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Plasma raemla.ane Caz+.ATPase activity was meastwed in rat islet homogenates. The enzyme was inhibited, 
in a dose-del~ndent manner, when the islets were imdncuhated for 5 mln wilh differex~t concentrations of 
glucose (2 to 16 raM). This inklhifion disappeared almost enl~rely alter 15 m[n inenbatinn, regardless of the 
glucose concentration in the medium. Simuitaneotm m,easuRment of insulin in the medium revealed a 
slimulatory effect of glucose upon insulin secrettom The CaZ+-A'rPase activity was also inhibited whe~ the 
islets were pt-eincubaeed for 3 mill with other sfnallainrs of insulin secretitm such as glldazide (76 aM) ,  
tolbutamide (1-.~ mM), glucagon (1A F M ) +  theophylline (10 raM) and ketoisocapmic acid (15 raM). 
Conversely, the aefivlty of the enz,jme was significantly enhanced when the islets were preinanbated 
with file Insulin seerelinn blocker, somatos t~n (1.4 ~tM). Neither giueose nor any el  the other s u b s t a n ~  
tested when added diree'dy to the eazyme assay medinm m~llfled significantly the Cs~+-A'I'P"~,e aetivily 
m e a s m ~  in the islet homogenates. The~, remits would mggest that the activity of the islet plasma 
membrane is modulated by one or move ef  the intracelinlar metabolites pmdmed when the islets are 
challenged by the insnlin stlmulatm' or I ~ d d n g  agents. 

Introduction 

The relationship betwc¢~ calcium transmcm- 
brane fluxes and its distribution within B cells 
with the release of  insulin has been well-docu- 
mented [1-7]. The presence of Ca2+-ATPase, the 
enzyme responsible for the active extrusion of 
calcium from the cytoplasm, has also been demon- 
strated in several islet celt otgaaelles [8-10]. How- 
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ever, conflicting results have been reported regard- 
hag the effect of several insulin-secretagogue agents 
upon the activity of this enzyme. While several 
authors have d~cribed an inifibitory effect of 
glucose and other stimulators of insulin release 
upon the Ca2+-ATPase activity of different islet 
cell fractions [8,9,11], others were unable to dem- 
onstral¢ any direct effect of these agents upon the 
enzyme activity measure~ in Me islet ceii plasma 
membrane [12]. Some of the controversies could 
be resolved on the basis of differences in the 
prepara t ions  used (homogenates or cell fractions), 
their degree of purity, the experimental models of 
choice, and the reliability of the methods em- 
ployed, 

In an attempt to ducidate this problem, we 
have studied the Ca2+-ATPase activity of islet cell 
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membranes in crude homo~;enates obtained from 
islets previously incubated with different stimula- 
tors or irdaibitors of insulin release. 

Materials and Methods 

Materials 
Collagenase was obtained from Serva, Heidel- 

berg; Trasylol ° (100000 KIU) was kindly pro- 
vided by Bayer Argentina. [T-3~P]ATP was pre- 
pared according to the procedure of Glynn and 
CLappeli [13] except that unlabelled orthophos- 
p_h_a!e was not added to the incubation mixture. 
32P-labelled orthophosphate was provided by 
Comisi6n Nacional de Enersfa AtSmiea (Argen- 
tina). Toibutamide and glietazide were kindly pro- 
vided by Hoechst and Les Laboratories Servier, 
respectively. ATP, enzymes and cofactors used for 
the synthesis of [y-~2P]ATP and other reagents 
were obtained from Sigma, U.S.A. Somatostatin 
(UCR Peptide Department, Brussels, Belgium), 
was kindly provided by Dr..LC. Basabe and 
glueagon by Dr. Lise Heding from Nero, Den- 
mark. 

Methods 
Animals and preparation of islets. Pancreases 

from fed male rats (approx. 200 g body weight) 
were used to obtain isolated islets after initial 
collagenase digestion flU]. 

Islet incubation. Groups of 100 islets were placed 
glass tubes with 1.1 ml of Krebs-lUager bi- 

carbonate buffer at pH 7.4, containing 1~ bovine 
serum albumin, 400 U/ml  Trasylol and glucose (2 
to la,6 raM), ketoisocaproic acid (KIC, 15 raM), 
tolbutamide (1.5 ln~,f) or gliclazide (76 pM), 
gtucagon (1.4 pM) and theophylline (10 raM), 
insulin (15 riM) or somatostatin 1.4 pM), and 
incubated for different time periods as stated in 
the text and tables. The buft~r was previously 
gassed with a mixture of 95~ O2/5~ CO2. The 
incubations were stopped either by immersing the 
tubes in art ice/water bath or by adding to the 
tub,~ g.9 rrJ of cold 225 e.M EGTA-Tris at pH 
7.2. 

Enzyme preparation. After the incubation 
pedod, the tubes containing the medium plus the 
islets were ce~tfift.'gcd_ fo~ ! rain at !700 ;K g (4°C). 
The supernatant was discarded and the preeipi- 

tared islets were resuspended in 300 mM 
sucrose/10 mM Tris-HCl (pH 7.24) at 4aC. The 
islet suspension was then transferred to a micro- 
homogenizer (tissue grinder, Potter-Elvehjem, 
Teflon, size 18, rod o.d. 1,/8 inch, 0.5 ml capacity, 
from Kontes Scientific Glassware Instruments), 
washed twice at 4°C and homogenized in 0.5 ml 
of the same buffer by 200 excursions of the 
plunger. 

Ca ~ +..4 TPase assay. ATPase activity was mea- 
sured in 0.5 ml of 50 mM Tris-HCi (pH 7.24 at 
37°C), 0.1 mM ouabain, 1 mM [y-321"]ATP, 1 
mM EGTA and sufficient CaCI 2 to obtain 1.1-1.8 
/.tM of free calcium and other, additions as shown 
in Results. Of the tissue homogenate, 0.05 ml 
containing 5-6 ttg of protein (equivalent to t0 
islets) was added to each tube. 

Ca2÷-ATPase activity represents the difference 
between the activity measured in the above 
medium and that measured in the same medium 
without eaieium. After 45 min of incubation at 
37°C, the tubes were transferred to an ic~/water 
bath; and after 1 rain, first 0.75 ml of 0.5~g (w/v) 
ammonium molybdate in 5% (v/v) perchlorie acid, 
and then 0.6 ml of isobutanol was added to each 
tube. After 15 s, the mixture was vigorously stirred 
for 20 s and then spun down for 3 win at 1700 × g 
(4°C). The radioactivity was measured in an 
aliquot of the organic phase by liquid scintillation 
and from this value was calculated the amount of 
inorganic phosphate liberated from AT]?. All 
determinations were performed in triplicate. 

Under these experimental conditions, no more 
than 4~ of the ATP in the reaction mixture under- 
went enzymatic hydrolysis and the rate of ap- 
pearance of 32p remained constant for ttp to 90 
rain of incubation time, 

Free calcium was measured with a Ca2*-sensi - 
tire electrode [15]. Protein was measured accord- 
i~g to the method of Lowry ~i M. [i6]. 

l~:mlin secret/on. Aliquots of the medium 
incubation of the islets were separated and kept at 
- 2 0 ° C  unt~il insulin concentration was deter- 
mined by radioimmunoasauy [17]. Statistical anal- 
ysis of the data was performed using the Student's 
.t-test. Theoretical equations were adjttsted to the 
experimental results by least-squares non.linear 
regression by the procedure of Gauss-Newton. 
The program was run on a microcomputer with 14 



digit precision (Rossi, R.C. and Garrahan, P.J., 
unpubfished data). 

Results 

Table I shows that KIC, gliclazide, tolbuta- 
mide, glucagon, somatostatin, insulin and differ- 
ent concentrations of glucose, when added directly 
to the Ca:-'÷-ATPase assay medium, did not mod- 
ify the plasma membrane CaZ+-ATPase activity 
measured in homogenates of fresh non-incubated 
islets. These results agree with those previously 
reported by Kotagal et al. [121. 

The Ca2+-ATPase activity measured in homo- 
genates of islets previously incubated with glucose 
varied according to the glucose concentration in 
the medium and the length of the incubation 
period employed (Fig. 1A). 3.3 mM glucose pro- 
duced a constant but insignificant decrease in the 
enzyme acti~.ty throughout the entire incubation 
period studied. Conversely, in the islets incubated 
with 16.6 mM glucose, a significant decrease in 
the CaZ+-ATPase activity was observed by 3 min, 
followed by a recovery towards control values 

T A B L E  l 

C H A N G E S  IN THF,. I S L E T  C E L L  M E M B R A N E  Ca  :t*- 
ATPase  ACTIVITY P R O D U C E D  BY D I F F E R E N T  SUB-  
STANCES ADDED TO THE ENZYME ASSAY MEDIUM 
Each value represents the average of three cases+S~E. The 
enzyme activity was men,ted in horaoscnates of fTesh non-in- 
cubated islets without (control) or with the addltioa of the 
different substances tested (see MnteJ~als and Methods), "rune 
of these substances significantly modified 1he Ca~+-ATPI~ 
activity measured in the coht~! sample. 

Substance Ca 2 +-ATPase activity 
(gmol Pi/rag protein pex h) 

Control 1.149:k0,]59 
Giu~os¢ (2 r a M )  L304+0.097 
Glucose (4 mM) 1.398q-0.0L6 
Oinc~c (8 mM) 1.417± 0.075 
K I C  (15 rnM') l.O4O-b 0.093 
Glie, lazide (76 pM) 1.327=1:0.076 
Tolbutamide (l..5 raM) 1.126 ± 0,103 
G[ucagon (1.4 tl M) 1.237 :k0.022 
Somatostatin (1.4/~M') 1.085 :t:0.02l 
Insulin (15 nM) t 1.030+0,023 

' "Ibis concentration corresponds to that measured in the 
incubation medium in FiB. l. 
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Fig. 1. Ca2*-ATPase activity measured in homogenates of  
islets incubated in the presence of glucose for different t ime 
periods. Each value represems lhe a~erag¢ of  ihrc~, indepcn- 
d ~ t  experiments performed in tripEcate (A). Insulin released 
by these islets is shown in B, where each vaMe ~presents [he 

average+ S.E, of three ex.l~timenls, 

thereafter. The enzyme activity measured at 60 
rain, however, was still below the control value, 
even though this difference was not significant. 
The insulin rcloase, d by the islets during the 
incubation period is shown in Fig. lB. As is well 
known, it low glucose concentration slightly 
stimulates the release of insulin, while 16.6 mM 
glucose efici~s a large secretory respome. Al~ough 
the largest inhibition by high glucose of Ca 2+- 
ATPase activity was obtained after 3 rain of 
incubation (Fig. 1A), the scatter of the data was 
larger at this time than after 5 rain, probably 
because of the sharp decrease in the enzyme activ- 
ity induced by glucose. 

No significant differences in the Cae+-A'l'Pas¢ 
activity were observed in islets incubated for 3 
min at 37~C in Kxebs-Ringer bicarbonate buffer 
without glucose with respect to nonincubated islets 
(0.90 4. 0.02 [11] and 1.10 4-0.12 [8], respectively). 

Fig. 2 shows the Ca2+-ATPase acfi~ity mea- 
sured after a 5 win preincubation of whole islets 
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Fig. 2. Ptasma membzane Ca2*~A'TP~*,e agtivity (o) 0tnd in- 
sulin re|eaSe (A) of isleis incubated with diffor6ml glucose 
eonc,mtratio= Each value represents the average :L S.E. of 

th r~  d i f f ~ n t  ¢xperi~n¢~lts performed ~ t~p]icate. 

TABLE II 

C~2+-ATPase A C T I V I T Y  M E A S U R E D  IN ISLETS 
INCUBATED FOR 3 MIN WITH DIFFERENT SUB- 
SI'ANCES 

FJch v~ue represents the mean:t:S.E. Number of ~ izt 
pm~entheses. 

Substance Ca~ +-A'I"Pa.~ activity 
(~mol PJmg protein per It) 

Glucose (3.3 raM) 0.997"4"0,022 (3) 
÷/nsuli~ (15 nM) 1.123 ±0,122 (O 
+ glic|a~ide (76 v.M) 0.277 4- 0,(]09 (3) * * 
+tolbutamide(l,5 raM) 0.5624=0.040(6) ** 
+ glue~gon (1.4 FM) and 

th~ophyllin¢ (10 raM) 0,S30 ± O,01S (3) * 
KIC (15 raM) 0.a02-4-0,O36 (6) "*  

" P < 0.005. 
** P < 0.001. 

with 2-16.6 mM glucose and insulin release mea- 
sureJ s imultan~usly.  

The curve that fits the e x p ~ a e n t a l  points of  
C.aZ+-ATPB.S¢ VS. glLICO~ concentration corre- 
sponded to the following equation: 

V = Vo/(I + [glu¢o~]//Co D + V~-,,e..~ (1) 

where V o is the CaZ+-ATPase activity measured in 
the absence of glucoso, Ko. 5 thO glucose con- 
cent.ration producing half-maximal inhibition of 
enzyme acdvity and Vmalual the Ca2+-ATPase ac- 
tivity rcmalning in the presence of the largest 
concentration of glucose tested. The experimental 
values for these parameters were: Vo ~ 1.35 + 0.28 
Fmot P i /mg protein p¢~ h; K0.~ = 3.16 + 0.22 m M  
glu~sc and Vr~d= I = 0.193 + 0,09~ #znol Pv/h, At', 
a t t e m p t  Io  a d j u s t  t h e  c ~ p c r i m o n t a ]  p o i n t s  to  am 
equation similar to Eqn. 1 but  without the term 

Vresidu a produces a bias in the fitting of the experi- 
mental  points corresponding to all the different 
concentrations of glucose tested, in  this situation, 
a clear dose-dependent inhibition was obtained. 
The curve that fits the experimental points of 
insulin release vs. glucose concentration corre- 
sponded to the equation; 

r = T / 1  ÷ Ko.5[glucosel (2) 

where T is the max imum amount  of insulin 
released, and K0_ s the concentration of glucose 
inducing half-maximal release of insulin. In our 
conditions, the experimental values obtained for 
these param~,ters were T =  170.0 ~ 25.2 pO/is le t  
and Ko.s = 9.36 + 1.8g raM. 

The effect of  agents stimulating insulin releas¢ 
by differen! mechanisms upon CaZ+-ATPase ac- 
tivity are shown in Table II, These cc~ pounds 

TABLE Il l  

EFFECT OF SOMA'fOSTATIN UPON Ca2+-ATPase ACTIVITT 

~ h  value rcpre~ent~ the me~m ~ S.E. Numb=r of e, ases in parmathc,se.s. "l'b© hl~ts were in~Ubaled for 3 mill (as described irx MatcriMs 
and Methods) in the presec~ce o[ the above-mentioned subsloaw.e~ 

GluCOSe (3.3 mMJ G]uc.ose 0.3  mlVi)+ Glucose (S raM) Glucose (8 raM)+ 
somatostatin (1,4 ~M) somat~statin (1.4 pM) 

0.762 :E 0.0M (2) 1.215 :k0-110 (3) 0.569 :L 0.050 (5) * 1.245 +0.052 (5) 
(e < o.o5) (P < o,ool) 

• vs. gtu0os¢ (3.3 mML P < 0.025. 



include fuel molecules (KIC), oral hypoglycemic 
agents (gUclazide and tolbmamidc) and agents 
which affect mainly islet cAMP cotttent (glucagon 
and theophylline). After a 3 rain hlcubation with 
every one of these agents the activity of the en- 
zyme measur~ in homogenates of the incubated 
islets decreased significantly with respect to the 
corresponding controls. 

The C.a2+-ATPas¢ activity remained u~changed 
in islets preincubated for 3 rain with 3.3 mM 
gluco.~ plus insulin in a concentration similar to 
that measured in the medium of islets incubated 
for the same period with 16.6 mM glucose, 

The effect of somatostatin, a potent and physi- 
ologic inhibitor o[ insulin secretion upon Ca 2+- 
ATPase activity, was also tested. When previously 
incubated with a somatosmtia concentration suffi- 
cient to block the glueos0-indu~.d insulin secre- 
tion, the activity of the enzyme measured in islet 
homogenates was significantly enhanced respect 
to control values (Table III). 

Discussion 

We have studied the effect of differem insulin 
secretagogues, insulin and an insulin blocker upon 
the plasma membrane CaZ+-ATPa~ :ivity mea- 
sured in rat islet homogcnatcs. The specificity of 
the method employed to measure plasm~ n~m- 
brahe Ca2+-ATPase activity and its accuracy have 
been demonstrated and extensively discussed in 
previous reports [18,19]. 

Colffirming the results previously reported by 
Kotagal et al. [12], we found that, within the range 
of concentrations employed, glucose and several 
other simulators of insulin release exerted no di- 
rect effect upon the plasma membrane Ca 2+ - 
ATPase activity. Insulin also failed to afgec;, such 
activity when directly added to the assay medium. 
Conversely, the activity of the enzyme assayed in 
homogenates of islets preincubated for up to 60 
min with 16.6 mM glucose appeared significantly 
inhibited thrcazghout the f'v~sl 5 rnin of incubation. 
Thereafter, the values obt~dned were not signifi- 
camly different from those measured in the prein- 
¢ubated control islets. The largest inhibition by 
glucose wa~ obscrved after a 3 rain incubation, 
However, the inhibition by glucose ~vas dose-de- 
pcodent only after 5 rain of incubation. The 
shaqmess of the drop in the enzyme activity at a 

high concentration of glucose in earlier periods, 
together with the greater experimental error en- 
countered at tl~s shc~t tL~_e, could explMn the 
dispersion of the data observed in Fig, 1, 

IsIets incubated for 3 rain with other insulin 
secretagogues, such as KIC, gliclazlde, tolbuta- 
mide, and glucagon plus theophylline, also showed 
a significant decrease in plasma membrane Ca 2÷- 
ATPase activity. No significant changes were de- 
tected in the activity of the enzyme measured in 
homogenatcs of islets prdncubatcd with insulin. 

On the other hand, when assayed in homo- 
genates of islets previously incubated with the 
insulin-release blocker, somatostatm, the activity 
of the ~ e  was significantly enhanced. 

According to a previous report [i2], uono of the 
agents tested exerts direct effects upon the enzyme 
activity. Conversely, the Ca2 +-ATPase activity was 
significantly altered in homogenates of islets pre- 
viously incubated with all of the compounds tested, 
except insulin, Together, these results would sug- 
gest that the activity of the islet plasma membrane 
ATPase is modulated by one or mote of the 
intracellular products resulting from the incuba- 
tion of the islets with agents that block or stimu- 
late insulin secretion. Insulin released by these 
agents would not be involved in such effect. It has 
been demonstrated that glucose 6-phosphate in- 
hiifits the plasma membrane CaZ+-ATPase activity 
[12]. Hence, the increment in the in~racellular con- 
centration of this compound could explain the 
early inhibition of the enzyme activity, detected in 
islets incubated with high glucose. However, such 
mechanism cannot explain the inhibitory effect of 
KIC, toibutamide and g~iciazid¢, compounds 
which do not alter the intracelh;lar levels of glu- 
cose 6-phospha~. Consequently, the nature of the 
intraccltular signal(s) responsible ~or rapid drop in 
plasma membrane Ca2÷-ATPase activity under 
these conditions remains unclear. 

Glucose stimulates the phosphollpid turnover 
in islet mernbrancs and the acidic fraction of these 
compounds can stimulate the Ca2+-ATPa.se activ- 
ity [22,23]. Consequently, this effect could, at least 
in part, explain the recovery of the Ca~*-ATPase 
activity found in the islets after the 5 vain incuba- 
tion with glucose. A progressive increment of 
calcium deposits was observed previously in the 
B-c¢II plasma membrane of pancreases perfused 
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with high glucose [3]. This sequestering of the 
divalent cation might also provide a stimulus of 
the enzyme that conttbuted to the observed re. 
revery of Ca2+-ATPase activity. 

Maximal inhibition of Ca2--ATPase activity 
was obtained after 3 rain of preincubation of the 
islets with glucose (Fig. l). Hen~:, the enzyme 
activity ( V r ~ t  in Eqn. 1) measured after 5 rain 
of pre, iacubati0n (Fig 2) could represent a partia] 
recovory of the enzyme function from the inhibi- 
tion induced earlier by glucose. For this reason, it 
is possible that other Ko. ~ values would b¢ ob- 
tain~:l for Ca2÷-ATPase if the activity of the 
enzyme were measured either before or after a 5 
min preincubation. Other~dse, we cannot discount 
the possibility that there exists a Ca~+-ATPase 
fraction that is insensitive to inhibition by glucose. 

The Ko.~ value obtained in Eqn. I for Ca 2+~ 
ATP~se activity me~asuced as a function of 
medittm-glucos¢ concentration (3-16 mM glucose) 
would suggest that, under basal conditions, the 
enzyme is alrecdy partially inhibited. Otherwise, 
the carve represented in Fig. 2 would suggest that 
the !a1"g~t iohibition of the enzyme is obtained 
when ".he glucose coneentration is increased from 
2 to 8 mM. 

The CaZ+-ATPase K0. s value was generally 
lower than the corresponding value for insufin 
secretion. This fact would suggest that the effect 
upon Ca2÷-ATPase activity of raising the glucose 
concentration in the medium precedes the one 
exerted on insulin secretion. When K0~ ~ for in- 
sulin secretion, as a function of glucose concentra- 
lion in the medium, was calculated from the data 
of other authors [24], a nearly identical result was 
obtained. Furthea-mor¢, among these data, the Kos 
value for glucose oxidation and for B-cell electri- 
cal activity were also generally lower than the K0. s 
corresponding to insulin release. Together, these 
results might indicate that the inhibition of Ca 2+- 
ATPase participates in the mechanism of the flu. 
eose-lnduced inulin secretion, 

Henquin et aL [.25] found that nutrient ~nsulin 
secretagogues decrease 4"~Ca :~+ efflux from islet 
celis by a mechanism other than the inhibition of 
sodium-calcium countertransport. Our rcsulls 
could provide an alternative explanation for such 
a mechanism. 

The early inhibitiou of the Ca2+-ATPase aotiv- 

ity might correspond temporally to the first peak 
of insulin secretion [26]. This peak is not signifi- 
cantly affected by blocking the influx of calcium 
from the extracellular space [27]. Under .~uch cir- 
cumstances, the release of calcium from the pool 
within the endoplasmic reticatum might be suffi- 
cient to increase the eytosolie concentration of the 
free divalent cation and thereby trigger the release 
of insulin [2,28,29]. An increase i.n the IP3 con- 
centration might be the signal involved in these 
movements of the intracelhilex calcium [2,28-31]. 
A simultaneous inhibition of plasma membrane 
Caa+-ATPase activity, being responsible for an 
outward flow of calcinm, might favor the incre- 
ment in cytogolie Ca 2. eoneentration induced by 
the cation re;,eased from the endoplasmic reticu- 
lmn. The subsequent recovery of the enzyme activ- 
ity, together with the participation of other 
intraceliular calcinm pools, wolfld avoid a further 
increment in the concentration of free cytosofic 
calcium. Hence, these dfects would not only keep 
the cytosulic calcium concentration within a suita- 
ble range to ensure an adequate release of insulin, 
but would also protect the c¢11 against a possible 
deleterious effect of a large increment in intracell- 
ular calcium. 

Although in our experiments we focused all our 
attention on the plasma membrane Ca2+-ATPasc 
activity, the possible participation in intact ceils of 
a similar enzyme located in other subccllular 
structures might also be considered. In that situa- 
tion, by sharing with the plasma membrane 
ATPase the role of controlling cytosolic calcium 
co;tccntration, these ATPase would improve tb~ 
efficiency of such a control. 

The inhibitory effect of somatostatin upon in. 
sulin secretion has been ascribed to its action 
upon the sequestering of B ¢¢I1 calcium levels [1]. 
Moreover, it has been recently demonstrated that 
somatostatin inhibits the glocose-indueed in- 
creased in cytosolic free Ca 2+ of islet cells [32]. 
The enhancement of the ATPase activity described 
here co¢1d be, at least in part, responsible for this 
latter effect. 

Ahhough more experimental evidence is neces- 
sary to test all these assumptions, our data would 
suggest that the plasma membrane CaZ+-ATPase 
participates in some fashion in the regulation of 
the release of insulin. 
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