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Abstract 

Differential cardiac contractile depression by volatile anesthetics is well documented, and evidence points to differing actions 
on the myocardial sarcoplasmic reticulum (SR). Since the Ca2+-release channel (CaRC) of the SR binds ryanodine with 
high-affinity when opened by micromolar Ca 2+ concentrations, ryanodine binding to cardiac SR membrane vesicles was 
employed as an assay of anesthetic modulation of CaRC activity. Canine ventricle was homogenized, centrifuged preparatively 
and then differentially on a sucrose gradient. A fraction enriched with CaRCs was defined by: the presence of a ~ 450 kDa 
protein consistent with CaRC; ~ 3-fold enhancement of vesicular 45Ca2+ uptake by ruthenium red; Ca2+-activated [3H]ryano- 
dine binding. Specific binding of 10 nM ryanodine was activated by > 0.5/.tM Ca 2÷ and was maximal at ~ 6 pmol/mg protein in 
> 20 p~M Ca 2÷. Halothane (1.5%), but not isoflurane, shifted the Ca2+-dependence of ryanodine binding to lower [Ca2+]. With 
submaximal activation by 5 /xM Ca 2÷, 1.5% and 0.75% halothane enhanced binding of 10-80 /zM ryanodine, while 2.5% 
isoflurane and 3.5% enflurane did not. A plot of bound/free vs. bound ryanodine suggests that halothane causes a dose-depend- 
ent increase in ryanodine binding to a high-affinity site, while isoflurane has no such action. In intact myocardium, this effect will 
decrease Ca 2÷ retention in the SR so that less Ca 2÷ will be available to activate contractions, consistent with halothane's 
depressant action. 
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I. Introduct ion 

Inhalational anesthetic depression of myocardial 
contractility results from alterations in sarcolemmal 
Ca 2+ entry, sarcoplasmic reticulum (SR) uptake and 
release of Ca 2+, as well as direct effects upon contrac- 
tile proteins [1]. The latter effect appears to be rela- 
tively minor at clinically relevant concentrations [2-4], 
while substantial evidence suggests that multiple ef- 
fects are present with regard to Ca 2+ uptake and 
release by the SR [1,5-11]. S u e t  al. [5] demonstrated 
that in the presence of halothane there is decreased 
Ca 2+ available for subsequent caffeine stimulated re- 
lease in mechanically skinned rabbit myocardial fibers, 
an effect which is less prominent with isoflurane [12]. 
A number of mechanical studies on intact myocardium 
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have suggested that halothane causes decreased accu- 
mulation of Ca 2+ within the SR ~5,8,9,13], while stud- 
ies have also suggested other specific effects of isoflu- 
rane on Ca 2+ release from the SR [6,14,15]. In studies 
on isolated SR vesicles, anesthetics caused decreased 
retention of Ca 2+ in both actively or passively loaded 
vesicles [7,11]. The presence of a possible non-specific 
leak [11] obscured potential anesthetic effects on the 
Ca 2+ release channels (CaRC), which are located at 
the SR membrane junction with the T-tubules and 
which regulate release of Ca2+[16-18]. With Ca2+-de - 
pendent CaRC activation and opening, CaRCs develop 
high-affinity sites for the plant alkaloid ryanodine [19- 
22]. Connelly et al. [23] have reported that halothane, 
isoflurane, and enflurane differentially enhance ryan- 
odine binding by the skeletal and cardiac CaRC. To 
more fully elucidate how anesthetics may alter cardiac 
CaRC behavior under various intracellular conditions, 
we determined anesthetic effects on the affinity, num- 
ber and CaZ+-dependence of ryanodine binding sites in 
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isolated junctional SR from canine ventricle. A prelim- 
inary report has been presented [24]. 

2. Methods 

2.1. SR isolation 

Dogs were euthanized and hearts removed accord- 
ing to the regulations approved by the Animal Re- 
search Committee of the University of Virginia. SR 
vesicles were prepared from canine ventricular tissue 
using a modified version of Alderson and Feher [19]. 
The tissue was homogenized in 10 mM imidazole at pH 
7.0. All solutions were maintained at 4°C and con- 
tained the following proteinase inhibitors: 200 p,M 
phenylmethylsulfonylflouride (PMSF), 77 nM apro- 
tinin, 0.83 mM benzamidine, 1 mM iodoacetamide, 1.1 
/~M leupeptin, 0.70/~M pepstatin A. The supernatant 
solutions from two separate 20 minute 6000 x g cen- 
trifugations were combined and centrifuged for 2 h at 
100 000 x g, which resulted in a crude microsomal pel- 
let. This pellet was subsequently homogenized in 1 M 
KCI and 10 mM imidazole, layered on a discontinuous 
sucrose gradient consisting of 0.6, 0.8, 1.0, 1.1, 1.6 mM 
sucrose, and centrifuged for 10 h at 150000 x g. The 
proteins from each resulting interracial fraction and 
from the pellet were solubilized, separated elec- 
trophoretically on a SDS-PAGE gel constructed with a 
linear 6-12% polyacrylamide gradient, and stained with 
Coomassie blue. Each fraction was also characterized 
by Ca 2+ uptake capabilities at 37°C employing the 
method of Feher et al. [25]. SR vesicles (50 /.~g pro- 
tein/ml of buffer) were added to assay buffer consist- 
ing of (mM) 100 KC1, 10 sodium azide, 5 mM potas- 
sium oxalate, 5 MgCI 2, 0.2 45CAC12 (0.8 /~Ci/ml) and 
20 imidazole (pH 7.0). Uptake was initiated with the 
addition of 5 mM ATP and duplicate 100 #1 samples 
were removed and filtered at appropriate time inter- 
vals. Protein concentrations were determined using the 
method of Bradford [26]. 

Fractions from the 1.0/1.1 and 1.1/1.6 interfaces 
and from the pellet showed prominent ATP-supported 
uptake of 45Ca2+. On electrophoresis of these three 
fractions, the most prominently stained proteins were 
at 105 and 45 kDa, characteristic for the Ca-ATPase 
and the calcium binding protein (calsequestrin) of car- 
diac SR, respectively. The densest fraction (No. 3) 
obtained from the pellet showedan additional band at 
500-450 kDa corresponding to the Ca release channel 
(CaRC). In three heavy SR vesicle preparations, the 
control 4SCa2+ uptake (0.97 _+ 0.34 ~mol/mg per min) 
was enhanced by almost 3-fold (2.9 + 0.7 times) when 
10 /xM ruthenium red (RR) was added to block Ca 2+ 
efflux via the CaRC. The lighter SR fractions showed 
enhancement with 10 gM RR of only 10-30%. 

Binding experiments were performed at 37°C in 100, 
250 raM, or 1 M KCI with 200 /~M PMSF, 25 mM 
Pipes (pH 7.4), and addition of 200 ~g protein/ml. 
Concentrations of [3H]ryanodine (60 Ci/mmol) were 
made by dilution of labeled ryanodine with unlabeled 
drug. Ca 2+ concentrations were buffered with the ap- 
propriate amount of EGTA to produce the free Ca 2 + 
stated at the pH employed [27]. The quantity of bound 
ryanodine was determined from the SR retained after 
filtration (Whatman GF/B  glass fiber) of the 0.5 ml 
aliquots. Filters were then washed three times with 5 
ml of ice cold assay buffer, placed in 7 ml scintillation 
cocktail, and counted in a Beckman LS 230 scintillation 
counter. Results were expressed as pmol/mg SR pro- 
tein. In control experiments, the incubation period was 
varied from five to 120 min to verify ryanodine binding 
had reached a steady state. Subsequent studies em- 
ployed a 90 min incubation period. Non-specific bind- 
ing was measured at each ryanodine concentration with 
the inclusion of 10 /~M untritiated ryanodine and/or  
10 mM EGTA and no added Ca 2+. 

2.2. Reagents and anesthetic administration 

Reagents and proteinase inhibitors were obtained 
from Sigma (St. Louis, MO). Radioisotopically labeled 
45Ca2+ and [3H]ryanodine were obtained from New 
England Nuclear (Boston, MA), with a single batch of 
the latter used in all studies comparing anesthetic 
effects. Halothane was supplied by Halocarbon Indus- 
tries (Newark, N J); isoflurane and enflurane by 
Anaquest (Madison, WI). For a minimum 20 min equi- 
libration period, buffer solution at the experimental 
temperature (usually 37°C) was bubbled via a fritted 
glass tube with filtered air (0.2 p.m porosity filter) 
which was passed through an appropriate calibrated, 
temperature-compensated anesthetic vaporizer, provid- 
ing approximately equipotent anesthetic concentrations 
[28]: 1.5% (of atmosphere) halothane; 2.5% isoflurane; 
3.5% enflurane. The appropriate quantity of ryanodine 
was placed in a 1 ml glass vial, followed by an aliquot 
of SR on the opposite side, with final addition of a 0.5 
ml aliquot of anesthetic-equilibrated buffer. The mix- 
ture was promptly sealed with Teflon-lined caps to 
prevent loss of anesthetic. The presence of anesthetic 
concentrations in solution appropriate for the known 
buffer/gas partition coefficient [29] were verified by 
gas chromatography. Halothane at 0.75% and 1.5% 
yielded approximately 0.25 and 0.5 mM in solution; 
whereas 2.5% isoflurane and 3.5% enflurane yielded 
0.6 mM and 0.9 mM, respectively. 

Z3. Stat&tical and binding analys& 

Comparison among control and various anesthetics 
of ryanodine binding was made by ANOVA with Fish- 
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ers PLSD (protected least significant difference) test 
for planned comparisons (Statview, Abacus Concepts, 
Berkeley, CA). The dependence of specific bound 
ryanodine (bRy) on ryanodine concentration ([Ry]) was 
employed to estimate the changes in binding properties 
of the SR caused by anesthetics. Although complex 
multiple interacting ryanodine binding sites have been 
described [20], in this case the simplest model of ligand 
binding which approximated the results was assumed, 
in which ryanodine could bind to either a high- or 
low-affinity site (1 and 2, respectively) with maximum 
capacity B,, and dissociation constant K, where: 

K 
d 

= [W Bmax - bRY) 
tbRy1 

(1) 

so that 

FRY,,,,, = FYI 
’ (Km*1 
{ 

-FRY,) + (4mxz -FRY,) 
KdI Kd2 I 

(2) 

As an added constraint on the system, it was assumed 
that for the ryanodine binding sites: 

total B,,, = Bmaxl + Bmavz (3) 

Control values for K,,, Kd2, Bmaxl, and B,, were 
obtained using a least-squares fitting program (Sigma 
Plot, Jandel Scientific) for a single ligand-two site 
model as described by Feldman (see Eq. 12) [30]. 
Binding of ryanodine reduced [Ry] by less than 1% 
(- 3% with 20 PM Cal and this small change was not 
included in the calculation of bRy/[Ry]. 

3. Results 

Fig. 1A shows the [ 3H]ryanodine (2 nM) retained by 
SR vesicles after varying times of incubation, and is 
similar to that reported previously [19]. When the 
ryanodine receptor was activated by 25 PM free Ca*+, 
the rate of association of ryanodine with SR in 1 M 
KC1 buffer was described by a single exponential with a 
time constant of 16 min (solid line). The presence of 
anesthetics did not alter the rate of association, while 
ruthenium red (1 FM), which binds to the ryanodine 
receptor, markedly depressed binding. Since stable 
binding was present beyond 75 min to at least 120 min 
(not shown), the 90 min incubation period employed in 
subsequent studies was sufficient to ensure equilibra- 
tion. Fig. 1B shows the Ca2+-dependence of ryanodine 
binding in 1 M KC1 and 250 mM KC1 buffer, which in 
this SR preparation resulted in activation of binding at 
> 0.1 FM Ca 2+ The presence of 1.5% halothane . 
during the incubation significantly enhanced the bind- 
ing of ryanodine at the threshold Ca*+ concentrations 
for each study. In contrast and significantly different 
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Fig. 1. (A) Time dependence of total ryanodine association with SR 
vesicles using 2.5 PM Ca *+ for activation and labeling with 2 nM 
ryanodine. The non-specific binding was estimated at 0.09 pmol/mg 
protein. The solid line describes binding to a single site with a time 
constant (7) of 16 min. Amount and rate of ryanodine binding was 
unaltered by the anesthetics with such maximal Ca2+ activation. (B) 
Ca2+ dependence of ryanodine (10 nM) binding to isolated SR 
vesicles in either 1 M (n = 4) or 250 mM (n = 5) KC1 at 37°C. The 
vesicles employed were derived from two different heavy SR prepa- 
rations; the preparation in 1 M KC1 demonstrated activation at 
unusually low Ca2+ concentrations. In both cases, halothane signifi- 
cantly enhanced binding versus control or isoflurane (*P < 0.05). As 
indicated by the curves describing ryanodine binding in 250 mM KCI, 
the data was well described by a Hill equation in which: bound 
ryanodine = B,, [Ca2+]“/(([Ca2+]s,,)” +[Ca’+ I”)). According to a 
least-squares analysis fit to the data, n (1.34 to 1.58) and B,,, (5.0 to 
5.6 pmol/mg) did not differ significantly. The [Ca2+ ] for half maxi- 
mal binding ([Ca2+ ]sa) decreased from a control value 3.4kO.7 to 
2.0+0.1 PM in the presence of halothane; isoflurane (4.3 k-0.2 FM) 
did not differ from control. 

from halothane, the equivalent concentration of isoflu- 
rane (2.5%) had less effect. The [Ca*‘] for activation 
of half-maximal ryanodine binding was clearly shifted 
to lower [Ca2’] by halothane, but not by isoflurane. 

Ryanodine binding as a function of [Ry] is shown in 
Fig. 2. For the SR preparation employed, the inset in 
Fig. 2A indicates a clear component of Ca’+-depend- 
ent activation at [Ca*‘] 2 1 PM. With 10 nM ryan- 
odine, 5 PM Ca2+ resulted in 1.0 + 0.1 pmol/mg total 
bound ryanodine, compared to 6.2 f 0.3 with 20 I.LM 
Ca2+. An obvious component of specific high-affinity 
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binding activated by 20 /zM Ca 2+ appeared saturated 
in 10-50 nM ryanodine (Fig. 2A), with further increase 
in specific binding observed only at 100 and 500 nM 
ryanodine suggesting the presence of an additional 
binding site. Activation of ryanodine binding with 100 
/zM Ca 2+ was no greater than that seen with 20 /~M 
CaZ+(not shown for clarity). In contrast, 5 #M Ca 2+ 
resulted in a gradual ryanodine-dependent increase in 
binding up to 100 nM and beyond. Non-specific bind- 
ing was linearly related to ryanodine concentrations 
studied (10 nM-2000 nM). In the presence of excess 
unlabeled ryanodine with either 5, 20 or 100/zM free 
[Ca2+], or in the absence of activating Ca 2+, there was 
similar nonspecific binding which averaged 0.0475 
pmol/mg per nM ryanodine. 

Since the action of halothane was absent or less 
profound with maximal Ca 2+ activation (Fig. 1B), anes- 
thetic actions on ryanodine binding were compared at 
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Fig. 3. Scatchard analysis of specific [3H]ryanodine binding to junc- 
tional SR vesicles activated by 5 or 20/~M Ca 2+ in I M KCI (n = 5). 
The lines represents  a least-squares fit to the data points for a model 
in which [3Hlryanodine binds to either a high- or low-affinity site 
with the values indicated (see text for equations). 
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Fig. 2. (A) Total [3H]ryanodine binding in the presence of 20 /~M 
Ca 2+ (n = 5 )  and 5 p.M Ca 2+ (control, n = 5 ,  and with 1.5% 
halothane ( ~ 0.5 mM), n = 4) in 1 M KCI. The inset shows the Ca 2+ 
dependence of ryanodine binding in this particular SR vesicle prepa- 
ration (n = 3). Ryanodine binding in the presence of 10 ~ M  excess 
unlabeled ryanodine is also shown as non-specific binding (n = 5), 
which was a linear function of [3H]ryanodine, being 0.0475 p m o l / m g  
per nM (R 2 = 0.998). (B) Anesthet ic  effects on total [3H]ryanodine 
binding in 5 k~M Ca 2+. Halothane significantly enhanced ryanodine 
binding: * P < 0.05 for difference from control; i, P < 0.05 for differ- 
ence from isoflurane; e, P < 0.05 for difference from enflurane. 

submaximally stimulating 5 /~M Ca 2+. The effect of 
1.5% halothane is indicated in Fig. 2A and magnified 
in 2B, with enhancement of ryanodine binding evident 
at 10 nM-80 nM. Fig. 2B shows actions of the various 
anesthetics over the 10-100 nM ryanodine range. Both 
0.75% and 1.5% halothane enhanced the amount of 
total ryanodine bound above control, which was also 
significantly higher than the binding with 2.5% isoflu- 
rane. At 10, 30, and 70 nM [3H]ryanodine, 1.5% 
halothane also differed significantly from 3.5% enflu- 
rane which caused no change in ryanodine binding. 
Non-specific binding was unaltered by the presence of 
halothane or enflurane (one experiment each, data not 
shown). Under identical conditions, 5 mM caffeine 
clearly caused profound activation of ryanodine bind- 
ing. 

The specific ryanodine binding under various condi- 
tions could be most simply described by binding to a 
high- and low-affinity site. In 20 #M Ca 2+, the specific 
binding with 2000 nM ryanodine was 24 _+ 6 pmol/mg 
of which ~ 6 pmol/mg represents binding to the 
high-affinity site saturated < 20 nM ryanodine. If the 
low-affinity ryanodine binding is assumed to have a K d 
of 2000-6000 nM [16,17,31], in 2000 nM ryanodine the 
remaining 18 pmol/mg bound would represent 25-50% 
of Bmax2, giving an estimated range of 36-72 pmol/mg. 
Fig. 3 shows the plot of bound/free vs. bound ryan- 
odine in the presence of 5 or 20/zM Ca 2+ with the low 
and high binding evident (a log scale on the ordinate is 
employed for clarity). The affinity and number binding 
sites was dearly modulated by Ca2+: for the high-affin- 
ity ryanodine binding in 20 /~M Ca 2+, Kal = 1.0 nM 
and Bmaxt = 6 pmol/mg, whereas in 5 /~M C a  2+, the 
binding was best described by Kdt = 17 nM and Bmaxl 
0.66 pmol/mg. While the total number of binding sites 
in 5/~M appeared slightly lower (58 vs. 48.5 pmol/mg) 
the difference was well within the error of the approxi- 
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Fig. 4. Scatchard analysis of 0.75 and 1.5% halothane (A), or 2.5% 
isoflurane and 3.5% enflurane (B) effects on specific [3H]ryanodine 
binding to junctional SR vesicles activated by 5 /~M Ca 2+ in 1 M 
KCI. The lines in both plots are results generated assuming 
[3H]ryanodine binds to either a high- or low-affinity site according to 
text equations using the values indicated in the panels. The heavy 
solid line (control) is the same as that indicated in Fig. 3. Anesthetic 
effects on ryanodine binding beyond 500 nM were not explored in 
this particular preparation, so the changes in low-affinity binding by 
the anesthetics are less certain. Note different scales are employed in 
A and B. 

m a t i o n ;  Kd2 also showed little difference in 5 /xM vs. 
20/xM Ca 2+. Since [ryanodine] did not exceed Kd2, the 
value of Kd2 may be underestimated. 

The Scatchard analysis of anesthetic effects on spe- 
cific ryanodine bound in 5/xM Ca 2+ is shown in Fig. 4. 
The dose-dependent enhancement of total ryanodine 
binding caused by halothane (10 nM-100 nM 
[3H]ryanodine) is clearly evident in the Scatchard anal- 
ysis (Fig. 4A). The major effect of halothane could be 
adequately described simply by an increase in the num- 
ber of high-affinity (Kdl = 17 nM) sites, with no appar- 
ent change in binding affinity. For 0.75 and 1.5% 
h a l o t h a n e ,  Bmaxl increased by 2.7 and 3.8 times from 
an estimate of 0.66 pmol/mg, to 1.8 and 2.5 pmol/mg, 
respectively. The lack of a major effect of halothane on 
the affinity of the high-affinity site is evident from the 
similar slopes representing high-affinity binding in Fig. 
4A. However, since the ryanodine binding was not 
increased at 500 nM by 1.5% halothane, a decreased 

binding to the low-affinity sites also would appear to 
have occurred to compensate for the increased high-af- 
finity binding. In Fig. 4A an increase in Kd2 was 
employed to approximate this behavior, although it 
could also be described by an decrease in Bmax2. 

In contrast to halothane, 2.5% isoflurane and 3.5% 
enflurane did not increase high-affinity binding of 
ryanodine (Fig. 4B). Clearly, neither the affinity nor 
the number of the high-affinity sites appear to be 
enhanced by the presence of these two ether anesthet- 
ics. Increased specific binding in 500 nM ryanodine 
caused by enflurane could be approximated by a de- 
crease in Kd2 (increased affinity), resulting in in- 
creased binding to the low-affinity site. For isoflurane, 
there is the suggestion that the number or affinity of 
high-affinity sites is decreased, while Kd2 may also 
have decreased in order to account for unchanged 
binding in 500 nM ryanodine. However, the description 
of actual 10-50 nM ryanodine binding was relatively 
insensitive to similar changes in Kd2 and Bmax2 , as 

expected since low-affinity binding accounts for 30% of 
bound ryanodine at most in this range. Over the range 
10-100 nM ryanodine, Kd2 = 2100 nM and total Bma x 
= 32 pmol/mg protein, or Kd2 = 8000 nM and total 

Bma x = 80 pmol/mg protein would also describe the 
low-affinity binding. 

In order to verify that the action of halothane was 
not limited to effects in 1 M KCI, the effect of 1.5% 
halothane on ryanodine binding was examined in 100 
mM KCI. In this setting total binding was enhanced 
(Fig. 5A), as was specific binding at in 5, 10, 20 and 100 
nM ryanodine. Binding at 300, 500 and 1000 nM ryan- 
odine was actually depressed by the anesthetic (not 
shown). The plot of bound/flee vs. bound (Fig. 5B) is 
similar to that observed in 1 M KCI study, although 
control Bmaxl was considerably higher (4.8 vs. 0.66 
pmol/mg). As in the higher ionic strength, halothane 
caused an apparent increase in the number of high-af- 
finity binding sites of 36% with no apparent change in 
affinity. In addition, there appeared to be a decrease in 
binding to low-affinity sites, which could be explained 
by a decrease in affinity (increase in Kd2 as shown in 
Fig. 5B) or a decrease in the number of binding sites 
(not shown). 

To further verify the differential enhancement of 
high and low-affinity binding by anesthetics, the effects 
of anesthetics were explored with 10 and 1000 nM 
ryanodine with varied activation by Ca 2+. In this SR 
vesicles preparation in 300 mM KCI buffer, binding of 
5 nM ryanodine activated by 0.5 or 10 p~M Ca 2+ was 
19% and 98% of the maximal binding (5.2 pmol/mg at 
50/~M Ca2+). As indicated in Table 1, 1.5% halothane 
alone of the three anesthetics was able to increase 
specific ryanodine binding when activating Ca 2+ was 
0.5 p.M. In the presence of 10/~M Ca 2+, both halothane 
and enflurane enhanced binding. When low-affinity 
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Table 1 
Anesthetic effects on specific ryanodine binding to cardiac SR vesicles (pmol/mg) 

n 10 nM ryanodine 1000 nM ryanodine 

0.5/xM C a  2+ 10/zM Ca 2+ 0.5/zM Ca 2+ 10/zM C a  2+ 

Control 8 1.21 + 0.06 5.42 _+ 0.14 2.0 + 1.6 8.6 ± 0.5 
1.5% halothane 4 2.44 ± 0.11 * 7.49 _4- 0.35 * 2.8 + 2.4 8.2 + 1.8 
2.5% isoflurane 4 1.37 +_ 0.10 5.91 + 0.26 5.0 _+ 1.9 14.5 _+ 1.3 * 
3.5% enflurane 4 1.08 + 0.09 7.15 _+ 0.22 * 12.0 ± 2.6 * 22.9 _+ 2.9 * 

Experiments performed in 300 mM KCI buffer at pH 7.0. Non-specific binding was 0.037 pmol/mg per nM ryanodine. * P < 0.05 for difference 
from control by ANOVA. 

b ind ing  was assessed with 1000 nM ryanodine ,  3.5% 
enf lu rane  d e m o n s t r a t e d  a c lear  abi l i ty  to act ivate  low- 
affinity ryanod ine  b ind ing  in the  p resence  of  0.5 or  10 
# M  Ca 2+, cons is ten t  with the  resul ts  in Fig. 4B. This  
ac t ivat ion of  low-affini ty b ind ing  was also seen to a 
lesser  ex tent  with 2.5% isof lurane  in the  p re sence  of  10 
/xM Ca 2+ act ivat ion.  A l t h o u g h  ha lo thane  inc reased  
high-aff ini ty b inding,  the  absence  of  e n h a n c e d  b ind ing  
with 1000 n M  ryanod ine  suggests  that  low-affini ty b ind-  

A 
12 Control . ' * ' ~  

10 - - -s- - 1.5% halothane . " "  
. - "  r 

Total 8 [ , T ' ' " ~  
ryanodine 

bound 
(pmol/mg) 6 . -  ,/ 4 " 

2 ~ 
.... .............................. " ........ non-specific 

0 *"T ........... ~ L ~ J J 
0 20 40 60 80 1 00 
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(prno~mg) (riM) 

i 
0.30 ~ .~ - o control - -  5.0 3000 

Specific 
ryanodine \ 1 ~  • 1.5% halothane - - -  6.8 6000 

bound ~ 

/tree 0.20 ~ total 8ma x = 51,6 pmot/mg 

(pmol/mg/nM) ~ \  K dl = 15 nM 

0 t 0  \o', 

ooo . . . , , ~ . . . : , - . _ - . ' ~ - r . - ~  
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Specific ryanodine bound (pmol/mg) 

Fig. 5. (A) Effects of 1.5% halothane (~  0.5 mM) on total 
[3H]ryanodine binding activated by 5 tzM Ca 2+ in 100 mM KC1 
(n = 7). * P < 0.05 for difference from control. (B) Scatchard analysis 
of halothane effects. The control results (open circles) could be 
described by a model of [3Hlryanodine binding to a high- and 
low-affinity site. The solid line represents a least-squares fit to the 
data using the values indicated (see text for equations). Halothane 
(filled squares) increased high-affinity binding and decreased low-af- 
finity binding, an effect which could be described either by the 
decrease in affinity of site 2 (dashed line), or by a decrease in the 
number binding sites (not shown). 

ing was inhib i ted  by ha lo thane  to resul t  in no increase,  
conf i rming the effect  sugges ted  in Figs. 4A and 5B. 

4. Discussion 

The  volat i le  anes the t ics  p roduc e  d i f ferent ia l  my- 
ocard ia l  depress ion  by exer t ing  d ivergent  effects at 
var ious  ce l lu lar  sites, pa r t i cu la r ly  in a l ter ing Ca 2+ fluxes 
th rough  the  s a r c o l e mma  and sa rcoplasmic  re t icu lum 
(SR)  [6,8-12,14,32,33]. S tudies  in sk inned myofibri ls  
have sugges ted  a g rea t e r  effect  of  ha lo thane  in reduc-  
ing the  Ca 2+ avai lable  for re lease  from SR Ca s tores  
when  ac t iva ted  by caffe ine  [12]. However ,  anes the t ic  
effects  on isola ted  ca rd iac  SR vesicle fluxes demon-  
s t ra ted  that  i sof lurane  and ha lo thane  dec rea sed  Ca 2+ 
up t ake  and inc reased  Ca 2+ effiux, even in the  p resence  
of  p r e s u m e d  b lockade  of  the  C a R C  by the polyca t ion  
ru then ium red  [11]. Whi le  ha lo thane  a p p e a r e d  to have 
a g rea te r  act ion,  it was not  poss ib le  to d e t e r m i n e  if 
non-speci f ic  leak  was more  e n h a n c e d  by ha lo thane  or  
w he the r  R R  b inding  to the  C a R C  might  not  have been  
a l te red .  The  aim of  this s tudy was to de l inea t e  any 
d ivergent  effects on the  SR Ca 2+ re lease  channe l  
( C a R C )  that  cont ro ls  re lease  of  Ca 2+ which in turn 
act ivates  tens ion  deve lopment .  

The  p lan t  a lka lo id  ryanod ine  has been  a va luable  
tool  to def ine  the  funct ion and role of  the  CaRC,  
resul t ing  in the  mon ike r  ryanod ine  r ecep to r  for these  
l a rge  h o m o t e t r a m e r i c  p r o t e i n s  ( ~  5000 a m i n o  
a c i d s / s u b u n i t ) ,  which a p p e a r  to possess  th ree  isoforms 
[34]. Ev idence  f rom b iochemica l  [20,35], e lec t rophys io-  
logic [36], and  physiologic  expe r imen t s  [37] suggest  that  
ryanod ine  binds  to the  C a R C  with high-aff ini ty when 
the  channe l  opens ,  locking the channe l  in an open,  yet  
less conduct ive  s ta te  [36,38]. Binding  of  ryanod ine  (100 
/xM) to a low-affini ty site co r re la tes  with channe l  clos- 
ing [38] and even slower d issocia t ion  f rom the channe l  
[39,40]. 

Agen t s  (caffeine,  ATP,  an th raqu inones )  which lead  
to inc reased  channe l  open ing  also enhance  ryanod ine  
b ind ing  [38,40-43], but  of  p r imary  physiological  re le-  
vance is Ca 2+, which in card iac  muscle  serves to t r igger  
open ing  of  the  channe l  [44], act ivat ing re lease  of  Ca 2+ 
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stored in the SR. The Ca2+-dependence of ryanodine 
binding observed in these canine cardiac SR prepara- 
tions is similar to that reported previously with a 10- 
90% binding increase over a 6-8-fold increase in [Ca 2+ ] 
[19]. In the present study, one SR preparation studied 
showed a very high Ca 2 + sensitivity for activation in 1 
M KC1, but this was not a constant finding. The in- 
creased ryanodine binding sensitivity to Ca 2+ has been 
attributed to an action of ionic strength [40], but vari- 
ous reports suggest that this may not be a consistent 
effect in cardiac muscle [45,46]. In the presence of 
50-100 p.M activating Ca 2+, a variety of studies have 
documented a ryanodine binding site with an affinity of 
1-5 nM [19,20,47]. Activation by > 20 /xM Ca 2+ or 5 
mM caffeine in this study also generated high-affinity 
binding which was saturated in < 10 nM ryanodine. 
Employing 25 /zM Ca 2+, initial studies [16,48] in iso- 
lated 'heavy' cardiac SR vesicles documented high and 
low-affinity sites for ryanodine (K d values of 17 and 
1060 nM) similar to those estimated here with 5 t~M 
Ca 2+. 

A previous ryanodine binding study in isolated 
skeletal and cardiac SR vesicles suggested differing 
effects of halothane, isoflurane, and enflurane in mod- 
ulating CaRC activation [23], effects which are verified 
and expanded in the present report. Halothane acti- 
vated greater ryanodine binding at the threshold range 
of [Ca 2+] which opens CaRCs and increases ryanodine 
binding, while isoflurane had no such effect. The ac- 
tion of halothane appears similar to that of caffeine 
and higher [Ca e÷] (> 20 /~M) which activate CaRC 
opening and enhance ryanodine binding. Unlike higher 
[Ca2+], caffeine, or anthraquinones which increase 
CaRC affinity for ryanodine to the higher level (K d < 4 
nM) [20,36,42,47,49], halothane did not appear to 
markedly increase ryanodine affinity. Due to the scat- 
ter in the data a modest increase in CaRC ryanodine 
affinity may have been missed, however, there is no 
appearance of any major component with a g d of 1-2 
nM as with 20/xM Ca 2+. 

While two ryanodine site binding sites have been 
typically described for cardiac SR [16,48], the actual 
binding pattern for ryanodine to these receptors can be 
more complicated, with up to four sites demonstrable 
[20], and positive [39] or negative cooperativity [20] 
evident in dissociation studies. In the present study the 
two-site model adequately described the control ryan- 
odine binding behavior, and was employed to estimate 
anesthetic-induced changes and to clarify whether en- 
hanced binding is due to alteration in number or 
affinity of binding sites. The estimation of low-affinity 
binding might contain a substantial error, since binding 
was not explored above 2000 nM ryanodine which was 
less than the estimated low-affinity K d. However, the 
value obtained for Kd2 was similar to estimates by 
others [16,48]. The major action of halothane was an 

increase in the apparent number (Bmaxl) of ~ 20 nM 
K d binding sites, with a greater effect at the higher 
concentration. If binding of Ca 2 + to the channel (Ch) 
causes it to assume an open state (Ch*), to which 
ryanodine then binds with high-affinity (KaO, it may be 
stated: 

Ca 2++ Ch ~ Ca 2 +. Ch ~ Ca 2 +" Ch*, 

and Ca 2+- Ch* + Ry ~ Ca 2+- Ch* • Ry. 

The results suggest that halothane shifts the first reac- 
tion scheme to the right, either by increasing the Ca 2 
affinity of the CaRC or by increasing the subsequent 
rate at which it assumes the open (ryanodine binding) 
state. The greater number of open channels appear to 
bind ryanodine with the same affinity since Kdl showed 
little halothane-induced change, suggesting that 
halothane has little effect on the second reaction 
scheme. While an increased Kd2 for the low-affinity 
site was employed to describe the halothane results 
(Figs. 4A anad 5B) and to permit better quantitation of 
changes in the high-affinity binding, assumptions about 
its value do not markedly alter the conclusions about 
high-affinity binding. We cannot rule out marked 
changes in Kd2 and Bmax2 of the low-affinity site, 
which would require an decrease (or increase) in Kol 
to describe the results. However, an increase in Bmaxl 
(Ca 2÷" Ch*) combined with a modest increase in Kd2 
or decrease in Bma x was the most parsimonious expla- 
nation for our observations. Higher halothane concen- 
trations beyond the clinical levels employed might 
demonstrate the increases in affinity seen with caf- 
feine. To explain the same total binding in 500-1000 
nM ryanodine as seen with control, halothane appar- 
ently decreased low-affinity binding (increased Kd2 or 
a decreased Bmax2) coincident with the greater high-af- 
finity binding. This reciprocal change in binding has 
been observed previously with activation of high-affin- 
ity binding by other agents [40]. Pessah et al. [20] have 
suggested that the ryanodine modulates its own bind- 
ing when activated, with negative cooperativity being 
evident. 

Due to the slow binding of ryanodine to activated 
CaRCs, the assay employed requires a prolonged incu- 
bation. Presumably, these effects of halothane occur 
rapidly in intact muscle to account for the observed 
physiological actions. When applied with submaximally 
stimulating caffeine to skinned cardiac fibers, halothane 
enhances SR release of Ca2+[5]. When a high halothane 
concentration is applied abruptly to papillary muscles, 
halothane will briefly enhance the next few contrac- 
tions [50,51]. The increased myocardial tension is all 
the more surprising since halothane depresses sar- 
colemmal Ca 2+ currents [50,52,53] which trigger Ca z+- 
induced Ca 2+ release [54], suggesting that the Ca 2+ 
sensitization of the CaRC by halothane overrides its 
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depression of Ca 2+ current. Sustained opening of 
CaRCs during diastole will cause ongoing depletion of 
accumulated SR Ca 2+ stores [5,9,55,56], reducing Ca 2+ 
available for subsequent contraction. When combined 
with Ca 2+ current depression, such CaRC-mediated 
effects provide a mechanism for myocardial contractile 
depression by sustained halothane administration. 

The effects of isoflurane on the Ca2+-dependence of 
ryanodine binding differed significantly from those of 
halothane, with no increased binding of ryanodine to 
higher affinity sites. Physiologically, application of 
isoflurane to regularly contracting myocardium causes 
no transient enhancement of tension as seen with 
halothane [51]. In contrast to halothane, enflurane 
markedly increased low-affinity ryanodine binding, as 
well as high-affinity binding with maximally stimulating 
Ca 2+ (Table 1), implying an altered CaRC conforma- 
tion that primarily augments low-affinity binding and 
that is distinct from the change induced by halothane. 
It is not clear if increased Ca 2+ may contribute to this 
process, nor whether it represents a change in Kd2 
(which was used to describe the data, Figs. 4 and 5) or 
whether Bmax2 may have changed. Consistent with 
opening of CaRCs, release of SR Ca 2+ is activated in 
isolated myocytes by halothane application [10,57]. 
However, similar effects were also found with enflu- 
rane and isoflurane in certain models [57]. The present 
results provide little support for such similar cellular 
effects among these agents being mediated via similar 
actions on CaRCs, unless some transient effect of 
isoflurane and enflurane on the CaRCs is not observed 
due to the sustained incubation. Since isoflurane and 
enflurane produce myocardial depression that has been 
linked in part to altered SR function [6,58], the effects 
of these agents also may be due to actions on other 
aspects of SR function such as CaZ+-ATPase activity. 
In any case, the distinct effects of these different 
halogenated hydrocarbons on the CaRC suggests a 
direct protein interaction, rather than a similar gener- 
alized perturbation of membrane lipid which indirectly 
influences CaRC function. 

Since ryanodine receptors have been located in neu- 
ronal tissue [34], these anesthetic actions on the CaRC 
may influence function in those tissues. Ca 2+ mobiliza- 
tion in certain neuronal tissues has been demonstrated 
to be influenced by anesthetics [59]. As in cardiac 
tissue, such actions may be related to surface mem- 
brane Ca channel actions, as well as anesthetic-specific 
effects on internal Ca 2+ stores modulated by CaRCs. 
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