0.5% glycogen, 100 mM NaF, 20 mM EDTA, 50 mM
glycylglycine, and 20 mM MES, pH 6.1. Glycogen
phosphorylase a activity was determined by the
method of Stalmans and Hers [9], while the inorganic
phosphate was assayed by the improved method of
Lanzetta et al. [10].

Total protein. Protein determination for micro-
somes (Ca’*-ATPase assay) or hepatocytes
(phosphorylase a determination) was determined by
the bicinchoninic acid (BCA, reagent obtained from
the Pierce Chemical Co.) assay [11].

Determination of Ca**-ATPase activity. The
activity was determined as previously described [8].
The incubation medium contained 100 mM KCl,
20 mM HEPES/KOH, pH 6.8, 1 mM ouabain, 2 mM
EGTA, 1 mM NaN,, 1 uM ionophore A23187, 5 mM
MgCl,, 2.6 mM CaCl, (to produce a free Ca®* and
Mg?* concentration of 0.2 and 2.5 mM, respectively)
and microsomal protein. The reaction was started
by adding 5mM ATP. After incubation at 37° for
10 min, the reaction was stopped by adding ice-cold
16% (w/v) trichloroacetic acid. The protein-free
supernatant obtained after centrifugation at 5000 g
for 5 min was assayed for inorganic phosphorus using
the colorimetric method described by Lanzetta et al.
[10].

Cytosolic free Ca** concentration measurement
using fura-2 AM. Hepatocytes (0.5 X 10° cells/mL)
loaded with acetoxymethylester of fura-2 (5 uM)
(fura-2 AM) in dimethyl sulfoxide (DMSO) and
0.02% pluronic acid F-127 [12] were incubated in a
buffer containing 142 mM NaCl, 3mM KCl, 1 mM
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Fig. 1. Effects of 200uM ryanodine (Ry), 107°M

phenylephrine (Phe), 10-®M glucagon (Glu) and 107°M
vasopressin (Vas) on cytosolic free calcium concentration.
Cytosolic free calcium was measured by the fura-2 method
as described in Materials and Methods. The data are
means + SEM of three to eight experiments using different
preparations of hepatocytes. The results are expressed as
percent increase from the basal value, which corresponded
to 463 +71nM Ca’* in ten experiments. Statistically
significant increase from basal values: (*) P <0.05, (**)
P <0.01.

MgSO,, 1mM CaCl,, 1mM KH,PO,, 20mM
HEPES, 0.2% albumin, and 10 mM glucose for 1 hr
on a rocker at room temperature while gassed with
0,/CO, (19:1). After incubation, the cells were
washed and centrifuged twice at room temperature
at 500g for 1min and resuspended in a smaller
volume of the above buffer.

The fluorescence of fura-2 loaded cells was
measured at 37° by using excitation and emission
wavelengths of 340 and 505nm, respectively.
[Ca®*}; was calculated by using the equation given
in Ref. 12 and a K; of 242 for the dissociation
constant. Values for F,, and F;, of cells loaded
with fura-2 were obtained using 0.2% Triton and
0.3M EGTA and a saturated Tris solution.

The data were analyzed by a paired -test using
a computer program (Primer Biostatistics: The
Program).

RESULTS

The effect of ryanodine on cytosolic free Ca®*
levels, as indicated by measurements with fura-2, is
shown in Fig. 1. In these, as well as in the next series
of experiments where glycogen phosphorylase a
activity was measured, high concentrations of
ryanodine were employed. The reason for choosing
a high concentration of ryanodine in these
experiments, carried out with intact cells, is the high
polarity of the ryanodine molecule. Thus, it seems
that ryanodine is unlikely to easily penetrate the
liver cell membrane. Because we cannot determine
how much of the ryanodine actually gets into the
cell and reaches its site of action, the purpose in
these experiments was limited to establishing whether
or not ryanodine has an effect. As shown in Fig. 1,
ryanodine caused a rather small, but statistically
significant increase in cytosolic free Ca®* levels. The
increase observed with ryanodine, however, was less
than the increase obtained with the hormones,
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Fig. 2. Effect of 10°M phenylephrine (Phe), 200 uM
ryanodine (Ry) and 100 uM dantrolene (Dan) on glycogen
phosphorylase a activity. Glycogen phosphorylase a activity
was determined as described in Materials and Methods.
The data are means = SEM of at least six experiments
using different preparations of hepatocytes. Statistically
significant increase from basal values: (*) P <0.05.

glucagon and vasopressin, and the a-adrenergic
agent, phenylephrine. The increase in [Ca?*}; after
ryanodine administration proceeded at a somewhat
slower rate, taking 1 min, in contrast to the immediate
increase observed with the hormones taking only
seconds (results not shown).

An accepted indicator of [Ca®*]; is the activation
state of glycogen phosphorylase a [13-16]. Thus, to
establish the effect of ryanodine on [Ca®*]; by an
additional method, its effect on the activation of this
enzyme was measured. As shown in Fig. 2a,
ryanodine activated phosphorylase a, though less
effectively than phenylephrine did. The effects of
phenylephrine and ryanodine seem to be additive.

Dantrolene, a muscle relaxant drug, was shown
to suppress Ca®* release by the SR [17], though it
does not seem to affect Ca?*-induced Ca?* release
[18], and was also shown previously to inhibit
ryanodine binding in the liver [5,6]. It was of
interest, therefore, to check its influence by itself
and in combination with ryanodine on Ca®**
sequestration. Its effect could be measured only on
glycogen phosphorylase a activity because its strong
yellow coloring interfered in our system with the
determination of [Ca?*]; by means of fura-2
measurement.

As shown in Fig. 2b, dantrolene by itself activated
glycogen phosphorylase a even more effectively than
ryanodine did. The effect of dantolene was due to
the drug and not to the vehicle solvent (DMSO)
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which, by itself, had no effect on the activity of the
enzyme (results not shown).

In the above experiments the permeability of
ryanodine across the liver cell plasma membrane
may have posed a limiting factor to its effectiveness.
To bypass this difficulty, in subsequent experiments
saponin-permeabilized hepatocytes were employed.
Digitonin- or saponin-permeabilized cells have been
proven to be useful tools in studies on Ca®*
sequestration [19-22]. The saponin-permeabilized
hepatocytes took up #°Ca’* in an ATP-dependent
manner in the presence of rotenone and of ruthenium-
red, an inhibitor of mitochrondrial-Ca** uptake. In
contrast to the skeletal muscle, ruthenium-red does
not inhibit ryanodine binding in the liver [5, 6]. In
separate experiments, addition of 20 mM oxalate
stimulated *°Ca?* usptake 2-fold, which confirmed
that the uptake of “>Ca?* was into the endoplasmic
reticulum (results not shown). However, because we
were interested in release rather than uptake, oxalate
was omitted from the incubation medium in the
experiments with ryanodine and dantrolene. As
shown, these two drugsinhibited “*Ca’* accumulation
by the hepatocytes (Table 1). The effect of ryanodine
was significant at a concentration of 1 X 107°M and
above. However, the increase in the effect was not
proportional with the increases in concentration.
Dantrolene, at much higher concentrations, also
reduced #*Ca?* accumulation.

The inhibition of *3Ca’** accumulation could be
due either to inhibition of the uptake or to stimulation
of release. To distinguish between these two
possibilities, the effect of ryanodine on the
activity of microsomal Ca?*-ATPase was measured.
Ryanodine at concentrations which reduced **Ca?*
accumulation did not affect the activity of the
microsomal Ca?*-ATPase (Table 2).

DISCUSSION

The data presented are compatible with the
suggestion that ryanodine has a significant effect on
Ca®* sequestration in the liver. The conclusion is
based on three observations: (1) ryanodine caused
an increase in [Ca®*]; as measured by the Ca®*
indicator, fura-2; (2) it induced an increase in activity
of glycogen phosphorylase a; and (3) ryanodine
also inhibited 4°Ca?* uptake in permeabilized
hepatocytes.

The pattern of increase in [Ca®*]; observed after
ryanodine administration, as measured by fura-2,
resembled more closely the pattern of gradual
increase observed following the administration of
halothane to the liver [23] than that of the hormones,
whichisimmediate. This observation may be relevant
because halothane in skeletal muscle was shown to
modify the activity of the Ca?*-induced Ca?* release
channel, which is ryanodine sensitive [2, 3, 24-26].
The polarity of the ryanodine molecule may also be
a contributing factor; it may take minutes for it to
get into the cell, whereas it only takes seconds for
the hormones to activate the Ca?* release process.

Because the increase in [Ca®*]; following ryanodine
administration as registered by an increase in fura-
2 fluorescence is rather small, it was important to
verify the observation by using a different method
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Table 1. Effects of ryanodine and dantrolene on *’Ca’* uptake in permeabilized hepatocytes

Calcium uptake (nmol Ca?*/10° cells)

Concentration Control Ryanodine Dantrolene % Inhibition
0.01 nM 2.23 = 0.50 2.17 = 0.28 (NS)* 3
0.1nM 1.96 + 0.34 2.03 = 0.49 0
1.0nM 229 £ 0.48 2.01 = 0.47¢ 12
1.0uM 2.15 £ 0.39 1.59 + 0.29¢ 26

50.0 uM 1.75 + 0.68 1.33 £ 0.59% 24

20 uM 2.05 = 0.40 1.71 £ 0.21 (NS) 17

50 uM 2.05 = 0.40 1.66 = 0.32+ 19

100 uM 2.26 = 0.41 1.85 = 0.40t 18

200 uM 2.62 = 0.44 1.59 + 0.221 40

Ca?* uptake was determined as described in Materials and Methods. The data are means = SEM of at
least three separate experiments using different preparations of permeabilized hepatocytes.

* NS = not significant.
t+ Significantly different from control at P < 0.05.

Table 2. Effect of ryanodine (Ry) on Ca?*-ATPase in
hepatic microsomal fraction

Ca?*-ATPase

Treatment (nmol P;/mg/min) Significance
Control 130.3 = 4.81

+ Ry (1nm) 1212 = 10.97 P = 0.292 (NS)*
+Ry(100nM) 1200  15.89 P = 0.461 (NS)
+ Ry (1 mM) 1160 = 2032 P = 0.453 (NS)

Ca?*-ATPase was determined as described in Materials
and Methods. The data are means + SEM of three
experiments.

* NS = not significant.

of measurement. We chose to measure the activation
of glycogen phosphorylase a as an additional
indicator of [Ca?*];. The activation of the enzyme
by ryanodine means an increase in [Ca®*);, and thus
reinforced the results obtained with the fura-2
measurements.

In the above experiments high concentrations of
ryanodine were used. This was necessitated by the
fact that we were interested in a fast response and
there was no way of knowing how much of the drug
actually entered the cells. Thus, the possibility that
ryanodine actually acted on the plasma membrane
and stimulated Ca’* influx cannot be excluded.
However, the increase in [Ca®*]; following ryanodine
administration to hepatocytes is likely to result, at
least in part, from the release of stored intracellular
Ca?*. This conclusion is based on the inhibitory effect
of ryanodine on #3Ca’* retention in permeabilized
hepatocytes loaded with 4Ca?* in the presence of
ATP and inhibitors of mitochondrial Ca?* uptake
(Table 1). Because ryanodine did not inhibit Ca?*-
ATPase (Table 2), the decrease in *3Ca®* content
was not caused by an inhibition of the uptake.
Ryanodine must, therefore, stimulate the release of
45Ca?*, resulting in less accumulation.

The effect of ryanodine on *Ca®* uptake in

permeabilized cells is significant at nanomolar
concentrations. The apparent K, for ryanodine in
isolated microsomal vesicles is 10 + 2 nM [6]. Thus,
ryanodine is effective at concentrations within the
range of the K,;. Under the experimental conditions
employed, ryanodine is likely to release 4*Ca?* from
the endoplasmic reticulum because mitochondrial
Ca?* uptake was inhibited. However, it is evident
from the data that the ryanodine effect in
this preparation does not show the expected
concentration-dependency. Thus, whether this
release represents an action of the drug at the specific
release site is unresolved. The endoplasmic reticulum
is a major calcium storage site in the liver [27];
however, the possibility that ryanodine releases
45Ca’* from additional compartments cannot be
excluded.

It is relevant to the present studies that in previous
experiments Mine et al. [28] reported that 500 uM
dantrolene inhibited phenylephrine-evoked Ca®*
efflux and also the increase in cytosolic free Ca’*
level. These effects of dantrolene indicated a possible
dantrolene-induced inhibition of a Ca?* channel. It
seems possible that, depending on the experimental
conditions, binding of dantrolene may also result in
the opening of the same channel. .

The data presented demonstrate, unequivocally,
that ryanodine alters Ca** sequestration in the liver,
probably by causing the release of accumulated
Ca?’* from a storage pool. Thus, even though the
characteristics of ryanodine binding in the liver are
very different from those of the skeletal muscie and
the binding site may be a different molecule [6], the
implications of the binding seem to be similar:
alteration of Ca®* sequestration. The identification
of the ryanodine-binding protein and the question
of whether it has a physiological function in the liver
remains to be elucidated.
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