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Abstract (1) Caerulein l0 ~ M and carbamylcholine 5"10- ~' M provoked a 3-fold increase in amylasc 
secretion and a 50'~,, stimulation of protein phosphorylation in rat pancreas fragments. Secretin exerted 
similar effects, though more moderate, at 5-10 7 M concentration, but was inefficient at low con- 
centrations. Dibutyryl-cyclic AMP 2 mM stimulated total protein phosphorylation (+28"i,) but the 
secretory effect was subdued (+50'!i,). The effects observed with cyclic GMP and its. dibutyrylated 
derivative were insignifictmt. (2) In rat parotids. 10 5 M isoproterenol provoked a 10-fold increase 
in amylase output and exerted a slight (+ 15':,,) but significant effect on protein phosphorylation. These 
effects were reproduced by 0.5 2.0 mM dibulyryl-cyclic AMP. Dibutyryl-cyclic GMP at a high 15 
raM) concentration allowed a slight increase I+ 86':;} in enzyme secretion with no apparent stimulation 
of protein phosphorylation. 131 These results indicate a clear stimulation of protein phosphorylation 
when hormonal stimulus secretion coupling was involved in the pancreas acinar cells and parotids. 
The derivatives of cyclic AMP partially mimicked these effects, and more clearly so in the parotids 
than in the pancreas. 

The mode of action of many hormones on their target 
cells is mediated by cyclic AMP. A hormone-respon- 
sive adenylate-cyclase (EC 4.6.1. l) increases the intra- 
cellular level of cyclic AMP, allowing the activation 
of protein kinases (EC 2.7. l.37) and the phosphoryla- 
tion of some proteins. The alteration in the properties 
of these phosphoproteins appears to be responsible 
for the physiological effects of the hormone. The 
reversibility of this process is secured by the hydroly- 
sis of cyclic AMP by phosphodiesterase(s) (EC 
3.1.4.17), and by the dephosphorylation of proteins 
by a protein phosphatase (EC 3.1.3.16). 

It also appears that the effects of some hormones, 
such as acetylcholine and oxytocin are mediated by 
cyclic G M P  via a similar mechanism [1]. 

We undertook recently the study of the mode of 
action of hormones stimulating the secretion of pan- 
creatic hydrolases by following the phosphorylation 
of proteins, i.e. one of the last steps of this classical 
scheme, tn the preceding paper [2], we reported a 
4050 ' ! ;  stimulation in the phosphorylation of total 
proteins after incubating pancreas fragments ira the 
presence of 10 s M pancreozymin or 10 ~ caerulein. 
This stimulation was significant ira all subcellular frac- 
tions but the amplitude varied from one fraction to 
another. 

In the present work, we compared the effect of caer- 
ulein, carbamylcholine, isoproterenol and cyclic nu- 
cleotides on pancreas protein phosphorylation. Paro- 
rids were utilized as a tissue of reference: the role 
of cyclic AMP as an intracellular messenger of isopro- 
terenol is indeed well established ira this gland [3]. 

MATERIALS AND METHODS 

Male albino rats weighing approximately 2(~) g and 
fed ad lib. were anesthetized with diethyl ether. The 

pancreas was removed, the animal was bled by cut- 
ting a renal artery and the parotids were dissected 
out, successively. The pancreas and parotids were 
trimmed of fat, blood vessels and connective tissue. 
Fragments weighing approx. 20rag were raradomly 
distributed in flasks containing the preincubation 
medium. The tissue fragments were always main- 
tained in the presence of Trasylol Bayer (500 UIK/ml) 
in Krebs Ringer bicarbonate buffer enriched with 10 
mM glucose and adjusted to pH 7.4 with Oz + CO2 
(95:5). The preincubation and incnbation procedures, 
the extraction and assay of proteins, and the measure- 
ment of 32p incorporation into proteins (taking into 
account the specific activity of inorganic phosphate) 
are detailed in Ref. 2. :~-Amylase in the medium was 
estimated by the method of Vandermeers et al. [4]. 

Synthetic caernlein was a gift from Farmitalia 
(Milano, Italy). Carbamylcholine was from Federa 
(Brussels, Belgium). Secretin was obtained from the 
GIH Research Unit of the Karolinska Institute 
(Stockholm, Swedem. Isoproterenol and cyclic nu- 
cleotides were purchased from Sigma (St Louis, 
U.S.A.). [3-~P]orthophosphate was obtained from the 
Institut National des Radioalaments (Mol, Belgium). 

REStLTS AND DIS(USSION 

E~/i'cts ~)f hormoJws oJ7 the parotids. In the parotids, 
10-5 M isoproterenol provoked a 10-fold increase in 
amylase secretion. The parallel rise of protein phos- 
phorylation, though moderate (15'Ii0, was significant 
(P < 0-05). Carbamylcholine is reported to act on 
parotids by liberating endogenous catecholamines 
[_6]. Accordingly, if the phosphorylation of some pro- 
teins represents a rate-limiting step in the secretory 
mechanism induced by isoproterenol, thera the same 
relationship must be observed with carbamylcholine. 
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Table 1. lnlluencc of l(I <j M cacruleiri, 5.10 " M carbarnylcholine and 10 5 M isoprotcrenol on uin,,lase secretion 
al]d total protein phosphor>lation. 

hict)pot 'a l ion of  < l  ) 
Anl \ lLlse  o u t p u t  in to  i~l-Olcins 

In " o f  In " ot  
T i s s u e  ,%' M e a n s  + S.E. COlltro] M e a n s  + 5~.1 +] ColllrO] 

Pancreas 
('ontrol 12 
Caerulein 12 
Carbamylcholine 3 
Isoproterenol 3 

Parotids 
Control 6 
Caerulein 3 
Carbamylcholine 3 
lsoproterenol 6 

124+ ll) l()(i 24.S ~ I-I l()l) 
389 ± 20 313" 37-2 ~ 1-6 I>11': 
382 + 45 307 * 37.2 + ~-(i I ~0 :: 

62 + II I3()NS 27.9 t: 4.t~ 112NS 

1 0 +  I I  I()(i 24"0 + 13 ll)(t 
19 "~ 2 1 S  " _ S 7 N S  + __ 10S * ~"? 

359 ± (~1 3 2 5 *  27.N 2 2-(i 1 1 2 N S  

11)79 + 64 978 _,~'~, ~ I ' l  115" 

Tissue fiagmcnts wcrc preincubated at 3 7  in order to eliminate wash-out cffccts Idctails in ReI, 21. f hc \  were trails- 
ferred alier 20 min to a fresh medium containing [3-~P]orthophosphate and when spccilied, a sccrctagoguc. Aftcr 4(I 
nlin incubation, the specific activit~ of P~ was estimated in the acid-sohiblc extract of each sample, and the labelling 
of proteins was expressed in (cpm/mg proteins: cpm, pg P3 × 10:. Amylase output is expressed in t secreted I0() 
mg fl'esh weight tissue. N indicates the number of experiments. P values (*: P < 0"05) ;x, crc calculated upon ttpplication 
of Student's t-test between paired data obtained with and without sccrctagogue. NS = nol signiticant. 

Wc observed that  amylase secretion tripled nndcr  
5 .10  ~" M carbamylcholine.  The concomitant  stimu- 
lation of protein phosphoryla t ion was not statistically 
significant but this could be due to the fact that  the 
maximal secretory capacity of the parotids was far 
from being attained. The effect of 10 ~ M caerulein 
on amylase secretion and protein phosphoryla t ion 
were  negligible in the parotids. 

E~ibcts (ff'llorlllOlld,s 011 the lg[ItlCFCa,S. P a n c r e a s  amy:- 
lase secret ion was  stimulated three-fold by I0 <' M 
caerulein or 5 .10  -<' M carbamylcholine.  Simul- 
taneously, there was  a 50fi~, increase in total protein 
p h o s p h o r y l a t i o n  (Table 1). Ne i ther  parameter  was  sig- 
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Pig. 1. [ZITccts of increasing c o n c e n t l a t h m s  o f  score!in on 
amyhisc output and total protein phosphorylation. After 
20 rain premcubation, thc pancreas fragments were incu- 
bated for 60 mm m the presencse of [YeP]orthoposphale. 
Means _+ S.E. of three experiments. (a) Amylase output 
(O} in tl secreted q 00 mg fresh weight tissue. (b) Labelling 
of proteins with 32p tO) m tcpm:mg protcins: cpmHg P~) 

x 10-L 

ni l icanth inlluenced by II) > M isoprotcrcnol. Wc 
also tested the effects of secretin. ~Thc mare action 
of this hormoi~c is to sthnulate the secretion o[ bicar- 
bonate  and watef  f ro l l l  centro-achmr and ductu]ar 
cells, and cyclic A M P  appears to phiy tile rolc of 
second messenger [51t. At concentrations lower than 
10 v M, secretin was without cffcct on amylase secre- 
tion and did not mfiucncc protein phosphorylat ion 
(Fig. lk whereas 2 to 4-fold rises in pancreas cyclic 
A M P  levels hax, e been observed in our laborator  3 
with simihtr concentrat ions L5]. (However. il is clear 
that our  method bascd on tile extract ion of  total pro- 
teins could not deiecl a s t imulat ion in prot0in phos- 
phory la t ion  confined to thai small p ropo r l i on  of  coils 
cont ro l l ing h icarbolmle secretion). ,'\l a xcr; high 
[5 × I0 -+ M)conc¢l l t ra t ion.  sccretin nmrkcdh  StilllU- 
lated amylase secretion and this tm-i0 there ,;,as a 22 ̀> 
increase in total protein phosphorylat ion.  This pan- 
creozyminlike effect conld be duc either to a COlltLi- 

min,atiou of  the Karo l inska preparati,,m of  sccrelin 
h+'>. pancreozymin,  or  to the act ion of  high doses of  
secretm on a c i n a r  ceils. 

Eff{'cl.s ot cyclic nuch,olidc.s. The prccecting results 
show a posith, e correk l t ion belwcen hu-gc cllTcis of  
]x)rn]ones on am\.lasc secretion and protc i l l  phos- 
phory la t ion  in t\~o target orgcins: tile e',ocrinc pan- 
creas al-id ll~e parotids. Thc~ suggest th0 act ivat ion 
of protein kinases b\ :.i second messellger. This inha-  
cellular mediator  has been identified as c3clic A M P  
in the case of isoprotcrcnol st innllaimg the parotids 
[3 ]  and of secietin acting on the ccnho-ac inar  cells 
of the pancreas [7]. The messenger of pancrcoi3nlm 
is not yet identiti0d since it is dillicnlt to assign such 
a role to cyclic AMP. Indeed, tile levels o f t \ c l i o  A M P  
increase onh: under ver 3 high conccnlrul ions of  pan- 
c r c o z y n l i i ] ,  l]ll" L lbovc i l losc  p r o ; o k i n g  dc l i n i t c  ; . imyl-  
asc hypcrsccretion [ 5 ]. l ' hc  activity in ritro of adcnyl- 
atc-cycklse in pLil lcreas honlt~genalcs is scnsilivc to 
pancreozymin [8, 9] but thoophy' l l inc Cllld dibutyr_vl- 
cyclic A M P  do m'd r e p r o d u c e  lhe -;CCl-ctor\ cllL'ct m 



Phosphorylation of proteins in rat 

Table 2. Influence of cyclic nucleotides on amylase secretion and total protein phosphorylation 
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Tissue 

Incorporation of 32p 
Amylase output into proteins 

In % of In % of 
N Means _+ S.E. control Means _4_ S.E. control 

Pancreas 
Control 16 128 + 6 100 36.4 _+ 1"1 100 
Dibutyryl-cyclic 
AMP 0-5mM 4 170 + 16 133NS 422 4-- 4.3 116NS 
Dibutyryl-cyclic 
AMP 2 mM 6 197 4-_ 20 154" 46"6 + 2"0 128 * 
C~clic GMP 1 mM 3 156 + 15 122NS 44"3 _+ 10"6 122NS 
Cyclic GMP 5 mM 3 212 + 23 166 NS 37"2 4-- 3"5 102 NS 
Dibutyryl-cyclic 
GMP 5mM 2 125 + 9 97NS 45-2 4-- 26 124 
Theophylline 10mM 4 173 ± 16 135 NS 39.7 _+ 3-4 109NS 

Parotids 
Control 6 179 + 9 100 35"3 + 2"3 100 
Dibutyryl-cyclic 
AMP 0"5mM 3 1408 4-- 72 787* 45"5 + 1-8 129" 
Dibutyryl-cyclic 
AMP 2raM 3 1567 + 102 876* 45-4 4-- 3"6 129" 
Cyclic GMP I mM 3 224 + 11 125 NS 38.5 _+ 1.8 109 NS 
Cyclic GMP 5mM 3 333 4-- "~5 186" 36-7 4-- 3.5 104NS 

After 2() min preincubation, the tissue fragments were incubated for 60 min in the presence of [~2p]orthophosphate. 
Same presentation of data as in Table 1. 

vitro of pancreozymin on tissue fragments (Re[. 10 
and Table 2). 

E~Ji, cts of  cyclic nucleotides on tile parotids. The 
effects of cyclic nucleotides on protein phosphoryla- 
tion and enzyme secretion from the parotids were 
consistent with the model. Indeed, 0-5 or 2.0 mM 
dibutyryl-cyclic A M P  (N ~', O2'-dibutyryl adenosine 
Y,5'-monophosphate) reproduced the secretory effect 
of isoproterenol (an 8 to 9-fold increase in amylase 
output) and stimulated protein phosphorylation by 
29'I,, (Table 2). Cyclic G M P  did not stimulate amylase 
secretion at a 1 mM concentration. A high (5 raM) 
concentration allowed a slight (+  86'!;) but significant 
effect, without accompanying increase in protein 
phosphorylation. This modest effect of 5 mM cyclic 
G M P  could be due to the low sensitivity of cyclic 
A M P  dependent protein kinases to cyclic G M P  
[1 I, 12] and/or to the inhibitory effect exerted by high 
concentrations of cyclic G M P  on cyclic AMP phos- 
phodiesterase(s) [ 13]. 

Effect of  o,clic tmcleotides on tile pancreas. Dibu- 
tyryl-cyclic AMP at a 2 mM concentration signifi- 
cantly stimulated amylase output and total protein 
phosphorylation. However, the secretory effect was 
limited (+ 50,~i) when compared to the much larger 
(3-fold) stimulation by caerulein 10 ~ M. and this 
in spite of the fact that the gross enhancement of 
protein phosphorylation observed with both caerulein 
and dibutyryl-cyclic AMP was of the same order of 
magnitude in paired fragments. 

Theophylline had no effect on amylase secretion 
and protein phosphorylation (Table 2) in spite of the 
2-fold increase in cyclic AMP levels ordinarily 
observed in pancreas fragments submitted to the 
same 10 mM concentration of the methylxanthine 
[9]. 

The results observed with cyclic G M P  and dibu- 
tyryl-cyclic G M P  (N ~', O2'-dibutyryl guanosine 3',5- 
monophosphate) were dubious. They do not support 
a decisive role of cyclic G M P  in enzyme secretion 
but their inconsistency could be due to poor tissue 
permeability to the cyclic derivatives of guanosine 
monophosphate. 

We may conclude that the results obtained with 
the parotid agree well with the model of a cAMP 
mediated action of isoproterenol. 

In the pancreas, we found a good correlation 
between the hormonal stimulation of enzyme secre- 
tion and increased protein phosphorylation. However, 
DB cAMP could only partially reproduce the effects 
of caerulein or carbamylcholine on amylase secretion 
and protein phosphorylation while theophylline had 
no significant effects on both parameters. Therefore 
we may not conclude at this state of the experiments 
that cAMP is the intracellular mediator of caerulein 
or carbamylcholine. 

We hope that the study of pancreatic adenylate cyc- 
lase. which is now in progress in our laboratory, 
together with the present results, will enable us to 
understand the mode of action of hormonal secreta- 
gogues on the pancreas. 
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