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Sympa the t i c  de l lervat ion  (postgallglionic; see 'methods ' )  
a f ter  causing a t r ans i to ry  decrease had no signif icant  
effect on kal l ikrein concen t ra t ion  in the  submandibu la r  
gland. Figure  1 shows t h a t  a l though there  was an  increase 
af ter  1 day,  followed by  a decrease af ter  2-4 days,  i t  
r e tu rned  to  normal  and remained  there  1 week af ter  
gangl ionectomy.  This  t e m p o r a r y  reduct ion  ill kal l ikrein 
con ten t  did no t  occur in 2 cats af ter  preganglionic sym- 
pa thec tomy.  2 weeks af ter  pre-  and postganglionic  sym- 
p a t h e c t o m y  there  was no change in the  number  and 
appearance  of the  apical  granules of the  s t r ia ted  ducts,  
ill the  concent ra t ion  of acid phospha tase  and /% glucur- 
onidase, nor  in the  weight  of the  gland. Also, there  were 
no gross microscopic changes in the  acinar  or demilune 
cells. 
D u c t  l igat iol l :  L iga t ion  of the  submandibu la r  duc t  for 
3-4 days  caused a marked  decrease in kallikreill  con ten t  
of the  gland. In  2 such exper iments  the  kal l ikrein con- 
cen t ra t ion  (esterase units  per  uni t  protein) fell to 3 and 
4% of the  col l t ra la teral  control  gland. Also, there  was a 
comple te  disappearance of the  apical  granules in the  
s t r ia ted  ducts  and character is t ic  dispersion and longi- 
tudinal  a r rangement  of mi tochondr ia  (figure 2). The  larger 
secretory granules of the  acinar  ceils showed some de- 
genera t ive  features bu t  these were v e r y  minor  compared  
wi th  the  a lmos t  complete  disappearance of the  apical  
granules f rom the  s t r ia ted duc t  cells. Changes in appear-  
ance of demilune cell granules were no t  no tewor thy .  
Discussion. 2 main  conclusions m a y  be der ived f rom these 
exper iments  in the  ca t :  a) The synthesis  or  s torage of 
kal l ikrein depends on an in tac t  pa ra sympa the t i c  inner- 
vat ion.  I t  is now well established t h a t  sympa the t i c  nerve  
s t imula t ion  ra ther  t h a n  pa ra sympa the t i c  s t rongly  mobi-  
lizes the  secretion df kall ikrein ill sal iva 7, ,, la. In  contrast ,  
however ,  our  results clearly demons t ra te  t h a t  katl ikrein 
disappears  a lmost  comple te ly  f rom the  gland af ter  1-2 
weeks wi th  pa ra sympa the t i c  denerva t ion  bu t  t h a t  wi th  

sympa the t i c  denerva t ion  the  kal l ikrein concent ra t ion  is 
normal  a t  this  t ime  and remains  so af terwards  (figure 1). 
I t  mus t  be concluded,  therefore,  t h a t  the  pa ra sympa the t i c  
nerve  exerts  some t rophic  or o ther  act ion on the  gland 
cells. We also noted  t h a t  there  was a substant ia l  a t rophy  
of the  gland af ter  p a r a s y m p a t h e c t o m y  bu t  no t  af ter  
sympa thec tomy .  F igure  1 shows t h a t  2-4 days af ter  
postganglionic  s y m p a t h e c t o m y  there  is a t e m p o r a r y  re- 
duct ion  in the  kall ikrein con ten t  of the  gland which then  
re turns  to normal.  This  t e m p o r a r y  reduct ion  is perhaps  
due to 'degenera t ion  secret ion '  17 since i t  did not  occur 
af ter  preganglioll ic s y m p a t h e c t o m y  which does no t  resul t  
ill degenera t ion  of the  postganglionic  axons,  b) Our results 
suppor t  the  v iew 7, s t h a t  kal l ikrein is located in the  stri- 
a ted  duc t  cells of the  ca t ' s  submandibu la r  gland. They  
show t h a t  there  is always a marked  decrease in the  number  
of apical secretory granules ill these cells when there  is 
a deplet ion of kallikreiI1 i r respect ive of whe ther  i t  is as 
a resul t  of duc t  obstruct ion,  pa ra sympa the t i c  denervat ion ,  
or sympa the t i c  nerve  s t imulat ion.  
These studies do no t  establish the  physiological  role of 
sa l ivary  kall ikrein bu t  since t h e y  indicate  t h a t  i t  is 
secreted into the  ducts  ra ther  t h a n  into the  inters t i t ia l  
fluid and circulation,  t h e y  lend no suppor t  to the  v iew 
t h a t  this enzyme is the  regula tor  of funct ional  hype raemia  
in the  gland 10. The presence in the  submandibu la r  gland 
of known act ive  macromolecules  like ka!likrein, renin, 
nerve  growth  factor,  and of a new one like s ialotonin 18, 
suggests t h a t  the  physiological  significance of the  sa l ivary  
glands m a y  ex tend  beyond  those  re la t ive ly  simple func- 
t ions which are general ly assigned to them.  

17 N. Emmelin and U. Trendelenburg, Ergebn. Physiol. 66, 147 
(1972). 

18 S. Barton, "E. Karpinski, C. Moriwaki and M. Sehachter, J. 
Physiol., Lond. 261, 523 (1976). 
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Summary. Locus t  ocellar re t inal  cells are innerva ted  by  giant  second order  cells, 2 m m  long, which show discrete zones 
of in tegra t ion  along thei r  course, including a major  zone in the  axonal  length  of the  neuron.  The  complex  synapt ic  
a r rangements  which exis t  be tween  higher-order  afferent  and efferent  cells and these second order cells along their  
course suggests t h a t  t ransmission takes  place by  the  electrotolliC spread of slow potent ials .  The  size and accessibil i ty of 
these visual  in terneurons  offers a unique prepara t ion  for examin ing  mechanisms of graded synapt ic  transmission.  

The  locust, Schistocerca gregaria,  possesses 3 ocelli, 2 lat-  
eral and 1 median,  each consist ing of around 1000 visual  
cells lying benea th  a c o m m o n  cut icular  lens. Ind iv idua l  
ocelli  are innerva ted  by  7 g iant  interneurons,  10 ixm in 
d iameter ,  and a number  of smaller  ceils whose axons run 
ou t  f rom the  bra in  in an ocellar nerve  app rox ima te ly  
2 m m  long. 4 of the  giant  in terneurons  innerva te  bo th  the  
median  and 1 la teral  ocellus. The in terneurons  are of the  
classical anne l id /a r thropod form wit l l  ana tomica l ly  uni- 
polar  cell bodies, lying wi th in  the  brain, whose neuri tes  
give rise to a T or  a Y shaped axon t e rmina t ing  in den- 
dr i t ic  arborisat ions.  In  the  inver teb ra te  nervous  sys tem 
the  in tegra t ion  of in format ion  in electrotonic  form is 
general ly  considered to be confined to the  dendri t ic  
regions of the  cell, the  axon t r ansmi t t ing  informat ion  

f rom poin t  to poin t  usual ly  by  means  of act ion potent ials .  
Al though  present ing a convent iona l  appearance  in Golgi 
and cobal t  s ta ined mater ia l  1, serial th in  sections and 
semi- th in  sections show t h a t  the  synapt ic  organisat ion of 
these large in terneurons  is unusual.  3 major  zones of 
in tegra t ion  can be identif ied along, their  length,  one of 
which comprises a major  section of the  axonal  region of 
each fibre. Longi tud ina l  sections th rough  the  ocellar 
t rac t s  show t h a t  t h e y  resemble e longated neuropi lar  
areas ra ther  t han  fibre t racts .  
The first  in tegra t ion  zone, wi th in  the  ocellus, consists of 
an extens ive  ne twork  of dendri tes  onto which the  visual  
ceils are h ighly  convergent .  The giant  fibres are no t  
equ iva len t  in this region, those l inking the  ocelli synapse 
wi th  t he  upper  regions of the  descending visual  cell axons, 
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t he  r ema inde r  synapse  wi th  the  t e rmina l  regions of t he  
visual  axons .  The synapses  be tween  the  visual  ceils and  
the  second order  cells are general ly  diadic  in na tu re  and  
there  is an extens ive  a r r a n g e m e n t  of la tera l  and  feedback  
synapses  t h r o u g h o u t  the  ocellar synap t i c  p lexus  ~. The 
synap t i c  organisa t ion of t he  p lexus  a t  th is  level has  been  
compared  wi th  t h a t  seen in t he  v e r t e b r a t e  inner  p lex i form 
layer  3. Af te r  leaving the  ocellus t he  in te rneurons  become 
enshea thed  in glia for p a r t  of the i r  l eng th  and  are se ldom 
found in synapt ic  contac t .  
I n  t he  proximal  hal f  of t he  ocellar nerve  synapses  can be 
found b o t h  be tween  the  g ian t  axon  profiles themse lves  
and  be tween  g ian t  axons  and smaller  b lebbed  dendr i t i c  
processes (figure 1). I n  these  associat ions t he  same giant  
in te rneurons  can  be b o t h  ex tens ive ly  pre-  and  pos t -  
synap t ic  (figure 2, a, b and  d). Cobal t  s ta in ing  f rom the  
ven t ra l  nerve  cord (VNC), and subsequen t  sect ioning and  
in tens i f ica t ion  b y  the  modif ied T i m m  technique ,  shows 
t h a t  descending  VNC uni ts  give rise to  large number s  of 
long, b lebbed  dendr i tes  which en te r  the  ocellar t r ac t s  and  
run ou t  in to  the  nerve.  These dendr i t es  r ing the  g ian t  
axon  profiles over  the i r  course wi th in  the  p ro toce r eb ru m 
and  the  p rox imal  p a r t  of the  ocellar nerve  (figures 1 
and  2, c). The ma jo r i t y  of t he  b lebbed  profiles seen in 
e lectron microscope observa t ions  arise f rom the  dendr i t ic  

Fig. 1. A schematic diagram illustrating the stratification of the 
major synaptic zones along the course of the second order ocellar 
neurons in the lateral and median oeellus. For clarity onIy 3 
complete second order fibres have been shown. Cell Le, innervating 
the lateral ocellus, projects to the ipsilateral posterior slope neuropile 
where i t  has extensive dendritic fields. Cell M, from the median 
ocellus, forms similar dendritic fields in the posterior slope area in 
both halves of the brain. Cell LM, stippled, is 1 of the 2 fibres which 
innervate a lateral and median ocellar pair. These cells have no 
output outside the ocellar tracts. Synaptic zone 1 consists of con- 
tacts between visual cells and the repeated arborisations of second 
order cells in the ocellar cup. In zone 2 the giant axons are involved 
in both pre and postsynaptic contacts, making axoaxonic contact 
with each other, axodendritie contacts with afferent third order 
descending VNC units, DI~, and dendroaxonic contacts with intrinsic 
brain interneurons, 1. Shortly beyond zone 2 in the median nerve 
1 fibre, M, gives rise to 2 dendritic branches which turn back into 
the lateral ocellar tracts but stop short of zone 2. In zone 3 the giant 
fibres synapse dendrodendritically and dendroaxonieally with des- 
cending VNC units, DI n. LO, MO, lateral and median ocelli; V, visual 
cells. 

a rbor isa t ions  of 6 ident i f ied a f fe ren t  ocellar th i rd  order  
neurons  which  descend in the  VNC, connec t ing  t h e  
second order  neurons  wi th  t he  thorac ic  m o t o r  centres .  
Some of t he  b lebbed  profiles seen in the  p rox imal  sect ion 
of t he  nerve  belong to  smaller  cells which  have  no o ther  
ex tens ions  outs ide  the  brain.  A n u m b e r  of these  in t r ins ic  
in te rneurons  are p re synap t i c  to  the  g ian t  fibres (fig- 
ure 2, b). Thus  an ex tens ive  sect ion of the  axonal  l eng th  
of each  g ian t  i n t e rneu ron  pa r t i c ipa tes  in b o t h  i n p u t  and  
o u t p u t  axodendr i t i c  synap t ic  contac ts .  Many  of these  are 
diadic  in na tu re  (figure 2, a and  b). 
W i t h i n  the  brain,  over  a l imi ted  region b e fo r e  the  f ibres 
t u r n  unde r  t h e  p ro tocerebra l  bridge,  I unique in t e rneuron  
develops  dendr i t i c  b ranches  bear ing  dendr i t i c  spines. 
Shor t ly  before th is  po in t  t he  g ian t  cells become h igh ly  
in te rac t ive  and  are r epea t ed ly  b o t h  pre-  and  p o s t s y n a p t i c  
to one ano the r  (figures I and 2, e). In  these  associat ions 
also the  synapses  are f r equen t ly  diadic in na ture .  The 
t y p e  of organisa t ion  seen in t he  ocellar p lexus  thus  is 
ref lected wi th in  t he  axonal  in tegra t ion  zone, w i th  t he  
charac ter i s t ic  bar  synapse  presen t ,  con tac t s  general ly  
diadic in na tu re  and  a good deal  of reciprocal  synaps ing  
occurring.  Beyond  the  p ro tocerebra l  b r idge  all of the  g ian t  
fibres, excep t  t he  4 which  l ink the  ocelli, p ro jec t  to the  
pos ter ior  slope of the  p ro toce reb rum.  Here  t h e y  arborise 
and  fo rm conven t iona l  dendr i t i c  fields which  spread  
among  the  in tegra t ive  segments  and  dendr i t es  of inter-  
neurons  descending  in to  t he  VNC. 
The presence  of i n p u t  synapses  in the  p rox ima l  half  of 
the  ocellar nerve  does no t  accord wi th  t he  view t h a t  t he  
only  funct ion  of the  g ian t  second order  axons  is t h a t  oI 
t r ansmiss ion  of in format ion .  The complex  reciprocal  
in te rac t ion  b e t w een  giant  second order  neurons  and  
o the r  smaller  profiles over  near ly  hal f  the i r  axonal  l eng th  
means  t h a t  th is  m u s t  be cons idered  an in tegra t ion  area 
r a t h e r  t h a n  a discrete  site of i npu t  to  ari axon wi th  
mul t ip le  spike- in i t ia t ing zones 4. I t  is therefore  p roposed  
t h a t  in t he  axona l  synap t i c  regions the  g iant  axons  are 
no t  spiking and  t h a t  only  slow poten t ia l s  are present .  
I n t e r ac t i on  would  t h e n  occur in a s imilar  w a y  to t h a t  
found  in o the r  second order  visual  cells where  slow 
po ten t i a l s  alone are effect ive in ac t iva t ing  chemica l  
synapses  s, 6. By  compar i son  w i t h  a r th ropod  sys tems  in 
which  in fo rmat ion  t r ansmiss ion  occurs o v e r  some dis- 
t ance  by  means  of slow po ten t i a l s  ~, s i t  appears  Iikely 
t h a t  the  l igh t -evoked hyperpo la r i sa t ions  recorded in the  
g ian t  cells a t  the  ocellar p lexus  9 would  spread  e lec t ro toni-  
cally to  the  in tegra t ion  area. The large d iamete r  of t he  
axons  indica tes  t h a t  the  space c o n s t a n t  would  be long 
and  t h a t  appreciable  signal would remain  over  t he  dis- 
t ance  involved.  For  t he  same reason any  changes  in 
m e m b r a n e  po ten t i a l  p roduced  b y  i n p u t  synapses  to  the 
gian t  axons  would  be expec ted  to  spread  over  a large 
area t h e r e b y  increasing the  in tegra t ive  capac i ty  of the  
sys tem.  
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Fig. 2. a A giant  in te rneuron  is a c e 
presynaptic to 2 small blebs. 
2 divergent diadie synapses are 
arrowed. The blebs are packed 
with synaptic vesicles and are 
themselves presynaptic as well as 
pos t synapt ie  s t ructures .  A trans-  
verse  section t aken  at  the base of 
the median oeellar nerve. Bar 
0.25 [xm indicates magnification. - 
b A number  of long blebbed den- 
drites are presynaptie to giant in- 
terneurons which are themselves 
presynaptie to other small pro- 
files in the same area. 2 divergent 
diads are arrowed. A longitudinal 
section from the median oeellar 
nerve proximal to the brain. Bar 
0.5 ~zm. - c A 10 [xm wax section 
through the lateral ocellar tract 
showing profiles filled by cobalt 
diffusion from the ventral nerve 
cord and treated by the modified 
Timm technique. Long, blebbed 
dendrites ring the giant inter- 
neurons over a considerable length. 
Thick sections indicate that  a 
number  of intrinsic interneurons 
terminate in a similar way in this b d 
region. Bar 10 [zm. - d 2 giant interneurons are directly apposed over a short length of their membrane,  1 is postsynaptic to the other 
and also postsynaptic to a smaller profile. In this area a large interneuron may  be both pre- and postsynaptic. Input  or output  synapses 
are,usually grouped together in discrete areas a few microns apart. Here also synapses are usually diadie and divergent. Transverse 
section of the lateral oeellar nerve in the pars intercerebralis. Bar 1 lxm. - e The giant interneurons give off very short, s tubby collaterals 
which wrap around other giant second order cells. Small dendrites from third order cells interdigitate repeatedly between them. Synaptie 
arrangemehts are generally complex, diadie and reciprocal, black arrows. A transverse section in the brain anterior to the protocerebral 
bridge. Bar 0.25 [xm. 

I n t e g r a t i o n  b y  m e a n s  of  s l ow  p o t e n t i a l s  in  s e c o n d  o r d e r  
cei ls  is a c o m m o n  f e a t u r e  o f  v i s u a l  s e n s o r y  n e u r o p i l e  1~ 
I n  t h e  i n s e c t  c o m p o u n d  eye  t h e  l a r g e  m o n o p o l a r  cei ls  o f  
t h e  l a m i n a  o n l y  r e s p o n d  t o  r e t i n a l  s t i m u l a t i o n  w i t h  
g r a d e d  h y p e r p o l a r i s a t i o n s 6 ,  n .  A u n i q u e  f e a t u r e  in  t h e  
oce l l a r  s y s t e m  is  t h e  s ize  o f  t h e  s e c o n d  o r d e r  cel ls  a n d  t h e  
d i s t a n c e s  i n v o l v e d  a n d  t h e  f a c t  t h a t  t h e  oce l l a r  n e u r o p i l a r  
a r e a  h a s  b e c o m e  e x t e n d e d  o v e r  t h e  a x o n a l  l e n g t h  of  t h e  
f ibre .  A c o n t r i b u t o r y  f a c t o r  h e r e  m a y  be  t h e  f a c t  t h a t  t i l e  
l a t e r a l  a n d  m e d i a n  ocel l i  a r e  l i n k e d  in  p a i r s  b y  2 l a r g e  

a x o n s .  T h e  a x o n a l  i n t e g r a t i o n  a r e a  d e s c r i b e d  m a y  t h u s  in  
e f f ec t  f o r m  a c o m m o n  n e u r o p i l e  a r e a  for  e a c h  p a i r  of  
ocell i .  I n f o r m a t i o n  p r o c e s s i n g  a l o n g  v i s u a l  i n t e r n e u r o n s  
of  t h i s  s ize  a n d  a c c e s s i b i l i t y  o f fe r s  a m o s t  p r o m i s i n g  p r e -  
p a r a t i o n  fo r  e x a m i n i n g  m e c h a n i s m s  of  g r a d e d  s y n a p t i c  
t r a n s m i s s i o n .  

10 F . O .  Schmit t ,  P. Dev  and B. H.  Smith ,  Science 193, 114 (1976). 
11 S. ]3. Laughlin,  J.  comp.  Physiol. 84, 335 (1973). 
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Summary. I .v .  b o t u l i n u m  t o x i n  a f t e r  6 0 - 9 0  m i n  a b o l i s h e d  t h e  d o s e - r e s p o n s e  r e l a t i o n s h i p  b e t w e e n  p e n t a g a s t r i n  a n d  
g a s t r i c  a c id  s e c r e t i o n  in  a n e s t h e t i z e d  r a t s  a n d  g u i n e a - p i g s .  T h e  t o x i n  r e d u c e d  b u t  d i d  n o t  a b o l i s h  t h e  ac id  s t i m u l a t o r y  
e f f ec t  of  h i s t a m i n e .  A s  e x p e c t e d ,  t h e  ac i d  r e s p o n s e  t o  v a g a l  s t i m u l a t i o n  w a s  a b o l i s h e d  a n d  t h a t  to  m e t h a c h o l i n e  in  r a t s  
w a s  u n a l t e r e d  b y  t h e  t o x i n .  

Viz i  e t  al .  a h a v e  p r o v i d e d  e v i d e n c e  t h a t  p e n t a g a s t r i n ( P G )  
d o e s  n o t  a c t  d i r e c t l y  t o  s t i m u l a t e  g u i n e a - p i g  i n t e s t i n a l  
m u s c l e ,  b u t  v i a  a c h o l i n e r g i c  i n t e r m e d i a r y  m e c h a n i s m .  
W e  h a v e  f o u n d  ~, 5 t h a t  a f t e r  m o r p h i n e  s u l p h a t e  o r  h e m i -  
c h o l i n i u m  a d m i n i s t r a t i o n  t o  c o n s c i o u s  H e i d e n h a i n  p o u c h  
d o g s  a p o s i t i v e  d o s e - r e s p o n s e  r e l a t i o n s h i p  b e t w e e n  i . v .  
p e n t a g a s t r i n  a n d  g a s t r i c  a c i d  s e c r e t i o n  is  n o  l o n g e r  ob -  
t a i n a b l e .  M o r p h i n e  d e p r e s s e s  a c e t y l c h o l i n e  r e l e a s e  a t  

c h o l i n e r g i c  n e u r o e f f e c t o r  s i t e s  ~ a n d  h e m i c h o l i n i u m  i n t e r -  
f e re s  w i t h  a c e t y l c h o l i n e  s y n t h e s i s  ~. T h i s  s u g g e s t s  t h a t  t h e  
a c t i o n  o f  P G  o n  g a s t r i c  s e c r e t i o n  a l so  r e q u i r e s  c h o l i n e r g i c  
m e d i a t i o n .  
Material and methods. A s  a f i na l  t e s t  o f  t h i s  h y p o t h e s i s  
we  h a v e  m e a s u r e d  P G - s t i m u l a t e d  g a s t r i c  s e c r e t i o n  in  
a n e s t h e t i z e d  (ch lo ra lose )  g u i n e a - p i g s  a n d  r a t s  b e f o r e  a n d  
a f t e r  b o t u l i n u m  t o x i n .  I n  e a c h  a n i m a l  a f t e r  a n e s t h e s i a  


