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1. Introduction 

In September-October 1979, two independent reports 
indicated the presence of the calcium-dependent regula- 
tory protein, calmodulin, in rat pancreatic islet ex- 
tracts 34'39. The reported values for the islet content in 
calmodulin averaged 0.11 and 0.13 pmoles per islet. In 
one of these studies, it was demonstrated that calmodu- 
lin binds to a membrane-rich particulate fraction pre- 
pared from a rat islet homogenate and causes activation 
of adenylate cyclase in the same subcellular materiaP 9. 
Both the specific binding of ~25I-labelled calmodulin and 
the activation of adenylate cyclase were Ca2+-dependent 
processes 39. In the other study, the allegedly specific in- 
hibitor of calmodulin, trifluoperazine, was found to in- 
hibit glucose-stimulated insulin release, whilst failing to 
affect the oxidation of glucose by rat islets 34. These pilot 
observations thus documented the presence of calmodu- 
lin in islet cells and the capacity of calmodulin to affect 
the activity of a target enzymatic system in the islets, 
raising the view that calmodulin may be involved in 
stimulus-secretion coupling in the B-cell. Thereafter, 
from 1980 onwards, about 30 further publications and 
three reviews 28'3t'36 were devoted to the same topic. The 
knowledge gained from these further studies indicates 
that calmodulin may affect the activity of several en- 
zymes in the islets. However the precise role played by 
calmodulin in the secretory process remains to be fully 
elucidated. 

In the present account, we will successively consider the 
following items: 1) the characterization and properties 
of calmodulin and calmodulin-binding proteins in insu- 
lin-producing cells, 2) the enzymes, present in these 
cells, of which the activity is influenced by calmodulin, 
and 3) the attempts made in intact islet cells to docu- 
ment a role for calmodulin in the process of insulin 
secretion. 

2. Characterization and properties of calmodulin in insu- 
lin producing cells 

As already mentioned in the introduction, the calmodu- 
lin content of rat pancreatic islets is close to 0.1 pmoles 
per islet (table). Assuming equal distribution in the in- 
tracellular space (about 2-3 hi/islet), this would corre- 
spond to a concentration close to 30-50 gM. Calmodu- 
lin was also identified in mouse islets 35. Moreover, Hut- 
ton et al. 12 isolated calmodulin from a transplantable rat 
islet cell tumor. In the latter study, the tumor protein 
was compared in its physicochemical and biological 
properties with bovine brain and rat brain calmodulin. 
All preparations displayed comparable CaZ+-dependent 

Calmodulin concentration in islets and insulin-producing cells 
Tissue Calmodulin content or concentration Refe- 

rence 
Rat islets 0.11 pmoles/islet 34 
Rat islets 0.13 pmoles/islet 39 
Rat islets 0.09 pmoles/islet 0.14 pmoles/p~g protein 35 
Rat islets cytosol 0.25 pmoles/lag protein 19 
Mouse islets 0.03 pmoles/islet 0.04 pmoles/~tg protein 35 
Hamster islets 0.10 pmoles/~g protein 23 
RIN-m-5F cells 0.09 pmoles/~tg protein 23 
Rat islets cells tumor ~ 0.13 pmoles/gg protein 12 

changes in native fluorescence and electrophoretic mo- 
bility, contained trimethyl-lysine, exhibited a blocked 
N-terminus, had identical amino-acid composition and 
molecular weight on sodium dodecyl sulphate/poly- 
acrylamide-gel electrophoresis, yielded superimposable 
peptide maps after digestion with trypsin, papain or 
staphylococcus V-8 proteinase, demonstrated in equi- 
librium-dialysis experiments the binding of 4 g-atoms of 
calcium per mol of protein with equivalency between 
binding sites at a Kd close to 0.8 gM, were equipotent 
Ca2+-dependent and trifluoperazine-sensitive activators 
of partially purified brain cyclic nucleotide phospho- 
diesterase, and all exhibited Ca2+-dependent binding to 
troponin I, histone H2B and myelin basic protein ~2. 
Incidentally, Campillo and Ashcroft 3 indicated that cal- 
modulin, prepared from bovine brain, may serve as a 
substrate for a protein carboxymethylase present in 
pancreatic islet homogenates. However, in intact islets, 
the inhibition of protein and phospholipid methylation 
by 3-deazaadenosine and DL-homocysteine, whilst 
causing a partial inhibition of glucose-stimulated insulin 
release, failed to affect the production of cyclic AMP by 
islets exposed to glucose in the absence or presence of 
the phosphodiesterase inhibitor 3-iso butyl-l-methyl- 
xanthine'. 

3. Calmodulin-binding proteins in insulin-producing cells 

As indicated in the introduction of this review, the spe- 
cific binding of ~25I-calmodulin to a subcellular particu- 
late fraction derived from rat islets represents a Ca- 
dependent process 39. Further work has contributed to 
the identification of calmodulin-binding proteins in in- 
sulin-producing cells. Thus, Nelson et a l .  23 have identi- 
fied calmodulin-binding proteins in a cloned rat insuli- 
noma cell line, using a gel overlay technique. Ca-depen- 
dent binding of 125I-calmodulin was observed to cytoso- 
lic proteins with apparent Mr = 125, 110, 56, 52 and 34 
kDa. This binding was prevented in the presence of un- 
labelled calmodulin. The binding of 125I-calmodulin to 
these proteins was also inhibited in a dose-dependent 
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manner by the anti-calmodulin drug W13. The latter 
drug also inhibited insulin release from the RIN cells, 
this inhibitory effect being reversible at least at low con- 
centration (30 gM) of the drug. A less active analogue 
of the anti-calmodulin drug, W12, exerted little effect 
on a25I-calmodulin binding and insulin release. These 
data suggest that W13 may inhibit insulin release by 
impairing the association of calmodulin to the calmodu- 
lin-binding proteins present in the islet cells 23. 

4. Effect of calmodulin on islet enzymatic activities 

a) Adenylate cyclase 

Calmodulin activates adenylate cyclase in a 27,000 x g 
pellet of homogenized rat islets 39. In these experiments, 
the islets were homogenized in the presence of EGTA 
and the pellet washed several times to remove endoge- 
nous calmodulin. Although Ca 2+ itself (0.1-0.7 raM) 
caused a dose-related inhibition of adenylate cyclase ac- 
tivity, calmodulin (7 ~tM) increased by about 50% en- 
zyme activity in the presence of 0.2 mM Ca 2+. No effect 
of calmodulin was observed at Ca 2+ concentrations 
close to 10 -7 M or less. Half maximal activation was 
observed at a Ca 2+ concentration close to 10 -5 M. In the 
presence of 0.2 mM Ca 2+ the Ka for calmodulin was 
close to 0.1 laM 38. Pharmacological agents considered as 
catmodulin antagonists (trifluoperazine and the trifluo- 
romethylphenothiazine derivative of domperidone) 
caused a dose-related inhibition of the response to cal- 
modulin but, in high concentrations, also inhibited 
basal adenylate cyclase activity. The nucleotide GTP 
slightly enhanced the stimulatory effect of calmodulin 
on adenylate cyclase 39. Calmodulin also slightly in- 
creased NaF-stimulated enzyme activity 38. 
The activation of adenylate cyclase by calmo~iulin was 
confirmed in rat islet particulate fraction by Sharp et 
al. 3~ and Thams et al. 35. In the first of these studies 3~ the 
increment in reaction velocity attributable to calmodu- 
lin (6.6 ~tM) relative to basal value did not exceed 33 % 
and could only be detected when 150 laM Ca 2+ (or 
CaC12?) but not 200 or 250 ~tM Ca 2+ (or CaC12?) was 
present in (or added to?) a buffer containing 200 laM 
EGTA. In the second study 35, the relative increment in 
reaction velocity attributable to calmodulin (1 ~tM) av- 
eraged 50 % and was seen at ionized Ca 2+ concentration 
in the 10 to 100 laM range but not at a lower Ca 2+ level 
(1.0 ~tM). In this latter study, however, the stimulatory 
effect of calmodulin was restricted to the material 
derived from rat, but not from mouse islets, and this 
whether the enzymatic reaction was conducted in the 
presence or absence of GTP. In the rat system, the en- 
hancing action of calmodulin was suppressed by trifluo- 
perazine (50 IxM) and displayed a Ka for calmodulin 
close to 0.1 ~M 35. 
The finding that Ca-calmodulin activates adenylate cy- 
clase may have two important implications. First, it is 
known that endogenous cyclic AMP, although it fails to 
initiate insulin release, enhances secretion evoked by a 
variety of secretagogues. Since such secretagogues 
usually increase the cytosolic concentration of Ca 2+, the 
activation of adenylate cyclase by Ca-calmodulin would 
provide a device for amplification of the secretory re- 

sponse. Second, such an activation could also account 
for the fact that several secretagogues, which do not 
exert any direct effect upon adenylate cyclase in subcel- 
lular fractions, increase cyclic AMP production by in- 
tact islets. Such is the case, for instance, in glucose-stim- 
ulated islets. The view that the increase in cyclic AMP 
production evoked by glucose and other nutrient secre- 
tagogues in intact islets is mediated by Ca-calmodulin is 
supported by the finding that the nutrient-induced in- 
crement in cyclic AMP production is suppressed when 
the islets are deprived of extracellular calcium 34. In this 
perspective, it should be duly underlined that the 
removal of extracellular calcium does not affect the pro- 
duction of cyclic AMP stimulated by secretagogues 
causing a primary activation of adenylate cyclase or pri- 
mary inhibition of phosphodiesterase. For instance, in 
intact islets, the increase in cyclic AMP net production 
evoked by either forskolin or phosphodiesterase inhibi- 
tors is not impaired in the absence of extracellular cal- 
cium (Valverde et al. 37, and Valverde and Malaisse, un- 
published observation). 

b) Cyclic nucleotide phosphodiesterase 

Two published reports deal with the possible effect of 
calmodulin upon cyclic nucleotide phosphodiesterase in 
rat pancreatic islets. Sugden and Ashcroft 33 first ob- 
served that, in the presence of Ca 2+ (50 gM), calmodulin 
(0.12 gM) slightly enhanced, by no more than 13 %, cy- 
clic AMP phosphodiesterase activity measured at a rela- 
tively high concentration of the substrate (100 gM-cy- 
clic AMP) in rat islet homogenates. The data obtained 
at increasing concentrations of the substrate suggested, 
however, that calmodulin affected solely the enzyme 
with a high affinity for cyclic AMP (Km: 6.2 gM). In 
the absence of added calmodulin, trifluoperazine inhib- 
ited cyclic AMP phophodiesterase activity, this effect 
being seen both in the absence or presence of Ca 2+. 
Moreover, at low substrate concentrations, the relative 
extent of inhibition appeared more marked in the ab- 
sence of Ca 2+ and calmodulin than in their presence. 
These findings suggest that, in this system, trifluope- 
razine did not act as a specific inhibitor of (endogenous 
or exogenous) calmodulin, and that a major fraction of 
the cyclic AMP phosphodiesterase activity is not sensi- 
tive to Ca2+-calmodulin. Incidentally, calmodulin had 
no effect on cyclic GMP phosphodiesterase 33. 
Lipson and Oldham 2~ also observed that calmodulin 
(1.2 ~tM), in the presence of Ca 2+ (150 gM) increases 
cyclic AMP phosphodiesterase activity in rat islet soni- 
cares. Relative to the control value (Ca 2+ 150 gM), the 
increase in reaction velocity averaged 16 and 13% at 
cyclic AMP concentrations of 10 and 500 nM, respec- 
tively. The effect of calmodulin, in the absence of Ca 2+, 
was not examined. Ca 2+ alone augmented the enzyme 
activity (by 11-17%), possibly through activation by 
endogenous calmodulin. 
These findings suggest that Ca-calmodulin may cause a 
modest activation of cyclic AMP phosphodiesterase in 
rat islets. To the extent that Ca-calmodulin also in- 
creases adenylate cyclase activity in the islet cells, the 
overall effect of this regulatory protein upon cyclic 
AMP metabolism could be viewed as an increase in the 
turnover rate of the cyclic nucleotide. 
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c) Ca-ATPase 

In pancreatic islets like in other tissues, the extrusion of 
calcium from the cell into the extracellular fluid, against 
the prevailing electrochemical gradient, may be medi- 
ated either by a process of a Na-Ca  countertransport or 
at the intervention of a Ca-activated ATPase located at 
the plasma membrane. Several studies were devoted to 
the possible effect of calmodulin upon the latter 
ATPase. 

Owen et al. 25 reported that calmodulin causes a modest 
but significant inhibition of Ca-responsive ATPase in 
rat islet homogenates. The inhibitory effect of calmodu- 
lin faded out at high Ca 2+ concentrations. In parallel 
experiments performed under identical conditions, cal- 
modulin was found to activate kidney cortex Ca- 
ATPase and not to affect Mg-activated ATPase 
whether in the islet or kidney systems. A different pic- 
ture emerges from the extensive study carried out by 
McDaniel and colleagues on the plasma membrane-as- 
sociated Ca-activated islet ATPase. 

Pershadsingh et al.  26 first observed that, in the presence 
of 0.13 ~tM Ca 2+, calmodulin (43 riM) stimulates ATP- 
dependent 45Ca uptake by a plasma membrane-enriched 
fraction prepared from rat islets. Such an effect was not 
observed in an endoplasmic reticulum-enriched pellet 7. 
In a further study, Kotagal et al. 16 tested the effect of 
calmodulin on ATPase activity in the same plasma 
membrane-enriched fraction. Calmodulin in concentra- 
tions up to 1.4 laM, failed to affect ATPase activity, 
whether in control membranes or those pretreated for 
30 rain with trifluoperazine (100 laM), when the Ca 2+ 
concentration amounted to 1.1. gM and Mg 2+ was used 
at its endogenous level (ca. 9 ~tM). It should be stressed 
that the latter concentration was precisely that used by 
the same authors to study the kinetics of the high affin- 
ity (Ca2+ + Mg 2+) ATPase in their first study 26. In the 
second study, a stimulatory effect of cahnodulin could 
only be detected when the Mg 2+ concentration was 
raised to 200 ~tM and that of Ca 2+ maintained at 
1.1 gM 16. However, no evidence was produced that, un- 
der these conditions, Ca 2+ actually activated the en- 
zyme. Moreover, the effect of calmodulin (0.2-1.4 ~tM) 
was most obvious in membranes pretreated with 100 
~tM trifluoperazine, in which case the control enzyme 
activity measured in the absence of calmodulin, was de- 
creased by 8 9 %  16 . Incidentally, in this second study, 
phenothiazines were shown to inhibit Ca 2+ + Mg2+-AT- 
Pase, but the drugs also inhibited MgZ+-ATPase activity 
measured in the absence of C a  2+16. In a further study 
conducted by the same group 6, at the high Mg 2+ concen- 
tration (100 gM), Ca2+-sensitive ATPase was apparently 
again demonstrated, but the corresponding absolute 
values for enzyme activity were not provided. It is 
troubling that the same data as those published earlier ~6 

- or otherwise, virtually identical data - were now de- 
scribed as representative of  the calcium-stimulated com- 
ponent of ATPase activity 6. Interestingly, calmodulin, 
in a concentration as low as 0.1 gM caused a more than 
50% inhibition of the 'Ca-stimulated component of 
ATPase activity' measured in the endoplasmic reticu- 
lum-rich fractions. The latter finding is reminiscent of 
that reported by Owen et al. 25. In a last study 15, an ob- 

vious stimulation of Ca2++ Mg2+-ATPase activity by 
calmodulin was seen in the presence of 0.9 gM Ca 2+ and 
9 gM Mg 2+ when the EGTA concentration was de- 
creased to 0.1 mM or when EGTA was omitted from 
the assay. However, under these conditions the control 
CaZ+-responsive activity was reduced from about 20 
nmoles/mg/min to about 1 nmole/mg/min. It is there- 
fore fairly obvious that activation by calmodulin of  the 
Ca2+-responsive ATPase activity in the plasma mem- 
brane-rich fraction can only be detected under condi- 
tions in which such an activity is considerably reduced, 
e.g. as a result of pretreatment of  the membranes with 
trifluoperazine or when the concentration of EGTA in 
the assay medium is considerably reduced. 
These apparently complex, if not conflicting, results call 
for a cautious interpretation. The view that calmodulin 
may activate the Ca-responsive ATPase in the plasma 
membrane, as well documented in other tissues (e.g. in 
erythrocytes and kidney cortex), would indicate that 
Ca-calmodulin may play a role in facilitating the extru- 
sion of Ca 2+ from the cell. This, in turn, could represent 
a modality for restoration of the resting cytosolic C a  2+ 

activity in response to a prior stimulation of the cell 
with coinciding inflow of C a  2+ through gated Ca-chan- 
nels. In this perspective the activation of the Ca-ATPase 
by Ca-calmodulin could participate in cyclic or rhyth- 
mic shifts between the stimulated (high cytosolic Ca 2+ 
activity) and resting (low cytosolic Ca 2+ activity) func- 
tional states of the islet cell. 

d) Protein kinase 

A number of observations indicate that islet cells dis- 
play Ca-calmodulin-responsive protein kinase activity. 
Schubart et al. 27 using the cytosolic supernatant of 
hamster insulinoma cells, obtained after 90 rain centrif- 
ugation at 48000 x g, identified a 98 kDa protein the 
phosphorylation of which was stimulated by Ca 2+ (op- 
timal Ca 2+ concentration estimated at 0.12 gM) and, in 
the presence of C a  2+, enhanced by calmodulin and in- 
hibited by TFP (20-100 gM). In a subsequent work 29, 
these authors prelabelled the insulinoma cells with 32pi 
(60 min preincubation) and then incubated the cells for 
10 rain at low (4 mM) or high (50 mM) K + concentra- 
tion. The depolarization of the cell at high K + concen- 
tration was associated with enhanced labelling of a 
Mr = 60 kDa protein. The latter effect was abolished in 
the absence of extracellular Ca 2+ and in the presence of 
D600 or trifluoperazine (50 laM). 
Ashcroft and his colleagues 8,10 have examined protein 
phosphorylation in rat islet homogenates exposed for 2 
min to [9,-32p]-ATP (20 gM). Ca 2+ (40 gM) enhanced the 
phosphorylation of several proteins, especially that of a 
53-55 kDa protein. In the presence of Ca 2+, the phos- 
phorylation of this protein was further enhanced by cal- 
modulin, the latter effect being antagonized by trifluo- 
perazine (25-100 ~tM) and W7 (100 ~tM). Maximum 
phosphorylation occurred with 2 gM Ca 2+ and 0.7 ~tM 
calmodulin. Brocklehurst and Hutton 2 also observed in 
the soluble protein fraction (40,000 x g, 60 min) from a 
rat islet cell tumor a 57 kDa protein, the phosphoryla- 
tion of which proved dependent on Ca 2+ (15 ~tM) and 
endogenous calmodulin. Likewise, in the cytosol of a 
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human insulinoma, Matsutani et al. 22 identified a 65 
kDa and a 58 kDa protein, the phosphorylation of 
which was enhanced by calmodulin and inhibited by tri- 
fluoperazine. These authors also noted that calmodulin 
inhibits the phosphorylation of a 90 kDa protein. The 
latter effect was also antagonized by trifluoperazine, be- 
ing possibly due to activation of a calmodulin-binding 
protein with phosphoprotein-phosphatase activity. 

Further investigations aimed at the subcellular local- 
ization of the kinase(s) and the identification of the pro- 
tein substrate(s). Landt et al. ~9 prepared from rat islets a 
membrane particulate pellet (20,000 • g, 20 min). Si- 
multaneous addition of Ca 2+ (300 gM) and calmodulin 
(0.4 gM) enhanced phosphorylation of a single band 
with a Mr = 57 kDa. Half-maximal activation by cal- 
modulin occurred at 0.36 laM. In the presence of Ca 2+ 
and ealmodulin, trifluoperazine inhibited the phospho- 
rylation of this protein, half-maximal inhibition being 
reached at a concentration of trifluoperazine close to 
40 gM. Curiously, these studies were performed in a 
'heavy' particle fraction, although in the same report, 
the authors claimed that the calmodulin-activated pro- 
tein kinase activity is confined primarily to a 'light' par- 
ticle fraction (150,000 • g, 90 min). In a further study 4, 
by the same group, additional information was pro- 
duced as follows. Using the microsomal or 'light' parti- 
cle fraction, these authors identified two proteins 
(54 kDa and 57 kDa) as substrates for the Ca-calmodu- 
lin-sensitive kinase. Half-maximal activation occurred 
at 1.9-2.0 gM Ca z+ and 0.24-0.26 gM calmodulin, re- 
spectively. Brain tubulin added to the islet-cell micro- 
somal fraction increased the labelling of the 57 kDa and 
54 kDa protein bands. Pretreatment of the islet-cell mi- 
crosomal fraction with anti-tubulin antibody prior to 
assay of protein kinase activity markedly decreased the 
subsequent Ca 2+- and calmodulin-dependent ph0spho- 
rylation of both the 57 kDa and 54 kDa protein bands. 
These findings suggest that the calmodulin-dependent 
protein kinase may phosphorylate the ~- and fl-subunits 
of  tubulin 4. In the same work, intact islets were preincu- 
bated for 20 min with [32p] Pi. The islets were then 
washed and incubated for 1-5 min at low (5 raM) or 
high (28 mM) glucose concentration, with or without 
theophylline (5 raM) and in the absence or presence of 
C a  2+. Under these conditions, glucose was claimed to 
stimulate the phosphorylation of the 54 kDa protein, 
optimally over 3 min incubation. From the published 
figure, the glucose-induced increment did not exceed 
23 % of basal value 4. Incidentally, the same group of 
investigators recently proposed that the Ca 2+- and cal- 
modulin-dependent protein kinase activity in pancreatic 
islets is directly inhibited by alloxan s. 

Recently, Kowluru and McDonald t7, working with a rat 
islet cytosol preparation (105000 x g, 60 min), have 
also identified two phosphoproteins with Mr = 57 and 
54 kDa respectively. The phosphorylation of the 57 
kDa was preferentially stimulated by C a  2+ and calmo- 
dulin and that of the 54 kDa by cyclic AMP in the 
absence of Ca 2+. These two proteins differ from one an- 
other both by their pI on two-dimensional polyacryl- 
amide gels, the 57 kDa protein being much more basic 
(pI 7.5-8.0) than the 54 kDa protein (pI 5.(~5.5) and by 

the Mr's of the native protein complexes as estimated 
by Sepharose 4B chromatography, the Mr of these 
complexes being close to 500 kDa for the complex 
yielding the 57 kDa protein and 180 kDa for that con- 
taining the 54 kDa protein. The latter protein could be 
labelled with tritiated azido-cyclic AMP by a photo- 
affinity technique. The authors concluded, from the dif- 
ference in pI, that the 57 kDa protein could not be iden- 
tified with a tubulin subunit 17. 

Myosin light chains could also act as a substrate for a 
calmodulin-sensitive kinase in the islet cells. Thus pan- 
creatic islet crude homogenates catalyze the incorpora- 
tion of radioactivity from [?-32p]ATP in skeletal muscle 
myosin light chains 2~. The enzyme activity is enhanced 
in a dose-related manner by Ca 2§ (0-100 gM) and cal- 
modulin (0-10 riM) and inhibited by trifluoperazine (0- 
20 gM). After removal of endogenous calmodulin from 
the islet cytosol (105,000 x g x 60 rain supernatant frac- 
tion), the Ka for Ca 2+ and calmodulin were close to 10 
gM and 2 nM, respectively, The islet enzyme activity 
could be bound to a calmodulin affinity column (Ca 2+ 
present) and eluted from the column in the absence of 
Ca 2+ and presence of EGTA. From these observations, 
it could be proposed that, when the binding sites of cal- 
modulin are saturated with calcium, myosin light chain 
kinase could catalyze the phosphorylation of myosin 
which, in turn, should permit myosin to interact with 
actin to allow contraction of microfilaments in the B- 
cell 2~. 

5. Calmodulin and secretory granules 

Watkins and Cooperstein 4~ have reported that, in the 
presence of Ca 2+ (100 ~tM), calmodulin (0.02-1.0 gM) 
causes a dose-related increase in the binding of inside- 
out plasma membrane vesicules to isolated secretory 
granules. This effect was suppressed in dose-related 
fashion by trifluoperazine (1-50 I~M). Even in the abs- 
ence of calmodulin, calcium (0.1-100 gM) stimulated 
the binding of the 125I-plasma membranes to the secre- 
tion granule pellet. Such an effect, which was not obser- 
ved with right-side-out vesicles, was equally sensitive to 
inhibition by trifluoperazine, a situation tentatively 
ascribed to contamination with endogenous calmodulin. 
It was concluded that Ca 2+ in the presence of calmodu- 
lin modulates the interaction between the islet secretion 
granules and the cytoplasmic surface of the plasma 
membranes 4~ 

In a somewhat comparable perspective, Brockelhurst 
and Hutton 2 observed no effect of either Ca 2+ or calmo- 
dulin on the phosphorylation of proteins in a purified 
insulin-granule fraction isolated from a transplantable 
rat islet cell tumor. However, after exposure to a solu- 
ble protein fraction (40,000 x g, 60 min) in the presence 
of Ca 2+, the secretory granules displayed CaZ+-depen - 
dent phosphorylation of three proteins with Mr 100 
kDa, 29 kDa and 10 kDa, respectively. Thus, compo- 
nents of the soluble fraction probably bound to intact 
granules in a Ca2+-dependent fashion. Data were also 
obtained to suggest that the 100 kDa and 10 kDa pro- 
teins could dissociate from the granules after their phos- 
phorylation 2. 
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6. Functional studies 

Except for the study, already discussed, on the effect of 
Ca~§ upon cyclic AMP production by intact 
islets, all investigations aiming at characterizing the 
possible role of calmodulin in the functional response of 
intact islet cells to suitable secretagogues were based on 
the use of drugs considered as calmodulin-antagonists, 
mainly trifluoperazine. As a rule, results comparable, 
though not identical, to those collected with trifluoper- 
azine were obtained with chlorprothixene 28, prochlo- 
roperazine 8, 8-hydroxyprochloroperazine 8, 7-hydroxy- 
prochloroperazine s, the trifluoromethylphenothiazine 
derivative of domperidone 3~, pimozide ~ and the naphta- 
lenesulfonamide compounds W7, W12 and W1323'24'28,42, 
whereas trifluoperazine-5-oxide 8 or N-methyl-2(trifluo- 
romethyl)phenothiazine 8 were unefficient. In the present 
report, the effect of these drugs on glucose metabolism, 
biosynthetic activity, cationic fluxes, cyclic AMP pro- 
duction and insulin release will be successively consid- 
ered. 

a) Glucose metabolism 

Trifluoperazine (20-50 p-M) fails to affect 3H20 and 
~4C0 2 production from islets exposed to/5-3HJ glucose 
or [U-t4C] glucose (10-20 raM), respectively 8,H,13,34,38. 
However, at concentrations ranging from 100 to 300 
P-M, a dose-related inhibition of glucose oxidation was 
observed 38. The drug W7 (50-100 p.M) also fails to af- 
fect the oxidation of D-[U-14C] glucose (10 raM) 24. 

b) Proinsulin biosynthesis 

Trifluoperazine (20 p-M) fails to affect the glucose-stim- 
ulated incorporation of [4, 5-3H] leucine in newly syn- 
thesized total islet protein or (pro)insulin ~. Likewise, the 
drug W7, at concentrations up to 100 P-M fails to affect 
(pro)insulin biosynthesis, inhibition of the latter process 
being only observed at a higher concentration of the 
drug (200 p-M) 24. Niki et a124 claimed that W7 may affect 
the conversion of proinsulin to insulin, because the drug 
decreased the incorporation of 3H-leucine in the insulin 
fraction over 120 min incubation. However, this effect 
was observed solely in the presence of 100 P-M-W7, the 
ratio of tritiated insulin/(pro)insulin being unaffected at 
a lower (50 p-M) or higher (200 p-M) concentration of 
the drug 24. 

e) Cationic fluxes 

Trifluoperazine (25-50 p-M) decreases 86Rb efflux from 
glucose-deprived islets, whether in the absence or pres- 
ence of extracellular Ca 2+". At the same concentration, 
however, trifluoperazine does not abolish the capacity 
of glucose to decrease 86Rb efflux. In addition, trifluo- 
perazine (25 p-M) inhibits K + influx as judged from the 
uptake of 86Rb over 10 min incubation in the absence of 
glucose. The simultaneous inhibition of K + inflow and 
K + fractional outflow rate may account for the fact that 
trifluoperazine does not affect the net uptake of 86Rb 
measured over 60 min incubation, whether in glucose- 
deprived or glucose-stimulated islets. These changes in 
K + handling may reflect a membrane action of the 
drug". 

In the absence of glucose or at low glucose concentra- 
tions (1.7-2.8 mM), trifluoperazin (10-100 pM) fails to 
affect 45Ca net uptake by islets over short incubation 
times (5-10 min), but inhibits 45Ca net uptake over lon- 
ger incubations (60-90 rain) ",13,38. Trifluoperazine, in 
the 10-100 ~tM range, markedly inhibits glucose-stimu- 
lated 45Ca net uptake, whether over short or prolonged 
incubations ",~3,38. Pimozide (10 p-M) also inhibits, al- 
though not severely, glucose-stimulated 45Ca net up- 
.take ~. Over 5 min incubation, trifluoperazine (10 p-M) 
also inhibits 45Ca uptake stimulated by a high concen- 
tration of K § this inhibitory effect being more marked 
when the islets are preincubated for 30 min in the pres- 
ence of trifluoperazine ~3. At variance with the latter ob- 
servation, trifluoperazine (20 p-M) was reported 27 not to 
affect 45Ca net uptake by insulinoma cells exposed for 
20 min, in the presence of 5.8 mM D-glucose, to either 
a high concentration of K + (40 mM) or ouabain 
(1.0 mM). 
The view that trifluoperazine impairs the entry of Ca 2§ 
into islet cells, as mediated by gated Ca2§ is 
supported by studies on the effect of the drug upon 45Ca 
efflux from prelabelled and perifused islets. In this 
model, trifluoperazine (25 p-M) exerts little or no effect 
upon 4SCa eff/tlX from islets perifused either in the ab- 
sence of glucose, whether in the absence or presence of 
extracellular Ca :+, or in the presence of glucose but ab- 
sence of extracellular Ca 2§ H. ~3.38. Under these conditions, 
trifluoperazine tends to decrease the fractional outflow 
rate of 45Ca. Trifluoperazine (25 p-M) fails to affect the 
capacity of glucose to decrease 45Ca outflow from islets 
perifused in the absence of extracellular Ca 2+",38. At 
variance with these largely negative results, trifluo- 
perazine (10-100 p-M) obviously impairs the capacity of 
glucose to increase 45Ca efflux at normal extracellular 
Ca 2§ concentration ~,~3,38. This inhibitory effect of tri- 
fluoperazine is more marked when the islets are exposed 
to trifluoperazine prior to stimulation with glucose than 
when trifluoperazine and glucose are introduced simul- 
taneously in the perifusion system 4J. Like its inhibitory 
effect upon insulin release the inhibitory effect of tri- 
fluoperazine on glucose-stimulated 45Ca efflux f rom is- 
lets perifused at normal extracellular Ca 2+ concentration 
represents a phenomenon which is not rapidly reversed 
upon removal of the drug from the perifusate ~3'38. Tri- 
fluoperazine also inhibits the stimulation of 45Ca efflux 
evoked in the presence of extracellular Ca 2+, by a rise in 
K + concentration from 6 to 24 mM H. Since the increase 
in 4SCa efflux evoked by glucose or by a high level of K + 
in islets perifused at normal Ca 2+ concentration reflects 
stimulation of Ca ~+ entry into the islet cells, all these 
data suggest that trifluoperazine impairs the inflow of 
Ca 2+ into the B-cell, as mediated by gated Ca-channels. 
It should be noted, however, that trifluoperazine also 
impairs the capacity of veratridine to stimulate 45Ca ef- 
flux from islets perifused at low glucose concentration 
(2.8 mM) in the absence of extracellular Ca 2+~1. The 
latter observation suggests the trifluoperazine may also 
impair the mobilization of Ca 2+ from intracellular se- 
questration sites, as provoked by an increase in the in- 
tracellular Na + concentration. It is obviously a matter 
of speculation whether these effects of trifluoperazine 
upon ionic movements in the islet cells are mediated 
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through a specific calmodulin-antagonistic mechanism 
or by 'undiserable side-effects' of the drug. The fact that 
trifluoperazine, under suitable conditions, affects ca- 
tionic fluxes in islets deprived of glucose or exposed to 
low concentrations of the sugar argues in favor of the 
latter interpretation. 

d) Cyclic A M P  production 

Trifluoperazine, when used at concentrations sufficient 
to inhibit glucose-stimulated insulin release, only exerts 
marginal effects on cyclic AMP production by the islets. 
Thus, KarP 4 observed that trifluoperazine (10 laM) fails 
to affect the cyclic AMP content of islet exposed for 2 
min to 27.5 mM glucose, whereas glucose-stimulated in- 
sulin release was virtually abolished by the same con- 
centration of the calmodulin-antagonist. Comparable 
results were obtained by Valverde et al. 38 and Henquin H 
in islets stimulated for 10 min by glucose (10-16.7 mM), 
whether in the absence or presence of 3-isobutyl-1- 
methylxanthine. However, after 60 min incubation, and 
at high concentrations of trifluoperazine (25-50 gM), a 
partial or total suppression of the response to D-glucose 
was observed by these investigators u,38. 
At the first glance, these results may appear incompati- 
ble with the view that Ca-calmodulin mediates the stim- 
ulant action of glucose upon cyclic AMP production. 
However, such an argument relies on the assumption 
that trifluoperazine indeed impairs calmodulin-sensitive 
events in intact cells. Yet, it is conceivable that the ef- 
fect of trifluoperazine upon functional events in intact 
islet cells is unrelated to the calmodulin-antagonistic 
property of the drug. Moreover, trifluoperazine 
through a specific anticalmodulin action, may affect 
both the rate of cyclic AMP synthesis and breakdown, 
to the extent that adenylate cyclase and cyclic AMP 
phosphodiesterase are both activated by Ca-calmodu- 
lin. 

e) Insulin release 

In the absence of glucose or at low glucose concentra- 
tions, trifluoperazine (10-100 gM) tends to increase 
basal insulin o u t p u t  18'34'38. MacDonald and Kowluru 
have suggested that, at high concentrations, the calmo- 
dulin 'inhibitor' may act like calmodulin itself 2~. How- 
ever, trifluoperazine inhibits glucose-stimulated insulin 
release. This was demonstrated in a number of models 
including incubated or perifused rat islets"' 13,18,34,38, the 
isolated perfused rat pancreas 42, a transplantable rat is- 
let cell tumor 32, hamster insulinoma cells 27, a cloned rat 
insulinoma cell line 2s and even human pancreatic islets 9. 
Complete suppression of insulin release is observed at 
high concentrations of the drug, but concentrations of 
trifluoperazine as low as 3 laM are sufficient to cause a 
partial reduction of the secretory response 38. At this low 
concentration glucose-stimulated 45Ca net uptake ap- 
pears unaffected by trifluoperazine. The inhibitory ac- 
tion of trifluoperazine upon glucose-stimulated insulin 
release is an almost immediate, though progressive, but 
not rapidly reversible phenomenon ~,38. 
The inhibitory effect of trifluoperazine upon insulin 
release is not restricted to the secretory response to glu- 

cose. Thus trifluoperazine was also found to inhibit in- 
sulin secretion evoked by other nutrient secretagogues, 
such as D-glyceraldehyde, 2-ketoisocaproate or L-leu- 
cine 8,11,18. Trifluoperazine also inhibits insulin release 
evoked, at low glucose concentrations (2.8-5.6 mM), by 
non-nutrient insulinotropic agents, such as glibencla- 
mide or a high concentration of extracellular K § 
(2440 mM) 8, ~3. Last, even in the absence of extracellu- 
lar Ca 2+, trifluoperazine inhibits insulin release evoked 
by Ba 2+, veratridine or the association of glucose (16.7 
mM) and ouabain TM 13. 
In certain circumstances, trifluoperazine fails to inhibit 
insulin release. Such is the case for the secretion of insu- 
lin evoked, in the presence of 5.6 mM D-glucose, by 
glucagon (3 gM) in insulinoma cells 27. Trifluoperazine 
also does not inhibit, and may even enhance, insulin 
release evoked by phosphodiesterase inhibitors in islets 
incubated in the absence of glucose or at low glucose 
concentrations 1t'13. The enhancing action of these phos- 
phodiesterase inhibitors upon glucose-stimulated insulin 
release also appears to be unaffected by trifluoper- 
azine t8,38. These findings indicate that trifluoperazine 
does not alter the insulinotropic response to endoge- 
nously formed cyclic AMP, as if the major effect of the 
latter nucleotide were to be located in the secretory 
sequence, at a site distal to the postulated calmodulin- 
sensitive step. 
The data on insulin release so far reviewed are restricted 
to the effect of trifluoperazine. Comparable results were 
seen with other drugs. For instance, the naphtalenesul- 
fonamide compound W7 (25-200 gM) also causes a 
dose-related, though only partial, inhibition of insulin 
release stimulated by D-glucose (10 or 20 mM). At the 
highest concentration (200 gM), W7 also enhances 
basal insulin output 24. Likewise, W12 and W13 
(30-100 gM) were found to inhibit insulin release in 
RIN-m-5F insulinoma cells exposed to 25 mM glucose; 
in this study, however, no control value was provided 
for basal insulin output 23. Pimozide (1-10 gM) also 
causes a dose-related inhibition of insulin release 
evoked either by D-glucose (10 mM), whether in the 
absence or presence of theophylline (2 mM), by L-leu- 
cine or by Ba 2+". The drug fails to affect the modest 
release of insulin evoked by a high concentration of 
theophylline (10 raM) in the absence of glucose 11. 
Taken as a whole, these secretory data indicate that 
drugs known to bind calmodulin in tissue extracts exert 
dramatic effects on insulin release, even under condi- 
tions where they fail to affect early events in the secre- 
tory sequence, such as the metabolism of glucose or the 
inhibition of K + conductance. However, none of these 
functional data unambiguously establishes that the in- 
hibitory effect of trifluoperazine and related drugs upon 
insulin release, as presumably resulting from inter- 
ference with some distal step(s) in the secretory squence, 
is specifically related to inactivation of the normal re- 
sponse to endogenous Ca-calmodulin. 

7. Conclusions 

The evidence reviewed in this report unambiguously in- 
dicates the presence of calmodulin in insulin-producing 
cells and the activation by Ca-calmodulin of enzyme 
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systems in islet homogenates, with emphasis on ade- 
nylate cyclase and protein kinase. However, the extent 
to which calmodulin participates in the functional be- 
havior of intact islet cells remains in our opinion, far 
from being elucidated. The functional data obtained 
with alleged specific inhibitors of calmodulin should be 
considered with due reservation. Indeed, there are 
several indications arguing against such a specificity, 
even in experiments performed in islet homogenates. In 
this perspective it would appear safer to assess the role 
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of calmodulin in intact cells by comparing functional 
variables obtained in islets incubated in the absence or 
presence of extracellular calcium. However, this ap- 
proach is obviously far from optimal, since the absence 
of extracetlular calcium may affect functional events, 
e.g. insulin release, independently of the suppression of 
the response to Ca-calmodulin. With these consider- 
ations in mind, there is little risk to conclude that the 
participation of calmodulin in stimulus-secretion cou- 
pling remains a question open for further investigations. 
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1. Introduction 

The idea that adenosine-Y,5'-cyclic monophosphate  
(cyclic AMP)  may act in the pancreatic B-cell as a sec- 
ond messenger was probably first raised when Samols et 
al. 72 reported that glucagon stimulates insulin release in 
man. The inhibitory effect of  catecholamines on insulin 
secretion, first described by Coore and Randle 17, was 
also soon considered within the framework of  this idea. 
Cerasi and Luft"  even postulated that glucose, in addi- 
tion to serving as a metabolizable substrate, acted in the 
B-cell on a specific membrane receptor leading to acti- 
vation of  adenylate cyclase, increased cyclic AMP pro- 
duction and stimulation of  insulin release. In the latter 
model, cyclic A M P  was considered to represent the sig- 
nal for insulin release, whereas the metabolism of glu- 
cose would merely modulate this signal function, for 
example by increasing ATP availability to adenylate cy- 
clase. At  variance with the latter view, we had defended 
the concept that cyclic A M P  should not be considered 
as a signal for insulin release but, instead, as a modula- 
tor of  the metabolic and secretory response to nutrient 
secretagogues 53. 
Almost 20 years have elapsed since cyclic AMP entered 
the field of  insulin release, and more than a dozen years 
have passed since the contrasting views expressed above 
were introduced in relevant textbooks. In retrospect, it 
appears that the role of  cyclic A M P  in insulin release 
merits reevaluation. In the present report, the enzymes 
involved in the regulation of  cyclic A M P  synthesis and 
breakdown, the target systems responsive to this nu- 
cleotide and the role of  cyclic A M P  in the regulation of  
insulin release will be successively taken into considera- 
tion. 

2. Cyclic AMP synthesb and breakdown 

In the islets like in other tissues, the cell content in cy- 
clic A M P  is thought  to reflect the balance between its 
rate of  synthesis, breakdown and release in the extracel- 
lular fluid. 

a) Cyclic AMP synthesis: adenylate cyclase 

As judged by cytochemical criteria, adenylate cyclase is 
localized in the B-cell exclusively and almost uniformly 
in the plasma membrane 34. In a particulate fraction 
(12,000 • g • 20 min) derived from the islets, the en- 
zyme displays a Km for ATP close to 0.07 mM, 
whether in the presence or absence of  NaF  (10 mM) 49. 
The temperature dependency (Arrhenius' plot) yields an 
apparent energy activation of  8.0 and 18.4 kcal/mole in 
the absence and presence of  NaF,  respectively 44. The 
basal value for adenylate cyclase, expressed per islet- 
equivalent, is much higher in islet crude homogenates 
than in a subcellular fraction 21. This difference is not 
solely attributable to uncomplete recovery of  the en- 
zyme in the particulate fraction. It  may be due, in part, 
to be presence in the cytosol of  islet cells of  an uniden- 
tified phosphocompound which doubled the activity 
of  adenylate cyclase in a particulate fraction 
(27,000 • g • 20 min) derived from mouse islets 88. This 
factor was found to be dialysable, resistant to heat, sen- 
sitive to charcoal treatment and alkaline phosphatase, 
insensitive to digestion with trypsin; and distinct from 
either GTP, N A D  or phospho-enol-pyruvate. 
Consideration on the modulat ion of  adenylate cyclase 
activity in the acellular system will here be restricted to 
those findings which are most  relevant to the overall 
theme of  this review and are not examined in greater 
detail elsewhere in this report. 
Ca 2§ (0.1 to 0.7 mM or more) causes a dose-related in- 
hibition o f  adenylate cyclase activity 94. However, in the 
presence of  Ca 2+, the enzyme is activated by calmodu- 
lin 8~ At  a fixed concentration of  calmodulin, the 
threshold Ca 2+ concentration for activation of  the en- 
zyme is close to 10 -7 M, with an apparent Ka  close to 
10 -5 M 94. At a fixed concentration of  Ca 2+ (0.2 raM), the 
apparent Ka  for calmodulin is close to 0.1 ~tM 93. 
Curiously, Thams et alY were unable to detect activa- 
tion of  adenylate cyclase by Ca-calmodulin in a mouse, 
as distinct from rat, islet particulate fraction. 
Most  investigators failed to detect any direct effect of  


