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The Importance of Extracellular Calcium for Acetylchol ine-Evoked Salivary Secretion 

I)OUGLAS a n d  POISNER 1 showed  t h a t  s a l i va ry  secre t ion  
was  severe ly  i m p a i r e d  in t he  absence  of ex t r ace l lu l a r  
Ca ~+. T h e y  were u n a b l e  to d i s t i n g u i s h  b e t w e e n  d i f fe ren t  
poss ib i l i t ies  for t h e  m e c h a n i s m  of ac t ion  of Ca ~+ in t h e  
sec re to ry  process ,  m a i n l y  because ,  a t  t h a t  t ime ,  l i t t le  was  
k n o w n  a b o u t  t h e  descre te  s t eps  i nvo lved  in t he  f o r m a t i o n  
of t h i s  f luid.  

I n  1966 MARTINEZ, HOLZGREVE a n d  FRICK 2 showed  by  
u s i n g  m i c r o p u n c t u r e  t e c h n i q u e  t h a t  t he  p r i m a r y  ac ina r  
secre t ion  was  i so tonic  w i t h  p l a s m a  w i t h  p l a sma- l i ke  N a  + 
a n d  C1- concen t r a t i ons .  Th i s  ha s  s ince  been  ver i f ied 
r e p e a t e d l y  b y  o the r  g roups  ~. PETERSEN 4 h a s  worked  ou t  
a mod e l  fo r  t h e  ac ina r  sec re to ry  process :  The  i m m e d i a t e  
effect  of ace ty lcho l ine  (ACh) on t h e  basa l  ac ina r  cell 
m e m b r a n e  is su g g es t ed  to be an  increase  in t h e  pe rme-  
ab i l i ty  t o  Na+ a n d  K+, w i th  s u b s e q u e n t  Na+ in f lux  a n d  K+ 
eff lux.  T h e  Na+ inf lux ,  poss ib ly  w i th  t he  he lp  of o the r  
f ac to r s  ( inc luding  Ca~+), s t i m u l a t e s  an  e t h a c r y n i c  acid 
sens i t ive  Na+ (NaC1) p u m p  a t  t he  l a te ra l  m e m b r a n e s  
t r a n s p o r t i n g  so lu te  in to  t h e  in te rce l lu la r  spaces,  w a t e r  
fol lowing p a s s i v e l y  the rea f t e r .  

T h e  p r e s e n t  work  was  u n d e r t a k e n  to c lar i fy  w h e t h e r  
Ca ~+ in f lux  f ro m  t h e  i n t e r s t i t i u m  to t he  ac ina r  c y t o p l a s m  
is of i m p o r t a n c e  in t r i gge r ing  the  s a l i va ry  sec re to ry  
r e sponse  to ace ty lchol ine .  

Methods .  Cats  a n a e s t h e t i z e d  w i t h  chlora lose  (80 m g / k g  
i.p.) were used.  Th e  p r e p a r a t i o n  of t he  s u b m a n d i b u l a r  
g l and  for ar t i f ic ia l  pe r fus ion  h a s  been  descr ibed  p rev ious -  
ly 5. T h e  c o m p o s i t i o n  of the  pe r fus ion  f luids,  wh ich  were 
equ i l i b r a t ed  w i t h  o x y g e n  before use, is g iven  in Tab le  I. 

Table I. Composition of the perfusion fluids (mM) 

Control Ca~+-free Low Na + Na+-free 
Sucrose Li+ 

NaC1 140 140 
KCI 4 4 
Na2HPO 4 2.4 2.4 2.4 
NaHePO 4 0.6 0.6 0.6 
K2HPO 4 1.8 
KH2PO ~ -- 0.45 
CaC12 2.2 -- 2.2 2.2 
MgC12 1.0 1.0 
MgSO 4 -- 1.0 1.0 
K2SQ 4 -- 2.0 
LiC1 -- 142 
Glucose 5.5 5.5 5.5 5.5 
Sucrose -- 269 

Pe r fu s ion  was  ca r r ied  ou t  a t  r oom t e m p e r a t u e  (23-25 ~ 
The  g l ands  were s t i n l u l a t e d  to  secrete  b y  a 1 m i n  close 
in t r a - a r t e r i a l  i n fus ion  of ace ty lcho l ine  chlor ide (50 ~zg/min). 
T h e  s a l i va ry  sec re to ry  r a t e  was  m e a s u r e d  in 1 m i n  per iods  
b y  col lec t ing  t h e  sa l iva  c o m i n g  ou t  of t he  c a n n u l a t e d  
s u b m a n d i b u l a r  d u c t  in to  t u b e r c u l i n  syr inges .  All 6 
e x p e r i m e n t s  were  car r ied  o u t  as  s h o w n  in  t h e  F igure .  At  
t he  a p p r o p r i a t e  t i m e s  in t he  e x p e r i m e n t ,  t h e  e f f luen t  
f r om the  c a n n u l a t e d  g l and  ve in  was  col lected a n d  ana lyz -  
ed for N a  + a n d  Ca 2+ b y  f l ame  p h o t o m e t r y  (Eppendorf )  
a nd  b y  a t o m i c  a b s o r p t i o n  spec t rop t lo to lne t ry  (Perkin-  
E lmer ,  mode l  290). I n  some  of t he  e x p e r i m e n t s  t he  sa l iva  
was  also a na lyz e d  for Ca ~+. 

Resu l t s .  T h e  F igu re  shows  t he  course  of e x p e r i m e n t  
No. 3. I t  is c lear ly  seen  t h a t  in t he  f i rs t  mil l  of secre t ion  
t he r e  is no d i f ference  b e t w e e n  t he  sec re to ry  ra te  m e a s u r e d  
in t h e  cont ro l  per iods  a n d  t he  Ca2+-free period,  whereas  
secre t ion  was  abo l i shed  d u r i n g  pe r fus ion  w i th  t h e  low 
Na+ solu t ion .  I t  is also seen t h a t  t h e  sec re to ry  r e sponse  to 
t he  1 m i n  l a s t ing  ACh in fus ion  was  m u c h  sho r t e r  in the  
Ca2+-free per iod  t h a n  in  t h e  con t ro l  per iods .  I n  Ta b l e  I I  
are s h o w n  the  v a l u e s  tor  sec re to ry  r a t e s  in the  f i rs t  m i n  
per iods  f rom all 6 e x p e r i m e n t s .  The  m e a s u r e d  va lue s  for 
t he  Ca 2+ c o n c e n t r a t i o n  in t he  e f f luen t  a t  t he  t i m e  of 
s t i m u l a t i o n  in t h e  Ca2+-free periods,  a n d  the  N a  + con- 
c e n t r a t i o n  a t  the  t i m e  of s t i m u l a t i o n  in t he  Na+-free  pe- 
r iods are also inc luded.  T h e  secre tory  r a t e  in the  f i rs t  rain 
of secre t ion  d u r i n g  t he  per iods  of pe r fus ion  w i th  t he  Ca 2+- 
free f luid was  101% ( rang ing  f rom 74-140%) of t he  secret-  
ory  r a t e  in the  con t ro l  per iods  p reced ing  a n d  succeed ing  the  
Ca2+-free periods.  The  c o n c e n t r a t i o n  of Ca ~+ in t he  e f f luen t  
f r om the  g land  d u r i n g  t he  f i rs t  ra in  of secre t ion  in the  
Ca~+-free per iods  was  43 ~tmol/1 • 9 (S.E.) (n - -  6). The  
f low of pe r fus ion  f luid t h r o u g h  t he  g l and  d u r i n g  the  
in fus ion  of A Ch  w a s  5.9 m l / m i n  :k 0.6 (n - -  6) du r ing  
pe r fus ion  w i th  t h e  Ca2+-free f luid a n d  5.3 m l / m i n  :k 0.2 
(n ~ 121 du r ing  pe r fus ion  w i th  t he  con t ro l  fluid. 

I n  e x p e r i m e n t s  No. 1 a nd  3 the  low Na+ so lu t ion  was  a 
sucrose  so lu t ion  (see Tab le  I). I n  t he se  e x p e r i m e n t s  
s t i m u l a t i o n  did no t  evoke  even  a s ingle  drop  of sa l iva  
(Table I IL  In  t h e  las t  3 e x p e r i m e n t s  t h e  low Na+ so lu t ion  
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Table II. Salivary secretory rate (btl/min) during the first rain after start of ACh infusion 

Exp. No. Control Ca2+-free [Ca 2+] ([zM) ~ Control Low_Na + b [Na +] (raM) ~ Control 

1 320 400 30 250 0 9.5 70 
2 330 280 40 280 -- 
3 420 390 60 360 0 12 100 
4 320 210 43 250 10 10 110 
5 410 400 9 330 80 6 220 
6 250 230 75 250 20 15 160 

Ca 2+ concentration in the effluent at the time of stimulation during the Ca-free period, b In experiment 1 and 3 this was a sucrose solution, 
in experiment 4-6 it was a lithium solution Isee Table I). c Na + concentration in the effluent at the time of stimulation during the low-Na 
period. 
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was a Li+ solut ion (see Table  I ) .  In  these  exper imen t s  
t he  secre tory  ra te  in the  f i rs t  min  af ter  s t a r t  of s t imula t ion  
dur ing  the  Na+-free pe r iodwas  15% (ranging f r o m 6 - 2 9 % )  
of the  secre tory  ra te  in the  control  per iods  preced ing  and 
succeeding the  Na+-free period.  The Na+ concen t ra t ion  
in t he  ef f luent  f rom the  g land dur ing  the  f i rs t  min  of 
secret ion in the  Na+-free per iod was 10.6 mmol/1  • 1.5 
(n = 5). The flow of perfus ion fluid th rough  the  gland 
dur ing  the  infusion of ACh was 4.8 ml /min  ~ 0.6 (n ~ 5) 
dur ing  perfus ion wi th  t he  low Na+ solut ions and 4.5 ml /  
min  • 0.4 (n --  10) dur ing  perfus ion wi th  the  control  
fluid. 

The mean  value of t he  concen t ra t ion  of Ca ~+ in the  
sal iva secre ted  dur ing  the  f irs t  min  per iod af ter  s t a r t  of 
s t imula t ion  was 1.2 mmol/1 ~c 0.1 (n = 6) in the control  
per iods and 0.6 mmol/1 • 0.1 (n = 3) in the  Ca2+-free peri- 
ods, whereas  in the  second rain per iods  the  mean  values 
were 0.9 mmol/1  • 0.1 (n = 6) and 0.4 mmol/1  (0.5 and 
0.3) (n == 2), respect ively .  

Discussion.  DOUGLAS and  POISNER 1 discussed the  diffe- 
r en t  roles t h a t  Ca 2+ m i g h t  p lay  in the  secre tory  process 
of t he  sa l ivary  glands.  One of the  possibil i t ies was t h a t  
Ca 2+ influx f rom the  in t e r s t i t i um to the  acinar  cy top la sm 
could be the  t r igger ing mechan i sm for t he  secre tory  
process,  by  analogy wi th  w h a t  has been  p roposed  for 
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The course of a typical experiment (No. 3) showing the secretory rate 
and the concentration of Ca 2+ and Na + in the effluent from the gland 
as a function of time after start of perfusion. The low Na + fluid was a 
sucrose solution (see Table I). 

some endocr ine  glands ~ s. If  th i s  were t rue  we would  
expec t  the  sa l ivary  secre tory  ra te  to depend  on the  extra-  
cellular Ca 2+ concent ra t ion .  However ,  5 min  a f t e r  s t a r t ing  
the  perfus ion wi th  a Ca2+-free fluid, the  secre tory  ra te  in 
t he  f i rs t  min  following ACh s t imula t ion  was un impa i red  
(Figure). I t  m igh t  be argued t h a t  diffusion equi l ibr ium 
be tween  the  in te rs t i t i a l  fluid and the  perfns ion fluid can 
h a rd l y  be achieved in these  5 min.  There  is, however ,  evi- 
dence  f rom the  same gland indica t ing  t h a t  diffusion 
equi l ibr ium for o ther  ions is rap id ly  a t ta ined .  I t  has  been 
shown 5 t h a t  r ep l acemen t  of a Locke solut ion b y  a Na+- 
free Li+ solut ion dur ing  a period of K+ a c c u m u l a t i o n  
abol ished K+ uptake  wi th in  2 min. Also when  the  control  
solut ion was re in t roduced  B2+ accumula t ion  s t a r t ed  
wi th in  20 sec and  reached  the  max ima l  ra te  w i th in  3 min.  
F r o m  the  Figure  i t  is seen t h a t  5 rain a f te r  in t roduc t ion  
of a low Na +, Ca2+-containing sucrose solut ion sal ivary 
secret ion was abol ished as has been  shown previously".  
Our result  t h a t  sa l ivary  secret ion is p r imar i ly  uninhi-  
b i t ed  af ter  in t roduc t ion  of Ca2+-free fluid seems to  indicate  
t h a t  ACh-induced Ca 2+ influx, i f  i t  exists,  is no t  the  
t r igger ing mechan i sm for t he  in i t ia t ion  of the  secre tory  
process.  There  is no doubt ,  however,  t h a t  extracel lular  
Ca 2+ is needed for t he  con t inua t ion  of t he  secre tory  re- 
sponse  to ACh. The resul ts  of the  p resen t  work  do not  
exclude the  poss ibi l i ty  t h a t  Ca 2+ migh t  be involved in 
s t imulus-secre t ion  coupling.  By analogy wi th  w h a t  
h ap p en s  in s t r i a ted  muscle 1~ it could be p roposed  t h a t  
sa l ivary  secret ion is in i t ia ted  as a consequence  of an 
enhanced  concen t ra t ion  of Ca 2+ in t he  cy top la sm due to  
a release of Ca bound  in the  microsomes  11. Such a release 
m i g h t  be s t imula ted  by  the  enhanced  int racel lular  Na + 
concen t ra t ion  occurr ing as a consequence  of the  ACh- 
induced  Na- inf lux  f rom the  in te rs t i t i a l  fluid 4. 

Zusammen/assung .  5 min  nach  Beginn  der  Perfus ion 
der  Submandibular i sdr t i se  der  Ka tze  mi t  einer  kalzium- 
freien Flt issigkeit  ist  die Acety lchol in- induzier te  Sekre- 
t i ons ra t e  n ich t  reduzier t ,  wXhrend dieselbe 5 min  nach 
Einf t ihren  einer  Na-freien Saccharosel6sung blockier t  ist. 
Dies zeigt, dass  der  Sekret ionsprozess  n ich t  durch  Ein-  
s t r6men  yon Ca aus d e m  Extrazellul&r- in den  In t razel lu-  
l&rraum ausgel6st  wird.  
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