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A b s t r a c t - - W e  have investigated the effects of the calmodulin antagonist trifluoperazine (TFP) on 
amylase secretion and adenosine 3':5'-monophosphatc (cyclic AMP) metabolism using incubated parotid 
glands of young rats. Exposing unstimulated glands to 100 ~tM TFP doubled the basal rate of amylase 
and lactate dchydrogcnase (LDH) release, but had no effect on either the parotid cyclic AMP or ATP 
contents. Isoprcnalinc ( 1 ~t.M) stimulated amylase secretion and incrcascd the tissue cvclic AMP content. 
1130 .uM TFP inhibited these responses by 46% and 33%, respectively. No.O-'-dibutyryl adenosine 3'.5'- 
monophosphate Idibutyryl cyclic AMP) mimicked the effect of isoprenalinc on amylase release but 
100 !tM I'FP had no effect on this response. 10 .uM TFP inhibited F -stimulated adenylatc cyclase activitx 
in a subccllular fraction isolated from the parotid by 32%. Wc conclude that TFP may inhibit isoprcnaline- 
evoked amylase secretion from the rat parotid by an effect on either the catalytic or regulatory subunits 
of adcnvlatc cvclasc. 

f l -Adrenergic agonists arc potent  stimulants of amy- 
lase secretion from the rat parotid gland. As well 
as increasing the tissuc cyclic AMP!I content,  these 
compounds  also mobilise calcium from a number  of 
intracellular stores within the acimtr cell [1]. This 
calcium appears  to modula te  the cyclic AMP-depen-  
dent secretory pathway at a number  of intracellular 
sites, one of  which is probably ei ther the catalytic. 
or a regulatory,  sub-trait of adenvlate  cyclase [ 1 ]. 

Al though calmodulin is presen{ in the rat parotid 
[2] only a few studies have examined its role in acinar 
cell function. Spearman and Butcher  [3] were unable 
to implicate calmodulin in stimulus-secretion coup- 
ling using the phenothiazincs,  however ,  it is known 
that the protein can alter A I P - d e p e n d e n t  [45Ca] 
accumulation in parotid microsomes [4], and that 
cyclic A M P  phosphodies tcrase  activity in the gland 
is calmodulin-sensi t ive [5]. Fur thermore .  the calcium 
sensitivity of parotid adenvlate  cvclase resembles 
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that seen in o ther  tissues where calmodulin is known 
to function as a regulatory protein for the enzyme 
(see ref. [1]). 

In the present study we have employed the cal- 
modulin antagonist  tr i t luoperazine (TFP) to inves- 
tigate the role of this protein in the secretory 
response elicited by isoprenaline.  Our  data support 
the idea that the parotid adenylate cyclase is regu- 
lated by calmodulin,  but also show that the pheno- 
thiazine has other  effects in the gland. 

A prel iminary report  on this work has been pub- 
lished [6]. 

M A T E R I A L S  A N D  M E T H O D S  

All exper iments  were performed using the ven- 
tromedial  port ion of parotid glands dissected from 
young rats (60-70 g) killed by cervical dislocation. 
8-[3H]-cyclic A M P  ammonium salt (20 -30Ci /  
mmol) ,  was supplied by Amersham International 
p.l.c. (Amersham,  U.K. ) .  Phenoxybenzamine - t tC l  
was supplied by Smith, Kline & French (Welwyn 
Garden City, U .K. )  and atropine sulphate by Maw- 
son & Proctor (Gateshead,  U.K.) .  lsoprenaline 
sulphate, p rop rano lo l - t lC l ,  the ammonium salts of 
dibutyryl cyclic A M P  and cyclic A M P  together  with 
the disodium salt of TFP were purchased from Sigma 
(London,  U.K. ) .  All other  chemicals were of the 
highest purity available. 

I n c u b a t i o n  condi t ion~.  In experiments  where amy- 
lasc secretion and I ,D i l  release were measured 
groups of III glands were transferred through a series 
of polythenc vials shaken continuously at 9{I cycles/ 
min in a water  bath maintained at 37= [1]. The 
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vials con ta ined  a Krebs  Ringer  b ica rbona te  buffer  
( K R B B )  of the following composi t ion :  Na( ' l .  
120raM;  KCI, 4 . 5 r a M :  CaCI2, 2 . 5 r a M :  MgSO.:. 
l mM;  NaH_+PO4. l m M :  NaHCO3,  2 5 r a M :  D- 
glucose. 5 mM:  bovine  serum a lbumin  (BSA) ,  0.1~4 : 
a t rop ine  su lpha te ,  20 !£M and p h e n o x y b e n z a m i n e -  
HCI, 10HM. In expe r i m en t s  where  the effects of 
dibutyryl  cyclic A M P  on amylase  secret ion were 
tested I(I!tM proprano lo l  was also included m the 
K R B B .  Glands  ',','ere p r e i ncuba t ed  with 100 yM T FP  
for 80 rain before  be ing  exposed to s t imulants .  

Measurement o /  o'clic A M P  and A'I'P. Individual  
glands were t r ans fe r red  to 1 ml of boil ing ext rac t ion  
buffer  ( theophyl l ine .  8 m M :  2 -mercap toe thano l ,  
7 m M ;  KH2PO4. 1 0 0 m M ,  p H S . 5 ) ,  and hea t ed  at 
100 ° for I0 rain. Af te r  cooling on ice each ghmd ',','as 
homogen i s ed  and the h o m o g e n a t e  cent r i fuged at 
9300 g for 5 rain. The  s upe r na t an t  was decan ted  and 
s tored at - 18: for subsequen t  de t e rmina t i on  of cyclic 
A M P  and ATP .  The  pellet  was assayed for DNA.  

Subcellular l)'actionation. An 8(1,600 g × 1(1() min 
subcel lu lar  f ract ion was p r e p a r e d  from homogen ized  
parot id  g lands  as previously  descr ibed [1 ]. The  sub- 
cellular f ract ion (2-6 mg p r o t e i n / m l )  was s tored at 
(I ° and used on the same day for m e a s u r e m e n t  of 
adenv la te  cyclase activity. 

Measurement (~f adenvlate cvclase activity. 
Adenv la t e  cvclasc activit.~ ',',as assayed in the 
80.(100 g × 100 mm subccl lu lar  f ract ion as previously 
descr ibed  [1]. TFP  and NaF  werc included in the 
react ion mixture  at a final concen t r a t ion  of l ( l l tM 
and 10 mM,  respectively.  

Measurement o.f cyclic A M P  and ATP.  Cyclic 
A M P  was measu red  using a p ro te in -b ind ing  tech- 
nique as previously descr ibcd  [1] and  A T P  by the 
lucifer in-luciferase m c t h o d  [7]. 

..1,lea.surement o/  amylase and LDt t .  Amylase  
activity was es t imated  as prcviously describeci [1]. 
L D I t  activity was measu red  by using pyruva tc  as a 
subs t ra tc  and  fol lowing the oxidat ion of N A I ) H ,  at 
340 nm. 

Measurement of  protein attd DNA. The  prote in  
con ten t  of subcel lu lar  fract ions was measu red  by the 
Lowry m e t h o d  [8] on t r ichloracct ic  acid precipi ta tes  
dissol'vcd in NaOI  1. ( ' rvs ta l l ine  bovine  serum albu- 
tnin was used as a s tandard .  The  D N A  conten t  of 
subcel lu lar  f ract ions  was assayed by the m e t h o d  of 
Bur ton  19] af ter  ex t rac t ion  with 0.5 M perchlor ic  acid 
at 70 ~. Calf  thymus  D N A  was used as a s tandard .  

Statistical anah'.ses. Signiticancc of di f fcrcncc 
be tween  means  was d c t c r m i n c d  using S tuden t ' s  t- 
test. The  level of significance was set at P-:7 (I.II5. 
Values  are expressed  as mean  -' s t andard  e r ror  of 
the mean  (SEM) .  In text figures SEM is r ep resen ted  
by vertical bars.  

RESUI.TS 

The £t'fc'cts Of 7"/"t) on the unstimulated gland 

When  uns t imula t ed  glands were incuba ted  m 
K R B B  the rate of amylase  release was 6.3 = 0.9 i .u . .  
ndn...'g wet wt (N = 5). Inclusiori of 100 yM TFP in 
the mediu ,n  increased this basal rate of secret ion to 
12.t, ~ ' 1.[) i.u../nain..'g wet wt (N = 5) (Fig. 1 ). 

The  cyclic A M P  con ten t  of uns t imula ted  glands 
was 42 pmol/nag I ) N A  (Fig. 2). l()(I u.M T FP  had no 
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Fig. I. The cttects of TFP on basal and isoprcnalinc- 
stimulated amylase secretion from the rat parotid Gland~, 
were incubated for 130min in KRBB containing 2(l!dM 
atropine and 10 .uM phenoxybcnzamine. 1 !dvl isoprenalinc 
was present during the last 30 min of incubation as indicated 
bv the hor izonta l  bar. (Q)  no TFP. (C') lO0uM TFP was 
addecl to the incubat ion media for 80 min pr ior  to, and also 
during, st imulat ion '~,ith isoprcnal ine. Each point is the 

mean of 15 observations. 
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Fi~. 2. I'hc cffects ot TFP on ba~al and ixoprenalmc- 
stimulated c'.clic AMP content of rat parotid. Glands ,sere 
incubated for 100 rain in KRBB containing "l) !+M atropine 
and lt)/iM pheno×ybenzamine, and then for a further 
30 mm in the same medium either in the absencc (',haded 
columns) or presence (opcn columns)of I !~M isoprcnalmc. 
,,\t thc end of this period cyclic .,\NIP 'aas cxtractcd and 
measured as described in t'he Methods sccthm. (: \ l  No 
TFP. (B) 10t)!~M "FFP was addcd to the incub:tti,,'~n nledia 
for 80 mm prior to, and also during. ~,tmmlation with i,,o- 
prcnalmc. Each coJtnlln ix lhc i11can of 12 14 obscrxations 



Inhibitory of|eel of tritluoroperazine on amylase secretion 

effect on this parameter  (Fig. 2) suggesting that the 
increase in basal enzyme release does not result from 
inhibition of ca lmodul in-dependent  phosphodiestcr-  
ases. However ,  high concentrat ions of pheno- 
thiazines can lyse ceils [10] an effect w.hich would 
account for the increased amylase release. To test 
this possibility we measured the effect of 100, t~M 

TFP on L D H  release. In similarity with its effects on 
amylase secretion,  the phenothi 'azine doubled the 
rate of L D H  release into the incubation medium 
from 17.6 _+ 5.8 (N = 5) to 32.1 -+ 3.7 m U / m i n / g  wet 
wt (N = 5). Wc conclude that TFP does cause cell 
lvsis in thc parotid. I lowever ,  it should be notcd that 
the resultant increase in amylase release represents 
only a small proport ion of the total amylase in the 
gland (0.03G released. 'min) and compares with a 
secretory rate of 0.78'U- released..'min following 
stimulation with 1 f,M isoprenaline (see below). 

The effects o f  TFP ott glands stimulated with 
isoprenaline 

When isoprenaline was added to the incubation 
medium there was a rapid increase in amylase 
secretion up to a maximum value of 161.5 = 13.5 i.u. 
amylase/min.,,'g wet wt (N = 15) attained after 20 rain 
exposure to the sccretagoguc (Fig. 1 ). When glands 
were premcubated  for 80 rain in a medium containing 
100 .uM TFP  and then cxposed to the same medium 
containing 1 .tiM isopremdine a similar temporal  pat- 
tern of amylase secretion was observed,  but thc 
maximum secretory rate was reduced bv 46(:'}, to 
87.5 = 9.5 i.u. amyiase /min /g  wet wt (N = 15) (Fig. 
1). This inhibition of secretion was not due to a 
lowering of cellular A ' I P  content ,  since 100 .uM TFP 
had no effect on the concentrat ion of this nucleotide 
in either isoprenaline-st imulated or unstimulatcd 
glands. 

lsoprenaline (1 t(M) increased the parotid cyclic 
A M P  content  to 150-+ 16pmoles /mg D N A  ( N =  
14). In the presence of I()0!~M TFP this response 

was inhibited by 331i to 101 -+ 13 pmoles /mg D N A  
( N  = 12) (Fig. 2 ) .  

The e./.)~Fct.s o f  Tk7 > on glands stimulated with dihuo'ryl 
cyclic A M P  

Although the inhibitory effect of TFP on iso- 
prenal ine-st imulated amvl'ase secretion may result 
from a lowering of the cvctic A M P  level, our data 
do not exclude additional actions of the drug on 
events which occur after generat ion of the cyclic 
nucleotide.  To test this possibility we investigated 
the effect of 100.t~M TFP on the secretory response 
to dibutyryl cyclic AMP.  When glands were incu- 
bated in K R B B  containing 0.5 mM dibutyryl cyclic 
A M P  a gradual increase in amylase secretion was 
observed.  Af ter  60 mitt exposure to the cyclic A M P  
analogue the secretory rate was 45 c;<k of the maximum 
value attained following exposure to I!~M iso- 
prenaline {compare Figs 1 and 3). TFP did not inhibit 
this response (Fig. 3). 

"lTw (qfect.s o f  l ' f l  ~ on parotid ademlate cvHa.se 
ucm:itv 

The decrease in cyclic A M P  content  observed tn 
the presence of TFP could be due to inhibition ()f 
adenvlalc  cvclasc. In the presence of I !~M Ca 2- and 
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Fig. 3. The effecls o f I F P  on amylase secretion trom rat 
parotid stimulated with dibutyryl cyclic A.VIP. (}lands w.ere 
incubated for 160 min in KRBB containing 20 ~.'vl atropine, 
10 !~M phenoxybenzamine and 10 uM propranolol. 0.5 mM 
dibutyryl cyclic AMP was prcsent lor the last ~~{)min of 
incubation an indicated by the horizontal bar. {O) no ]FP.  
(~)  l(Xlld~l TFP was added to the incubation media for 
80 rain prior to. and also during, stimulation with dibutyryl 
cyclic AMP. Each point ix the mean of five observations. 

10 mM F-  adenvlate  cyclase activity in the parotid 
subcellular fraction was 103.4 = 3.5 pmoles cyclic 
A M P / m i n / m g  protein (N = 7). 10/,M TFP reduced 
the activity of the enzyme by 32% to 69.9 +- 
2.1 pmoles cyclic AMP/min . /mg protein (N = 6). 

DISCISSSION 

Previously, the phenothiazine calmodulin antag- 
onists have been shown to exert marked inhibitory 
effects on exocytotic secretion from gland cells which 
employ Ca 2- as a second messcnger (  for review see 
ref. [11]), but to have little or no effect on secretory 
processes coupled by cyclic A M P  [10. 12]. 

In this study we have shown that 100ltM TFP 
inhibits isoprenaline-st imulated amylase secretion 
from the rat parotid gland bv 46C.~. Some of this 
effect might be attributable to a non-specifc  toxic 
action of the drug. Previously. Spearman and 
Butcher [3] have reported that "I"FP increases LDH 
release from unstimulated glands and we have con- 
firmcd this finding. I towcver .  this is unlikely to be a 
major  cause of the inhibition sincc a non-specific 
action would be expected to diminish the response 
not only to isoprenaline but also to other  secre- 
tagogues. However ,  in agreement  with Spearman 
and Butcher [3] we f()und that the sccretory response 
to dibutyryl cyclic A M P  was unaffected. This indi- 
cates that 1I"t ) does not inhibit cxocytosis per sc and 
that the phenothiazine exerts its effect by an action 
on an earlier step(s) in the secretory mechanism. An 
inhibitory effect on adenvlate cvclasc seems likely 
since TFP reduced isoprcn~,line-stimulatcd cyclic 
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AMP accumulation. Such an action is unlikely to 
arise from a reduction in substrate availability since 
TFP had no effect on ATP levels. An increased 
leakage of cyclic AMP from cells is also unlikely 
since TFP did not reduce the cyclic AMP content 
of unstimulated glands. Overall, the results of our 
physiological experiments suggested that TFP either 
affects the binding of isoprenaline to its reccptor or 
has an effect on either the regulatory or catalytic 
subunits of adenylate cyclase. 

Phenothiazines can act as antagonists to a variety 
of drug receptors [13] and it has been suggested that 
they may compete with ligands which bind to the/5- 
adrenoreceptor [14], although such an action is not 
consistently observed [15]. We have found that TFP 
reduced F -stimulated adenylate cvclase activity. 
Since F- is thought to stimulate th'e cvclase by a 
direct action on either the catalytic or regulatory 
subunits, it seems likely that TFP inhibits one of 
these components in addition to an,',' possible effects 
on agonist binding. Similar inhibitory effects of 
phenothiazines on adenylate cyclase have been 
reported in tissues where it is known that calmodulin 
acts as a regulatory protein for the enzyme [16]. This 
similarity, together with our previous observations 
on the Ca'--*-sensitivity of the parotid enzyme [1] 
suggest that in this gland calmodulin may also regu- 
late the enzyme. 
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