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ac t ive  si te  of t he  enzyme.  Th i s  v iew is now s t r e n g t h e n e d  
b y  ou r  f ind ing  t h a t  p h e n o l  l i be ra t i on  f rom t he  i n h i b i t e d  
e n z y m e  occurs  in t he  region of p H  6 to 8, where  the  e n z y m e  
i tself  n o r m a l l y  func t ions .  Bea r i ng  in m i n d  t he  s t r u c t u r a l  
s imi la r i t i es  b e t w e e n  c h y m o t r y p s i n  a n d  t ryps in ,  i n h i b i t i o n  
ot b o t h  e n z y m e s  b y  DPC1P m a y  be  dep ic ted  b y  s t r u c t u r e  
I, in wh ich  t he  d i p h e n y l p h o s p h o r y l  g roup  is f i rmly  b o u n d  
to t he  ser ine  a t  the  ac t ive  site, G H  be ing  t h e  nuc leophi l i c  
g r o u p  (pK 6-7)  assoc ia ted  w i t h  n o r m a l  es te rase  ac t i v i t y .  
A l t h o u g h  t h e  e n z y m e  is i n h i b i t e d  b y  b lock ing  of t he  
ser ine (I), a t  p H  8 the  g roup  G H  is st i l l  free to  i n t e r a c t  
w i t h  t he  p h o s p h o r y l  g roup  caus ing  i n t r a m o l e c u l a r  el imi-  
n a t i o n  of 1 M of phenol .  

T h e  foregoing  process  is s ign i f i can t  in  c o n n e c t i o n  w i th  
t he  age ing  of D F P - i n h i b i t e d  pseudocho l ines t e r a se  5, w h i c h  
would  now a p p e a r  to  be due  to t he  e l i m i n a t i o n  of one mole  
of i sop ropano l  a t  t he  i n h i b i t e d  e s t e ra t i c  s i te  of t he  e n z y m e  
b y  a s imi la r  m e c h a n i s m  (II).  Th i s  e m p h a s i s e s  t he  re- 
s e m b l a n c e  b e t w e e n  t he  e s t e ra t i c  s i tes  of c h y m o t r y p s i n ,  
t r y p s i n  a n d  pseudocho l ines te rase .  
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A de ta i l ed  k ine t i c  t r e a t m e n t  of our  r eac t i ons  will be  
p u b l i s h e d  s u b s e q u e n t l y .  
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Fig. 2. Effect of 1)PClPJehymotrypsin ratio on amount of phenol 
liberated by eh_vmotrypsin-1)PCll ~ reaction mixtures in O. I 31 sodimn 

phosphate, pH 8.0 after incubation for I h at ~21F C. 
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X - R a y  M i c r o s c o p y  o f  I n t e s t i n a l  Vi l l i  

T h e  v a s c u l a r  p a t t e r n  of i n t e s t i n a l  villi can  be  de-  
m o n s t r a t e d  b y  p ro j ec t i on  X - r a y  microscopy .  T h e  m i n u t e  
b lood  vessels  of t he  i n t e s t i n a l  villus h a v e  h i t h e r t o  been  
s tud ied  in va r ious  l a b o r a t o r y  a n i m a l s  and  m a n  e i t h e r  
h i s to logica l ly  z or b y  i n j ec t i on  a n d  c lear ing  t e c h n i q u e s  z. 
More r e c e n t l y  t he  villus c i r cu la t ion  ha s  been  obse rved  b y  
q u a r t z  rod t r a n s i l t u m i n a t i o n  3. A l t h o u g h  t he  b lood s u p p l y  
of t he  g a s t r o - i n t e s t i n a l  t r a c t  has  been  s tud ied  rad io-  
logical ly  b y  va r ious  workers  4,5 no  s t u d y  of t he  micro-  
c i rcu la t ion  of t he  i n t e s t i n a l  villus e i the r  b y  c o n t a c t  or  
p ro j ec t i on  X - r a y  mic roscopy  h a s  been  r epor t ed .  

R e n e w e d  i n t e r e s t  in  t h e  a b s o r p t i v e  role a n d  func t i ons  
of the  i n t e s t i n a l  villi, has  a r i sen  o u t  of i nves t i ga t i ons  in to  
t he  r e l a t i onsh ip  b e t w e e n  i n t e s t i n a l  mucosa l  changes  a n d  
ce r t a i n  m a l a b s o r p t i v e  d i sorders  in t h e  h u m a n .  T he  in t ro -  
d u c t i o n  of pe ro ra l  i n t e s t i n a l  b iopsy  h a s  a l r e ady  resu l t ed  
in t h e  desc r ip t i on  of a b n o r m a l  villi a n d  a d i so rgan i sed  
cap i l l a ry  p a t t e r n  6,L 

Bas ic  knowledge  of the  s t r u c t u r e  and  func t i on  of t he  
i n t e s t i n a l  villus a n d  i ts  vessels h o w e v e r  is l imi ted ,  and  
der ives  m o s t l y  f rom t h e  e x a m i n a t i o n  of h is to logica l ly  
f ixed a n d  sec t ioned  mate r i a l ,  for s t u d y  of t he  micro-  
c i r cu la t ion  w i t h i n  t he  wal l  of the  l iv ing in t e s t ine  suffers  
t e c h n i c a l  di f f icul t ies  r e l a t ed  to i n a d e q u a t e  op t ica l  con-  
d i t ions  s. Specif ica l ly  b o t h  t he  opac i ty  of the  gu t  wall  a n d  
s h o r t  d e p t h  o f /ocus  of t h e  op t i ca l  microscope  h a v e  l imi ted  
v a s c u l a r  r e sea rch  on  t h e  i n t e s t i n a l  mucosa a n d  i ts  villi. 

X - r a y  mic roscopy  owing to i ts p e n e t r a t i o n  a n d  g rea t  
d e p t h  of field al lows a comple t e  t h r e e - d i m e n s i o n a l  view of 
t he  i n t e r n a l  v a s c u l a r  de ta i l  of the  spec imen  to be  seen a t  
one  t ime,  a t  e i t h e r  low or  h igh  magn i f i ca t ion ,  so t h a t  t he  
d i s t r i bu t i on ,  connec t ions ,  and  t e r m i n a l  fea tures  of a large 
or  smal l  va scu l a r  t e r r i t o r y  can  be read i ly  in t eg ra ted .  
Vi sua l i sa t ion  of the  v o l u m e  p a t t e r n  of the  blood vessels  
c an  be  r ecorded  s t e r eog raph i ca t l y  if so requi red ,  b y  s imple  
l a te ra l  t r a n s l a t i o n  of t he  spec imen  be tween  two X - r a y  ex-  
posures.  X - r a y  mic roscopy  moreove r  offers the  a d v a n t a g e  
t h a t  va scu l a r  research  m a y  be c o n d u c t e d  on  b o t h  f resh 
a n d  l iv ing t issue.  

The  X - r a y  m i c r o g r a p h s  of i n t e s t i na l  villi p r e s e n t e d  here  
were t a k e n  w i th  the  Coss le t t -Nixon  X - r a y  p r o j e c t i o n  
microscope  s . In  th i s  i n s t r u m e n t  two m a g n e t i c  lenses form 
a demagn i f i ed  image  of a t h e r m i o n i c  e l ec t ron  source  upon  
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Fig. 1. Microangiogram of i leum 
showing the macromesh and 
micromesh vascular patterns 
and intestinal villi  demonstra- 
ted by contrast medium (Micro° 

paque). (Mag. x 55) 

Fig. 2. Microangiogram of duo- 
denum showing the origin of 
the arterioles and venules with- 
in the villi, and surrounding 
capillary network. Note the 
convergence of the axial veins 
of the villi  upon the mucosal 

veins. (Mag. × 100) 

a t h in  me ta l  foil which  serves  b o t h  as X - r a y  t a rge t  and  
window of t he  evacua t ed  tube .  A po in t  source of X- r ay s  
abou t  0.5 to  1 ~ in d i ame te r  is t hus  produced ,  and  used to  
p ro jec t  an image of the  specimen,  which  is placed close to  
t he  source in air, on to a d i s t an t  f luorescent  screen or 
pho tog raph i c  plate.  The resolving power  of the  i n s t r u m e n t  
is a p p r o x i m a t e l y  equal  to  the  X - r a y  source d iameter ,  
while X - r a y  magni f i ca t ion  is d e t e r m i n e d  by  the  ra t io  of 

t he  t a rge t - spec imen  and  t a rge t -p l a t e  dis tances ,  b o t h  of 
which  are variable.  

The mic roang iograms  p re sen ted  (Figures 1 to 5) were 
ob ta ined  by  successive i r r igat ion of t he  smal l  i n t r a m u r a l  
vessels of the  r ab b i t  in tes t ine  w i th  b o d y  w a r m  solut ions  
of a p l a sma  e x t e n d e r  w i th  an t i coagu lan t  ac t ion  (Dex t r an  
sulfate) and  a co n t r a s t  m e d i u m  of colloidal d imens ion  
(25% Micropaque) .  This  was  ach ieved  b y  inf ra rena l  re t ro -  
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Fig. 3. Microangiogram of je- 
junum showing that the cap- 
illary network of the villus is 
derived from both the villus 
arteriole and subjacent sub- 
mucous plexus. The large axial 
venules draining the villi are 
a striking feature. (Mag. ×96) 

l"ig..l. X-ray micrograph of 
#]unum showing that some villi 
are supplied by two arterioles 
(see lower right). The villus 
arterioles are more slender than 
the corresponding venules. 

(Mag. ~ 95) 

g r ade  i n t u b a t i o n  of t h e  a b d o m i n a l  aorta  w i t h  fine poly-  
e t h y l e n e  t u b i n g  (2.15 m m  o.d.) ,  a n d  r ecove ry  b y  s imi la r  
t u b i n g  i n t r o d u c e d  in to  t he  infer ior  vena  cava i m m e d i a t e l y  
below the  hea r t .  O p e r a t i v e  p rocedures  were car r ied  o u t  on  
hepa r in i s ed  a n d  a n a e s t h e t i s e d  an imals ,  a n d  i r r iga t ion  
ef fec ted  w i t h  a p ressure  head  of 1 m. C o n t r a s t  m e d i u m  was 
i n t r o d u c e d  soon a f t e r  b l a n c h i n g  of t he  smal l  i n t e s t i ne  was 
obse rved .  S e g m e n t s  of d u o d e n u m ,  j e j u n u m ,  a n d  i l e u m  were 
t h e n  r e m o v e d  a n d  c o m p a r a t i v e  s tud ies  m a d e  of fo rmal in  
f ixed,  a i r  dr ied,  a n d  f resh ma te r i a l ,  ove r  t h e  X - r a y  pro-  
j ec t ion  microscope.  Mic roang iograph ic  s tud ies  of ex-  
t e r io r i sed  l iv ing smal l  bowel  are  c u r r e n t l y  in progress  in  
t h i s  l a b o r a t o r y .  

The  bowel  loop or  exsec ted  po r t i on  the reo f  was posi- 
t i oned  across  t he  t a r g e t  a s s e m b l y  of the  X - r a y  microscope,  

wh ich  lies w i th in  t h e  polepiece of the  u p p e r  or  o b j e c t i v e  
lens of the  i n s t r u m e n t .  A t h i n  a l u m i n i u m  foil t a r g e t  (4 ~x 
th ick)  used wi th  an  acce le ra t ing  vo l t age  of 10 kV p r o v i d e d  
good reso lu t ion  an d  a d e q u a t e  p e n e t r a t i o n  for va scu l a r  
s tud ies  of t h e  opened  bowel,  whi le  a t h i c k e r  copper  foil 
t a r g e t  (5-10  tx) a n d  h i g h e r  acce l e r a t i ng  wf l tage  of 15 to 
25 kV p rov ided  b e t t e r  p e n e t r a t i o n  for s tud ies  of t h e  i n t a c t  
bowel.  

The  X - r a y  m i c r o g r a p h s  were recorded  w i t h  a s imple  
m e t a l  box  camera ,  us ing  v a r y i n g  t a r g e t  p l a t e  d i s t ances  
r a n g i n g  f rom 0.5 to  2.5 cm. De ta i l ed  p ro jec t ion  micro-  
g r a p h s  or  m i c r o a n g i o g r a m s  of t h e  sma l l e s t  b lood vessels  
w i t h i n  t h e  bowel  wal l  were r ead i ly  o b t a i n e d  us ing  e i t he r  
s t a n d a r d  l a n t e r n  slide p la t e s  ( K o d a k  Con t r a s ty )  or  h igh  
r e so lu t ion  p la t e s  (Ilford),  whi le  work ing  u n d e r  a t m o s -  
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Fig. 5. X-ray nficrograph of a 
cluster of jejunal villi showing 
arterio-venous anastomoses at 
the tips of several villi. The 
capillary network of the villi 
is not well filled with contrast 
medium. The villus arterioles 
are more slender than the cor- 
responding venules. A villus tip 
is seen end-on at the left. (Mag. 

× 193) 

pher ic  condi t ions .  Since the  magni f ica t ion  is d e p e n d e n t  
upon  the  t a rge t - spec imen  and  t a rge t -p l a t e  ratio,  b o t h  the  
size of the  vascula r  field and  degree  of magn i f i ca t ion  
could be var ied a t  will. Con tac t  a n d  p ro jec t ion  s tudies  of 
frozen sect ions  (150 tz) were also recorded  for purposes  of 
compar ison .  

X - r a y  p ro jec t ion  mic rographs  of the  small  in tes t ine  
wall show the  b ranches  of t he  vasa recta or  mura l  t r unks  
en te r ing  the  submucosa to r ami fy  and  anas tomose  wi th  
similar  b ranches  f rom ne ighbour ing  ar ter ies  to form the  
submucosa l  ar ter ia l  ne twork  or plexus. Small  mucosa l  
a r te r ies  are  seen to  arise f rom b o t h  the  ma in  and  sub- 
s id iary  anas tomos ing  b ranches  of t he  submucosa l  plexus. 
As m a n y  as 10 to 14 mucosa l  ar ter ies  have  been  observed  
pass ing f rom a long seconda ry  a n a s t o m o t i c  a rcade  to  
supp ly  ad j acen t  villi. 

These  mucosa l  a r te r ies  follow a long or  sho r t  course  
before b reak ing  up into a leash of two,  th ree  or more  fine 
ar ter ies  or ar ter ioles to supply  as m a n y  or fewer villi, so 
t h a t  a single or double  b r anched  vessel  m a y  be seen 
en te r ing  the  base  of a ,,illus. These villus ar ter ies  or  
ar ter ioles  even tua l ly  t e r m i n a t e  in t he  capi l la ry  bed of the  
villus and an apical  a r te r io -venous  anas tomosis .  

At  h igher  magni f ica t ion  bo th  the  capi l lary  ne twork  and  
apical  a r t e r io -venous  anas tomos i s  of t he  villus can be 
d i s t inc t ly  seen, as well as the  m a n n e r  in which  the  venous  
capil laries join the  re la t ive ly  large axial  venule  t h a t  d ra ins  
the  villus. The convergence  of th ree  or more  such  venules  
f rom ne ighbour ing  villi upon  the  subjacent ,  mucosa l  vein  
is also readi ly  followed. 

The general  vascu la r  p a t t e r n  and  re la t ion of the  sub-  
mucous  plexus and  its b ranches  to the  in tes t ina l  villi can 
be visual ised in a single p r in t  such as Figure 1, which  is a 
low power  mic roang iogram of t he  whole  th ickness  of t he  
ileal wall. The basic  vascula r  charac te r i s t i c  of the  gu t  as 
earl ier  s t a t ed  9 and  since conf i rmed 3,5 is the  mesh  pa t t e rn .  
Ins ide  the  large mac romesh  of the  submucous  plexus there  
exis ts  a fu r the r  ne twork  of smaller  vessels or mic romesh  

f rom which  the  arter ioles supp ly ing  the  capil laries arise, 
as m a y  be seen in th is  and  succeeding Figures.  

Medium power  microangiograms ,  such  as F igure  2 
dep ic t ing  p a r t  of the  duodena l  wall, reveal  the  mode  of 
t e rmina t i on  of the  mucosal  arteries,  origin of the  ar ter ioles  
and  venules  wi th in  the  villi, as well as the  su r round ing  
capi l lary  ne twork .  The capi l lary  n e t w o rk  of t h e  villus is 
c lear ly der ived  f rom b o t h  the  villus ar ter io le  and  the  
sub j acen t  submucous  plexus. The axial  venules  d ra in ing  
the  villi are a s t r ik ing feature,  as is the i r  convergence  upon  
the  mucosal  veins (Figures 2 and  3). I n  some ins tances  the  
venule  of t he  villus appea r s  to  be marginal ,  and  a n u m b e r  
of villi are suppl ied  by  two ar ter ioles  (Figure 4). 

Micrographs  a t  h igher  magni f ica t ion ,  such  as Figure  5, 
which  shows a c lus ter  of j ej unal  villi, conf i rm the  exis tence  
of an a r te r io -venous  anas tomos i s  a t  t he  t ip  of the  villus. 
This would  ap p ea r  to  t ake  the  fo rm of a s h o r t  c i rcui t  to  
bypass  the  fine capi l la ry  n e t w o rk  of the  villus w h e n  
digest ive  processes  are less act ive.  

Compar i son  of the  p la tes  shows the  var ia t ion  in form of 
the  villi, which  m a y  be low and  broad ,  fingerlike,  or  t r i -  
angular ,  as b e t w een  the  uppe r  and  lower ends  of t he  smal l  
in tes t ine .  Dens i ty  counts  of villi could be readi ly  de te r -  
mined  f rom X - r a y  pro jec t ion  micrographs .  

Zusammen/assung.  R6n tgenmik roskop i sche  S tud ien  an 
D a r m z o t t e n  des K a n i n c h e n s  zeigen das  Gef / issmuster  der  
Zo t t en  nach  In j ek t ion  mi t  e inem K o n t r a s t m e d i u m .  
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