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Cyclic adenosine diphosphoribose (cADPR), a natu-
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Cyclic ADP-ribose (cADPR) elicits calcium-induced
alcium release (CICR) in a variety of cell types. We
tudied the effect of cADPR on Ca21 release in muscle
ells by incubating SR vesicles from scallop (Pecten ja-
obaeus) adductor muscle in the presence of the Ca21

racer fluo-3. Exposure of SR to cADPR (20 mM) pro-
uced Ca21 release, which was a function of free [Ca21] in
range between about 150 and 1000 nM, indicating an

nvolvement of ryanodine-sensitive Ca21 channels. This
a21 release was not significantly enhanced by calmod-
lin (7 mg/ml), but it was enhanced by equimolar addi-
ion of noncyclic ADPR. Also, the Ca21 release elicited by
ADPR/ADPR was a function of free [Ca21] in a range
etween about 150 and 3000 nM, over which Ca21 was
nhibitory. cADPR self-inactivation was observed at low
ree [Ca21] (about 150 nM), but it tended to disappear
pon [Ca21] elevation (about 250 nM). Caffeine or ryan-
dine induced a Ca21 release which was ruthenium red
2.5 mM) sensitive at low [Ca21]. However, the Ca21 re-
ease induced by either ryanodine or cADPR was no
onger ruthenium red sensitive when free [Ca21] was
ncreased. Based on these data, a model is proposed for
a21 signaling in muscle cells, where a steady-state
ADPR level would trigger Ca21 release when free [Ca21]
oes reach a threshold slightly above its resting level,
ence producing cascade RyR recruitment along SR cis-
ernae from initial Ca21 signaling sites. © 1999 Academic Press
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al metabolite of NAD1 is a Ca21 releasing agent in a
ariety of cells (reviewed in 1, 2), including sea urchin
ggs (3), pancreatic acinar and b cells (4, 5), cardiac
yocytes (6), sensory neurons (7), cerebellar granule

ells (8), cortical astrocytes (9), and brain cell micro-
omes (10). In recent years, evidence has been accumu-
ating to support the notion that cADPR is the physi-
logical ligand of ryanodine-sensitive Ca21 channels
RyR) modulating calcium-induced calcium release
CICR) from intracellular stores (11, 12). RyR chan-
els, together with inositol 1,4,5-trisphosphate (IP3)
eceptors (13), are members of a unique family of re-
eptors which display the process of CICR (14). CICR,
rst described in muscle cells (15, 16), has been subse-
uently shown to be a pivotal process accounting for
ytosolic free Ca21 spatiotemporal dynamics and Ca21

ignaling (17, 18). In muscle cells, voltage sensing and
ICR are the main mechanisms for RyR activation. In
keletal muscle, membrane depolarization activates
he dihydropyridine receptor (DHPR)–RyR1 complex
o give the initial calcium burst from SR lumen, which
n turn, through CICR, recruits those RyR1s which are
ot directly coupled to DHPR (19). In cardiac muscle,
embrane depolarization causes Ca21 entry through

oltage-operated channels, which elicits a CICR pro-
ess involving RyR2s (14).
Two kinds of enzymes responsible for the synthesis

f cADPR were found, an ADP-ribosyl cyclase, convert-
ng NAD1 to nicotinamide and cADPR (20), and endo-
ellular bifunctional enzymes catalyzing a two-step
eaction involving transient formation of cADPR fol-
owed by its hydrolysis to ADPR. CD38, a T-lympho-
yte differentiation antigen, was demonstrated to be an
ctocellular bifunctional enzyme catalyzing the synthe-
is of cyclic-ADP-ribose (cADPR) from NAD1, its hy-
rolysis to ADP-ribose (ADPR) as well as the exchange
0006-291X/99 $30.00
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of ADPR with the nicotinammide group of NAD1 re-
s
a
a
f
c
r
c
p
e
a
I

o
(
C
a
o
c

M

(
5
(
r
p
fl
U

f
t
l
t
C
w
p

s
r
t
f
t
(
r
a
A
p
i
n
d
B
v
b
b

a
t
(
G
G

suitable aliquots of sample were incubated at room temperature in
t
m
p
c

w
a

(

R

l
s
s
(
p
t
e
a
r
o
u
i
c
(
q
s
a
f
t
e
t
1
a
e
m
n

n
(
n
v
c
a
fi
a
a
c
a
l
o
r
t

Vol. 257, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ulting in a dimeric ADPR (ADPR2) (21). In addition,
n enzyme catalyzing the conversion of both cADPR
nd NAD1 to ADPR as well as the synthesis of NAD1

rom cADPR and the reverse reaction, was found in
anine spleen (22). Moreover, a possible novel Ca21-
elease mechanism activated by another pyridine nu-
leotide metabolite, nicotinate-adenine dinucleotide
hosphate (NAADP) was described (23) which, how-
ver, does not seem to behave as a CICR system (24)
nd would not involve Ca21 stores responsive to either
P3 or cADPR (25).

In the present study, we investigated the mechanism
f Ca21 release by cADPR in SR vesicles of the scallop
Pecten jacobaeus). We found that SR is able to release
a21 in response to cADPR, and that free [Ca21] vari-
tions can modulate such a Ca21 release process. Based
n these data, a model for Ca21 signaling in muscle
ells is proposed.

ATERIALS AND METHODS

Chemicals. Adenosine 59-triphosphate (ATP), ruthenium red
RR), cyclic adenosine 59-diphosphoribose (cADPR), adenosine
9-diphosphoribose (ADPR), nicotinamide guanine dinucleotide
NGD1), cyclic guanosine 59-diphosphoribose (cGDPR), thapsigargin,
yanodine, calmodulin, ruthenium red (RR) and the calcium iono-
hore A23187 were from Sigma Chemical Co. (St. Louis, MO). The
uorescent probe fluo-3 was from Molecular Probes Inc. (Eugene,
SA). All other reagents were of analytical grade.

SR isolation and Ca21 measurements. All procedures were per-
ormed according to Burlando et al. (26). Briefly, SR-containing frac-
ions consisting of a 20,000 g supernatant were prepared from scal-
op (Pecten jacobaeus) adductor muscle and incubated at room
emperature in the presence of 4 mM ATP and 2.5 mM fluo-3. Free
a21 fluorimetric recordings (ex. 5 505 nm, em. 5 534 nm) were done
ith a Perkin–Elmer LS 50B. [Ca21] quantitation was achieved by
robe calibration at the end of each experiment.

cADPR treatments and Ca21 background tuning. A preliminary
et of experiments was devoted to find optimal conditions for SR
esponses to cADPR in terms of Ca21 release from SR vesicles. These
ests showed that the level of Ca21 background resulted a critical
actor. We therefore sought for an expedient allowing us to regulate
he level of free Ca21 in the incubation medium to different values
ranging from about 200 to over 3000 nM), without preventing the
ecording of ensuing peak Ca21 releases. This was achieved by first
llowing free Ca21 to be driven to low values (about 150 nM) by Ca21

TPase-dependent uptake into SR vesicles (see Ref. 26), and then by
erforming a series of careful additions of the SR Ca21 ATPase
nhibitor thapsigargin (27) (up to a maximum concentration of 250
M thapsigargin). This elicited moderate Ca21 releases, thereby pro-
ucing controlled [Ca21] rises in the medium, followed by a plateau.
y this way, it was possible to drive the free Ca21 level to a desired
alue, which was real-time inferred from the probe fluorescent signal
y referring to previous probe calibrations, and eventually assessed
y probe calibration at the end of the experiment.

Fluorometric assay of cGDPR synthesis. The putative enzyme
ctivity responsible for cADPR synthesis was pointed out by spec-
rofluorometric assay, using nicotinamide guanine dinucleotide
NGD1) as a substrate and then following the formation of cyclic
DP-ribose (cGDPR), which is a fluorescent compound. According to
raeff et al. (28), for fluorimetric assay (ex. 5 300 nm, em. 5 410 nm)
58
he same reaction mixture as for Ca21 measurements, containing 1
M NGD1. Fluorescence increases were converted to rates of cGDPR

roduction by using a calibration curve obtained from known con-
entrations of commercially available cGDPR.

Protein assay. The protein content of the 20,000g supernatant
as assayed by the method of Hartree (29), using bovine serum
lbumin as standard.

Statistics. Data were analyzed by using the Systat 5.2 software
Systat Inc., Evanston, IL).

ESULTS

Addition of the calcium-reporting dye fluo-3 to scal-
op SR-containing supernatant allowed to follow Ca21

equestering and releasing activities present in the
amples. Similarly to what reported in Burlando et al.
26), at the beginning of experiments the free Ca21

resent in the incubation medium was rapidly seques-
ered into SR vesicles. After allowing the system to
quilibrate at a Ca21 background of about 170 nM,
ddition of cADPR (20 mM) elicited a minimal Ca21

elease (1.42 6 0.17 pmol/ mg protein). However, by
perating at different Ca21 background levels obtained
sing suitable additions of thapsigargin (see Methods),

t was demonstrated that the Ca21 releasing effect of
ADPR was strengthened by increasing free [Ca21]
Fig. 1A). In these and the following experiments, the
uantification of cADPR effects was achieved by mea-
uring peak Ca21 releases occurring just after cADPR
dditions, in order to dissect the effects of Ca21 per se
rom the inhibition of thapsigargin on Ca21 sequestra-
ion. A plot of peak Ca21 release data shows that the
nhancing effect of free Ca21 is strong from about 200
o 500 nM, followed by a tendency to saturation (Fig.
B). Also, when free [Ca21] was driven above 3000 nM
n inhibitory effect on Ca21 release was found. How-
ver, these latter data were not plotted as [Ca21] esti-
ation is less reliable when the probe fluorescent sig-

al approaches saturation.
Preincubation with calmodulin (7 mg/ml) did not sig-

ificantly increase the cADPR Ca21 releasing effect
not shown), possibly due to the presence of endoge-
ous calmodulin in the supernatant preparation. Con-
ersely, the Ca21 release was markedly enhanced by
oaddition of an equimolar amount of the non-cyclic
nalogue ADPR. The use of thapsigargin allowed to
nd that, similarly to what detected for cADPR alone,
lso the Ca21 releasing effect of cADPR plus ADPR was
function of free [Ca21] (Fig. 2). To quantitatively

ompare the Ca21 releases induced by cADPR alone
nd by cADPR plus ADPR we fitted saturation kinetic-
ike curves to data. In the case of cADPR alone we
btained a K50 5 870 nM Ca21 and an asymptotic Ca21

elease of 20 pmol/ mg prot21 (Fig. 1B), whereas due to
he enhancing effect of ADPR these values raised up to
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520 nM and 142 pmol/ mg prot21, respectively
Fig. 2B).

To investigate the possibility of endogenous cADPR
ormation in the scallop muscle cells we assayed a
utative ADP-ribosyl cyclase activity through spec-
rofluorometric detection of cGDPR synthesis, using
GD1 as a substrate (28). Incubation of the SR-

ontaining supernatant with NGD1 was followed by
GDPR production, as revealed by fluorescence rise,
hus allowing quantification of the cyclase activity (Fig.
). Transformation of fluorescent data into cGDPR pro-
uction rates yielded an average value of 2.75 6 0.3
mol min21 mg prot21.
Given that free Ca21 exerts a modulatory effect on

he cADPR-dependent Ca21 release from SR stores, we
lso investigated the effect of free Ca21 levels on typical
yR functional properties. A set of experiments was

FIG. 1. cADPR evokes a [Ca21]-dependent Ca21 release from
callop SR vesicles. (A) Fluorometric traces from typical experiments
epicting free Ca21 variations after incubation of SR vesicles from
callop adductor muscle with the Ca21 tracer fluo-3 in the presence of
TP. cADPR (20 mM) elicits a Ca21 release from SR vesicles, which

s enhanced by increasing Ca21 background levels obtained after
areful SR exposure to thapsigargin. Minimal Ca21 release is re-
orded after cADPR addition at a low Ca21 level of about 180 nM (a),
hereas the Ca21 release is more than doubled after thapsigargin-

nduced free Ca21 elevation up to about 240 nM (b). (B) Peak Ca21

elease data, plotted as a function of free Ca21 levels, show a non-
inear trend (R2 5 0.93) which is steeper at free [Ca21] slightly above
ell resting levels, followed by a tendency to saturation.
59
uent cADPR additions produced decreasing Ca21 re-
eases when operating at a low free Ca21 level of about
80 nM (Fig. 4, a). Conversely, upon free Ca21 elevation
about 250 nM) cADPR produced higher Ca21 releases,
hile desensitization was low (Fig. 4, b). Another set of
xperiments was devoted to explore the interaction
etween RyR agonists and a blocker. Both ryanodine
50 mM) and caffeine (1 mM) triggered Ca21 release
ver basal (about 150 nM) Ca21 levels (Fig. 4, c), while
heir action was respectively almost or completely
locked by sample preincubation with 2.5 mM RR (Fig.
, d). Yet, the inhibitory action of RR on ryanodine was
bolished when the Ca21 background was elevated
Fig. 4, e). Accordingly, over the same elevated Ca21

ackground, RR did not inhibit the cADPR/ADPR-
nduced Ca21 release (Fig. 4, f).

FIG. 2. Effect of ADPR on cADPR-induced Ca21 release. (A)
luorometric traces from typical experiments, showing a low Ca21

elease after ADPR/cADPR addition at a free Ca21 level of about 200
M (a), and a much higher response to ADPR/cADPR after free Ca21

levation by thapsigargin up to above 500 nM (b). Ionophore addition
1 mM A23187) at the end of the experiment produces massive Ca21

elease from SR stores (b). (B) Plot of ADPR/cADPR-dependent peak
a21 releases as a function of different Ca21 background levels.
imilarly to what reported in Fig. 1, data show a nonlinear trend

R2 5 0.96) with a tendency to saturation.
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ISCUSSION

The present data show that cADPR elicits a Ca21

elease from scallop SR vesicles. Moreover, the depen-
ence of such a Ca21 release on free [Ca21] provides
vidence for an involvement of the RyR (2). The use of
hapsigarging to drive up the free Ca21 level to differ-
nt plateaus allowed us to depict the cADPR-
ependent, [Ca21]-modulated Ca21 release mechanism
n SR vesicles. The trend of the response to free [Ca21]
n terms of Ca21 release resulted in being steep at Ca21

oncentrations slightly above physiological resting lev-
ls, followed by a tendency to saturation in the low
icromolar range. In addition, according to previous

ata (14), higher Ca21 levels were inhibitory.
A dependency of Ca21 release on free [Ca21] was also

ound when using combined additions of ADPR and
ADPR, which clearly indicates that also in this case
he observed Ca21 release should be ascribed to the
yR. The enhancing effect of ADPR could be ascribed

o an inhibition of the cADPR hydrolase activity, sim-
larly to what reported for sea urchin eggs (30), al-
hough the absence of delay in the ADPR effect sug-
ests a different mechanism. The RyR is known to
ossess a domain binding adenine nucleotides (31), and
hese latter compounds have been shown to amplify
he effects of RyR agonists (32). Therefore, in our ex-
eriments, a direct modulatory effect of ADPR on the
R Ca21 channel, possibly intensified by enhanced free

FIG. 3. Fluorometric assay of ADP-ribosyl cyclase activity in
callop SR preparation. The enzyme activity was assayed by incu-
ating the SR-containing supernatant with NGD1 and then follow-
ng cGDPR production by spectrofluorometric analysis. In a typical
xperiment, the fluorimetric trace shows marked fluorescence rise
bove background signal after NGD1 addition to control sample,
ndicating cGDPR synthesis by ADP-ribosyl cyclase. A boiled sample
hows no background fluorescence variation following NGD1 addi-
ion. By using a calibration curve, fluorescence data from different
xperiments were converted into cGDPR production rates, yielding
verage production 6 SD.
60
FIG. 4. cADPR self-inactivation and effect of ruthenium red
RR), and their reversal by elevated free Ca21 level. (a) Subse-
uent additions of cADPR at low free Ca21 level result in a marked
ecrease of ensuing Ca21 releases. (b) Conversely, the same
ADPR additions made at a higher free Ca21 level produce negli-
ible self-inactivation. (c) Distinct additions of ryanodine and
affeine produce Ca21 releases from SR vesicles. (d) Pre-
ncubation with 2.5 mM RR almost completely inhibits the Ca21

elease induced by ryanodine and totally inhibits that induced by
affeine. (e) Pre-incubation with RR only slightly inhibits Ca21

elease response to ryanodine after thapsigargin-dependent free
a21 elevation. (f) Pre-incubation with RR does not inhibit Ca21

elease responses to ADPR/cADPR after thapsigargin-dependent
ree Ca21 elevation. Each trace is representative of at least three
xperiments.
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ata could be related to the finding that dimeric ADPR
ADPR)2 enhances Ca21 release in sea urchin egg ho-
ogenates (21). Such a supposed effect of ADPR on the
yR could represent a means of tuning Ca21-induced

hannel desensitization to a higher cytosolic [Ca21],
hus allowing for larger Ca21 release effects. As for the
ffect of ADPR itself, it was shown that it can release
a21, but at a 104-fold higher concentration with re-
pect to cADPR (33).
ADP-ribosyl cyclase assay in our 20.000 g superna-

ant from scallop muscle showed activity rates compa-
able to what reported for dog brain extracts (28). It
hould be noted that among the biochemical reactions
ertaining to the NAD/cADPR/ADPR metabolic path-
ay, the enzymatic activity detected in our experi-
ents is mainly devoted to cADPR synthesis (28).
ence, our data suggest the occurrence of fair cADPR
roduction rates in scallop muscle cells, thus providing
urther insight about a physiological role for cADPR-
ependent Ca21 release.
It has been shown in different studies that subse-

uent additions of intracellular Ca21 channel ago-
ists, including cADPR, produce self-desensitization
e.g., 34). Moreover, it has been reported that in
uscle cells Ca21 release is enhanced by caffeine,

yanodine and divalent cations, and that ruthenium
ed blocks Ca21 release in response to caffeine (34)
nd ryanodine (35). However, our data indicate that
he Ca21 level at which RyR agonists (ryanodine,
ADPR) are added does have a primary importance
or the occurrence of both self-inactivation and ru-
henium red inhibition (see Fig. 4). The present re-
ults suggest that elevated free [Ca21] drives RyR
hannels to an activated state over which desensiti-
ation and blockage are partially or completely inef-
ective, an effect that to our knowledge was never
eported before. Such a possible behavior of the
hannel could also explain previous data about
uthenium-red insensitive, cADPR-dependent Ca21

elease in microsomes from rabbit muscle (36).
In conclusion, scallop muscle cells have been shown

o possess Ca21 stores operated by cADPR, a finding
hat confirms what reported in Berridge (14). In skel-
tal muscle cells of vertebrates these stores are possi-
ly located in SR portions which do not participate in
he triad complex. So the global calcium signal in skel-
tal muscle would derive from both depolarization- and
igand-activated events (14). cADPR has been thought
ither as a Ca21 messenger operated through the acti-
ation of its synthetic enzyme, or as a modulator,
hich is present in cells at a low level (2). This latter
iew seems closer to the possible role of cADPR in
uscle cells, where high-rate oscillatory behaviors
eed a direct connection between external stimuli and
ontraction, without delay due to signal transduction
61
upport to this hypothesis as (i) cADPR can elicit a
Ca21]-dependent Ca21 release from SR vesicles at a
ree Ca21 concentration slightly above cell resting lev-
ls, and (ii) fair basal levels of cADPR synthesis are
resent in muscle cells. A tentative model is therefore
roposed for muscle cells, where cADPR-sensitive Ca21

elease channels would be maintained in an activat-
ble state by a constant level of their physiological
igand. This recalls what proposed for the interaction
etween IP3 and its receptor (37), with the difference
hat in muscle cells cADPR would act as a steady-state
yR ligand rather than as a messenger subject to fluc-

uations of its cellular concentration. Hence, according
o our model the intracellular pacemaker of muscle cell
ontraction would depend primarily on cytosolic free
a21 dynamics in cell microdomains. cADPR would

rigger a [Ca21]-dependent Ca21 release when cytosolic
ree [Ca21] rises above resting levels, thus producing
ascade RyR recruitment along SR cisternae from ini-
ial Ca21 signaling sites (see also Ref. 14). Such a model
ould account even for the fastest oscillatory activities
bserved in muscle cells.
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