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plasmic reticulum and share substantial simi- 
larities with IP, receptors in that they are 
both transmembrane proteins with large cy- 
toplasmic domains and a quatrefoil arrange- 
ment of four identical subunits (15). A key 
property of ryanodine receptors, first recog- 
nized from studies on isolated sarcoplasmic 
reticulum and then confirmed by channel 
isolation and reconstitution in artificial bi- 

Calcium is released from organelles inside NAD+ unexpectedly released nearly as much layers, is that they can be opened by calcium, 
cells into the cellular cytoplasm (I ) ,  where it calcium as IP,, but unlike the immediate IP, that is, they can mediate calcium-induced 
triggers such key events as muscle contrac- response there was a lag of 1 to 4 minutes (8). calcium release (CICR). Ryanodine recep- 
tion and secretion, and can even regulate In fact NAD+ itself does not have calcium- tors are widespread in many cell types and 
metabolic pathways. Calcium mobilization, releasing activity: the lag was due to the time have been incorporated in many models to 
as this phenomenon is called, is often initi- required for its enzymatic conversion to a explain the spatial and temporal complexity 
ated by signals outside the cell that activate metabolite. This compound was later identi- of cellular calcium signals, which can be os- 
receptors coupled to phospholipases-such fied by nuclear magnetic resonance and mass cillatory (1 6) and can propagate as regenera- 
signals as hormones, neurotransmitters, and spectroscopy as cADPR (9 ) ,  which is synthe- tive planar or spiral waves (1 7). On the basis 
sperm. Then the second messenger inositol sized from NAD+ by the ADP-ribosvl cvcla- of cross-desensitization studies and experi- 
1,4,5 trisphosphate (IP,), a water- ments with known ryanodine re- 
soluble phosphorylated sugar, is ceptor antagonists-ryanodine, 
generated at the membrane, dif- ruthenium red, and procaine- 
fuses to intracellular sites of cal- cADPR was shown to release cal- 
cium sequestration such as the en- cium via this ryanodine-sensitive 
doplasmic reticulum, and causes CICR mechanism in the sea ur- 
calcium release (2). It now seems chin egg, suggesting that cADPR 
that calcium mobilization can also is an endogenous regulator of 
be mediated by another second CICR through a ryanodine recep- 
messenger. A molecule first found tor rather than through an IP, re- 
in sea urchin eggs-cyclic adenos- ceptor (3,14). This hypothesis has 
ine diphosphate ribose (cADPR) been supported by the demonstra- 
-is not only more potent than tion that cADPR at nanomolar 
IP3 in releasing calcium, but is ac- concentrations, but not IP3, mim- 
tive in a number of mammalian Cyclic ADPR lights up the egg. Microinjection of cADPR into sea urchin ics caffeine (a ryanodine receptor eggs results in an increase in intracellular calcium concentration from 100 
celltypes, and furthermore the b i o  ,M i n  resting eggs (blue and green) to goo ,,M i n  stimulated eggs (red and activator) in inducingoscillations 
~ h m ~ i c a l  machinery for its SYn- yellow). Eggs contain the calcium indicator dye fura-2. m a calcium-dependent ion cur- 
thesis and degradation is present rent known to reflect intracellular 
in all cells so far examined (3). Indeed, in this ses. ADP-ribosyl cyclase activities are present calcium oscillations in rat dorsal root gan- 
issue of Science, Okamoto and colleagues (4) in many mammalian and invertebrate tissues glion cells (18). 
report that cADPR is a second messenger for ( JO), suggesting that cADPR may function Although cADPR has been shown to have 
glucose-induced insulin release from the en- widely as a calcium mobilizing agent. Two calcium mobilizing activity in a number of 
docrine pancreas. types of the enzyme have been recognized: cell types including sea urchin eggs (5), pit- 

Cyclic ADPR, a low molecular weight the first is a 29-kilodalton cytosolic form that uitary cells (1 9), and dorsal root ganglion 
metabolite of the pyridine nucleotide, nico- has been purified and cloned from Aplysiu cells (1 8), it has not been clear whether 
tinamide adenine dinucleotide (NAD+), was ovotestis ( I  I ). The other form is larger and is cADPR functions as a second messenger for 
discovered by Hon Cheung Lee and his col- associated with the plasma membrane of extracellular stimuli. Rather, cADPR could 
leagues when studying calcium release by mi- mammalian cells ( 12). How these enzymes be a cofactor for CICR, simply enhancing 
crosomes derived from the endoplasmic are regulated is unclear; however, the Aplysiu the sensitivity of its receptor to calcium; this 
reticulum of sea urchin eggs (5). These ves- enzyme sequence is homologous to that of notion would be consistent with the fact that 
icles sequester calcium against a large concen- the human lymphocyte surface antigen CD38 calcium and cADPR potentiate the effects 
tration gradient via an adenosine triphos- (13). Perhaps there is a family of cell surface of each other (18) and that cADPR itself is 
phate-hydrolyzing calcium pump and release receptors that are ADP-ribosyl cyclases and present in many mammalian cell types under 
calcium after application of IP3 to the that can be regulated by extracellular ligand resting conditions (20). However, a major 
extravesicular space. This result is consistent binding. advance in identifying cADPR as a new calci- 
with the notion that the massive wave of Cyclic ADPR mobilizes calcium by a um-mobilizing second messenger has come 
calcium mobilization seen at fertilization of mechanism completely independent of the from the finding that glucose induces a rise in 
the sea urchin egg is mediated by IP, (6). IP, receptor (5). Although there is a specific cADPRconcentrations in pancreatic P cells, 
However, Lee and his colleagues screened binding site for cADPR on sea urchin egg and moreover cADPR stimulates insulin se- 
other metabolites for calcium-releasing ac- microsomes, its nature is unknown (1 2). cretion from permeabilized P cells (4). Fur- 
tivity. Among the first to be tested wasNAD+ When a second class of intracellular calcium thermore, cADPR seems to release calcium 
because pyridine nucleotide concentrations release channel-the ryanodine receptor- from P cell microsomes via a ryanodine-sen- 
change dramatically after fertilization (7). was found in sea urchin eggs (14), the possi- sitive mechanism consistent with the pro- 

bility that cADPR was an endogenous regu- posed mechanism for this agent's actions in 

The author is in the University Department of 
lator ofryanodine receptors arose. Ryanodine regulating CICR (3). Indeed, a CICR mech- 

pharmacology, ~ ~ ~ f i ~ l d  ~ ~ ~ d ,  oxford, 0x1 3QT, receptors were first characterized as the ma- anism sensitive to caffeine has recently been 
United Kingdom. jor calcium release channel of muscle sarco- reported in a P cell line (21 ). The generality 
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agent and endogenous activator of a ryano- 
dine-like receptor is ;+Is0 i~ldicated by the 
dc~nonstration by Okarnoto and colleagues 
of cADPR-induced calciuln release by an 
IPI-insensitive, hut rvanodine-sensitive. 
rnechanisrn in cercbcllar rnicrosollles (4). No 
effect of IP, was ohserved either on R cell 
rnicroso~nal calci~lln release nor insulin se- 
cretion, in contrast to previous studies in 
cultured cells (22). 

Although Inany agents have heen sug- 
gested as irnporrant intraccllular ~nediators 
of nutrient-induced insulin secretion, cADPR 
is particularly attractive 13ecause a role for 
this molecule in stimulus-secretion coutilina 

A L, 

in the p ccll can explain the ~nechallislns of a 
class of diahetogenic drugs, the p-cytotoxins 
such as streptozotocin. These agents deplete 
intraccll~llar NADt , the precursor of cAL)PR 
(23). As a result, streptozotocill not only ahol- 
ishes ins~llin secrctio~l in response to glucose 
but also abolishes the glucose-induced syn- 
thesis of cADPR, suggesting an essential role 
for cADPR in P cell f~lnction (4). It is pos- 
sible that the a~ell-documented changes in 
the amounts of nvridine nuclcorides induced 

L ,  

by gl~lcose in p cells (which precede any 
changes in intracell~~lar calcium conccntra- 
tions) (24) are required for cADPK synthe- 
sis. If so, such ch;mees, \vhich can he fol- L, , 

lo\ved simply by ~nonitorillg pyridinc nuclc- 
otide autofl~~oresccnce (even in concert with 
calcium ~neasurement by fluorescent indica- 
tors), L V O L I ~ ~  he a usefill initial screen for 
stimuli that employ the ADP-rihosyl cyclase 
system to generate ca lc i~ l~n  signals. 

Single p cells sholv a pronounced spatio- 
te~nporal co~nplexity in calcium signals, with 
large oscillations that propagate as aTavcs and 
mirror oscillatory changes in mcml~mnc po- 
tential 125). The  freuuencv of calcium snik- , , 

ing, l3ut not the a~nplitude of the spikes, is 

increased llY raising the extracellular glucose 
concentrations, leading to the possibility that 
the calcium signal in p cells is freq~lcncy 
modulated, as proposed for other cells (16). 
Because calci~lln i n f l ~ ~ x  is rcquireil for p ccll 
c, a 1 clurn . ' spiking and wave generation (25), 
hut such calcium excitability is thought to he 
a I3roperty of the calciu~n release ~nechanislns 
of intmcellular calcium stores (1 6,17), it is 
oossihle that influx of calciuln thro~leh volt- - 
age-gated channels of the plasma ~l lc~nbrane 
and the increase in cADPR (110th stimulated 
by glucose) together trigger CICR. Such syn- 
ergy could in turn produce calciu~n spikes, as 
in dorsal root ganglion cells (18), and am- 
plif\- the calciu~n signals as intracellular waves. 
This sche~nc is consistent with the finding 
that streptozotocin abolishes glucose-induced 
\laves anil oscillatiolls (26) by perhaps re- 
d~icing cADPR synthesis. 

The  structural analoeies bet~veen the two 
classes of i~ltracellular calciurn release chan- 
nel, IPj receptors and ryanodine receptors, 
have now been lnirrorcd by functional sirni- 
larities. IPj  receptors can also ~ncdiatc CICR 
(27). In fact, an ~~ndcrlying characteristic of 
intracell~~lar calciu~n release channels seerns 
to 13e that thev ~nediate calcium-activated 
c, a 1 clum . ' release that can he lnodulated hv 
specific cytoplas~nic agonists like IPj  or 
cADPR and can alone or topether give rise to 
the rich diversity of calcium signalling pro- 
files seen in cclls. Their location and I-elative 
abundance, together with local concentra- 
tions of ~ n o d ~ ~ l a t o r s  and calcium, will deter- 
mine which c h a ~ l ~ l e l  oper;rtes at a particular 
spatial and te~nporal cool-dinate. The indica- 
tion by the work of Okalnoto and colleagues 
(4), that cADPR may function as a second 
lnessengcr for calcium release in p cells, 
strengthens the notion that there is at least a 
duality in signalling pathways controlling 
calcium fl~lxes across the endoplaslnic reticu- 

lum. I~nprovemcnt in tecl~niilucs for lneasur- 
ing cADPR in cells will hell. to idenrify other 
physiological processes regulated by this pro- 
vocative calciu~n signalli~lg path~vay. 
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