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Some impor t an t  differences were encountered be tween 
the  behaviour  of ra t  and guinea-pig i leum, and the  results 
cannot  easily be explained in t e rms  of the  model  applied 
to the  guinea-pig. Rep lacement  of the  serosal solution 
wi th  potass ium abolished the  short-circui t  current ,  
indicat ing t h a t  the  po tass ium diffusion po ten t ia l  is equal  
to the  sum of the  sodium diffusion po ten t ia l  and the  
potent ia l  of the  electrogenic sodium pump.  This could 
imply  t h a t  the  difference in the  permeabi l i t ies  of the  
tissue for the  two ions is greater  t h a n  in the  guinea-pig, 
or t h a t  t he  p u m p  is less act ive  in the  rat .  Nei ther  of these 
explanat ions  could account  for the  main tenance  of an 
a lmost  normal  current  when potass ium bathes  the  mucosal  
face. This  la t te r  resul t  suggests the  existence of a mucosal-  
ly-directed etectrogenic sodium pump,  as confirmed by  the  
large inversion of po la r i ty  when the  mucosal  face is 
ba thed  wi th  choline. Thus the  serosal ly-orientated elec- 
t rogenic p u m p  appears  to  be less ac t ive  in the  ra t  and 
there  probably  exists an electrogenic mucosal ly-or ienta ted  
sodium pump.  Finally,  the  reduct ion  when sulphate  is 
placed in the  serosal chamber  suggests the  par t ic ipa t ion  
of a chloride diffusion potent ial ,  in accordance wi th  the  
low permeabi l i ty  of the  ra t  in tes t ine  to su lphateL or 
possibly the  existence of an electrogenic chloride secretion 
mechanism in the  luminal  membrane ,  analogous to t h a t  
of the  j e j unum 9, which would be inh ib i t ed  when sulphate  
bathes  the  serosa. However ,  t he  o ther  observat ions  suggest 
t h a t  a cat ion ra ther  t h a n  an anion is ex t ruded  electro- 
genically across the  brush border .  

Ouabain  par t ia l ly  inhibi ts  the  serosal ly-orientated 
electrogenic pump in the  rat ,  a species known to be ra ther  
insensit ive to cardiac glycosides 10. Indeed,  the  fact  t h a t  
ouabain affects the  short-circui t  current  w i thou t  influen- 
cing Na+-dependent  amino-acid t ranspor t  n const i tu tes  evi-  
dence in favour  of the  existence of a second sodium pump,  
independent  of a ouabain-sensi t ive  ATPase,  as argued 
elsewhere n. 

W h e n  potass ium + ouabain  ba the  the  serosal face of 
the  tissue, there  is an impor t an t  inversion of polar i ty ,  
p robab ly  as a consequence of the  h igh  permeabi l i ty  to 
potassium, coupled wi th  a par t ia l  inhibi t ion of the  Na  +- 
K+-ATPase  pump.  Unexpectedly ,  there  is no increase 

in the  inversed polar i ty ,  as occurred in the  guinea-pig, 
when ouabain  is added to the  choline med ium in the  
serosal chamber .  

Final ly ,  there  is an enormous inversion of po la r i ty  
when  the  mucosa  is ba thed  wi th  choline and ouabain,  
and the  sodium is re ta ined at  the  serosa. This  in t r iguing 
result,  which was conf i rmed repeatedly,  often using 
paired tissues, signifies t h a t  under  cer ta in  conditions,  
ouabain interacts  d i rec t ly  wi th  the  luminal  face of the  
mucosa, ~hough not  by  inhibi t ing a Na+-K+-ATPase  - 
dependen t  ion f lux (since in this  case, the  inver ted  
potent ia l  would be decreased, no t  increased). One 
possibi l i ty  is t h a t  an electrogenic recap ture  of sodium ions 
is inhibited.  I t  is known t h a t  the  coup!ed en t ry  of sodium 
ions and amino-acids or  monosacchar ides  is an electro- 
genic process ~2, ta  and there  is some evidence,  in cer ta in  
species 1~, t h a t  energy result ing f rom the  act ion of Na+- 
K+-ATPase  migh t  be involved  in the  process. The  fact  
t h a t  there  is no analogous occurrence when potass ium + 
ouabain  ba the  the  mucosal  face is consis tent  wi th  this  
explanat ion,  since the  events  surmised would  p robab ly  be 
inhibi ted  by  potass iumtK On the  o ther  hand,  t he  effect  
of the  mucosal  ouabain  is so huge t h a t  a pure ly  physical  
explanat ion,  such as a change in the  pe rmeab i l i ty  charac- 
terist ics of the  junct ion  complexes,  mus t  be considered. 
Ev iden t ly ,  the  influence of ouabain on the  luminal  mem-  
brane of the  ra t  in tes t inal  mucosa  would  repay  fur ther  
s tudy.  
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Capi l lary  L e n g t h s  and A r e a s ,  and In tercap i l l ary  D i s t a n c e s  in T i s s u e  N e a r  the  H u m a n  Knee  1 

J. R. CASLEY-SMITI-I, ~VL A. SIMS and J .  L. HARRIS 

Electron Microscope Unit, University o/Adelaide, Adelaide (South Australia), 7 7 August 1975. 

Summary. Quan t i t a t ive  stereological  electron microscopy has been used to inves t iga te  the  capi l lary lengths,  surface 
areas and in tercapi l lary  dis tances  in the  tissues around the  h u m a n  knee, the  synovia l  membrane ,  synovia l  capsule, 
fa t  and tendon.  The  vascuIar i ty  of these regions was m u c h  less t h a n  in o ther  areas of t he  body,  especial ly muscle.  

" The principles of s tereology ~-4 have  no t  ye t  been 
extensively  applied to describing the  quan t i t a t i ve  mor-  
phology of blood capiilaries. Such applicat ions are es- 
sential  if the  findings of physiology are to be  in tegra ted  
wi th  those of morphology  in order to comprehend,  at  t he  
fine s t ruc tura l  level, the  detai led funct ioning of the var ious 
capi i lary- types  and the  tissues t h e y  serve. 

A s ta r t  has been made  in this  direction. I t  has been 
shown 5 t h a t  the  lengths, widths  and depths  of the  close 
junct ions  in dog skeletal  muscle allow one t o  calculate  
the  capi l la ry  f i l t rat ion and diffusion coefficients wi th  
ve ry  good agreement  wi th  those found by  exper iment ;  the  

vesicular  numbers ,  etc., give good agreement  wi th  experi-  
men ta l  results, using a Brownian-mot ion  model.  W i t h  the  
fenest ra ted capillaries of the  ea t  j e j unum 6, i t  was found 
t h a t  the  f i l t ra t ion and diffusion coefficients so calculated 
were m a n y  orders of magn i tude  g rea t e r ' t han  those  found 
by  exper iment .  This  indicated t h a t  these capillaries 
correspond to the  tunnel-capil lar ies  of INTAGLIETTA and 
DE PLOMB v; the  cont inuous capillaries of the  muscle are 
tube-capil laries,  where the  permeabi l i ty  is control led by  
the  endothel ium.  I n  tunnel-capi l lar ies  the  endo the l ium 
has no influence on permeabi l i ty ,  except  for ceils and the  
largest  macromolecules :  i t  is the  in ters t i t ia l  connect ive  
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Synovial membrane  Synovial capsuIe Fat  Tendon 

Capillaries/cm e of sections ~ 7040 (2350) 3330 (1620) 7640 (2450) 4320 (1820) 
Length of capillaries (cm/cm 8) 14100 (4700) 6670 (3230) 15300 (4900) 8470 (3648) 
Surface area b of capillaries (cme/cm ~) 22.5 (10.9) 10.7 (6.38) 24.4 (11.6) 13.5 (7.52) 
'Intereapillary distance'  (Exm) o 119 (68.8) 173 (121) 114 (64.7) 154 (101) 

~The s tandard errors of the means are in brackets; n = 40. b Using the lengths X 2111• the mean measured luminal circumference (25.1 
(8.85) ~m 5,~). ~ Using (I/capillaries per cm e) as described elsewhere 5,~. 

t i s s u e  w h i c h  c o n t r o l s  t h e  p a s s a g e  of  a l l  m o l e c u l e s  s m a l l e r  
t h a n  t h e s e .  U s i n g  o b s e r v a t i o n a l  d a t a  a n d  t h e  t u n n e l -  
c a p i l l a r y  m o d e l  v, i t  is  i n d e e d  p o s s i b l e  t o  p r e d i c t  q u i t e  
a c c u r a t e l y  t h e  c a p i l l a r y  f i l t r a t i o n  c o e f f i c i e n t  6. W h e n  
c o n t i n u o u s  c a p i l l a r i e s  a r e  i n j u r e d ,  i t  c a n  be  s h o w n  s t h a t  
t h e  n u m e r o u s  o p e n  j u n c t i o n s  w o u l d  a l l ow  so  m u c h  p e r -  
m e a t i o n  of  t h e  e n d o t h e l i u m  t h a t  t h e s e  v e s s e l s  t e m p o r a r i l y  
b e c o m e  tunne l - cap . i l l a r i e s ,  r e v e r t i n g  t o  t u b e - c a p i l l a r i e s  
o n c e  t h e  j u n c t i o n s  rec lose ,  b u t  w i t h  a n  e n h a n c e d  p e r m e -  
a b i l i t y  t o  m a c r o m o l e c u l e s  fo r  a l o n g  t i m e  - p r o b a b l y  d u e  
to  t h e  f o r m a t i o n  o f  v a c u o l e s  in  t h e  e n d o t h e l i u m .  

T h e s e  q u a n t i t a t i v e  s t u d i e s ,  h o w e v e r ,  r e f e r  o n l y  to  a 
f e w  s i t e s  in  a f e w  spec ies .  S o m e  c o l l e a g u e s  9 h a v e  b e e n  
t r y i n g  t o  p r e d i c t  t h e  o c c u r r e n c e  of  ' t h e  b e n d s '  a f t e r  
d i v i n g ,  i.e. t h e  r e l e a s e  of  s m a l l  b u b b l e s  o f  a i r  in  c e r t a i n  
t i s s u e s .  I t  w o u l d  a p p e a r  t h a t  t h e  t i s s u e s  o f  t h e  k n e e  a r e  
o n e  of  t h e  m o s t  i m p o r t a n t  s i t e s  w h e r e  t h i s  o c c u r s  10. U n -  
f o r t u n a t e l y ,  a p a r t  f r o m  t h e  h u m a n  v e n t r i c l e  11, n o  q u a n -  
t i t a t i v e  s t u d i e s  a p p e a r  to  h a v e  b e e n  m a d e  in  m a n ;  w h i l e  
n u m e r o u s  s t u d i e s  h a v e  b e e n  m a d e  in  t h e  m u s c l e s  of  o t h e r  
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Fig. 1. A capillary in the synovial capsule, showing the normal Fig. 2. A an expanse of collagen fibres in the tendon; no capillaries 
features as seen in other mammals.  • 8000. are visible, x 3000. 
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species ~-13, none  h a v e  been  m a d e  of t he  t i ssues  nea r  
jo ints .  I t  was  the re fore  necessa ry  to s t u d y  some q u a n t i t a -  
t i ve  aspec ts  of t he  capi l lar ies  of t i ssues  nea r  t h e  h u m a n  
knee,  in  order  to  p rov ide  t he  d a t a  necessa ry  for t h e  model  
for u n d e r s t a n d i n g  a n d  p red ic t ing  t he  occur rence  of bends  9. 

Spec imens  were  o b t a i n e d  f rom 5 h e a l t h y  y o u n g  men,  
who h a d  to  h a v e  men i sec tomies  due  to  r ecen t  spor t s -  
injuries .  The  t i s sues  s tud ied  were:  the  deeper  layers  of 
t he  synov ia l  m e m b r a n e ,  t he  synov ia l  capsule,  fat ,  a n d  
t endon .  T h e y  were processed b y  t h e  n o r m a l  methodsS,  6 
used for q u a n t i t a t i v e  s tereological  e lec t ron microscopica l  
m o r p h o l o g y  of capil laries.  (These inc lude  a t t e n t i o n  to  
t h e  col loidal  osmot ic  pressure  of t h e  f ixa t ive  and  t he  
s t a n d a r d i z a t i o n  of t h e  magni f ica t ions . )  4 separa te ,  r a n d o m  
blocks  were t a k e n  f rom each  piece of t i s sue  a n d  o n l y  t 
r a n d o m  sect ion of each  examined .  Separa ted ,  r a n d o m  
mic rog raphs  were m a d e  of each  sec t ion  w i t h  t o t a l  m e a n  
areas  of 3190 (SE 81.5) ~zm ~. 

The  resu l t s  are  s h o w n  in t he  Tab le  a n d  i l l u s t r a t ed  in 
t he  Figures.  Po i s son ian  d i s t r i bu t i ons  were used  to  de-  
t e r m i n e  t h e  s t a n d a r d  errors.  The  surface  areas  were cal- 
cu la t ed  us ing  t he  m e a n  m e a s u r e d  l u m i n a l  c i rcumference  
•  lengths ,  a d j u s t e d  as descr ibed  elsewhere a,6. The  

in t e rcap i l l a ry  d i s t ances  5, 6 were e s t i m a t e d  us ing  t h e  square  
roo t  of t h e  rec iproca l  of t he  m e a n  n u m b e r s  of vessels pe r  
cm ~. 

I t  can  be  seen t h a t  t h e  n u m b e r s  of cap i l la r ies /cm 2, a n d  
hence  t h e i r  l e n g t h s  (2 X th i s  2~), are v e r y  m u c h  less t h a n  
those  found  n in  t h e  h u m a n  ven t r i c l e  ( ~ 5  • 105/cm2), in  
t he  muscles  of va r ious  species n - l~  (1-5 • 105/cm2), or 
even  in t he  f a t  of r a t s  ~ (2-10 • 104). Whi l e  i t  m u s t  be  
r e m e m b e r e d  float in t h e  muscles  l is ted ~-~a i t  is l ikely 
t h a t  t he  sect ions  were t r a n s v e r s e  to  t h e  f ibres  ~ so t h a t  
t h e  e s t i m a t e d  l eng ths  pe r  c m  ~ would  be  nea re r  to  1 • t h e  
va lues  for capi l la r ies /cmL r a t h e r  t h a n  2 •  as in  r an -  

d o m  sections~-% nerve r the l e s s  it is e v i d e n t  t h a t  t h e  
lengths ,  a n d  t he  associa ted  cap i l l a ry  surface  areas  are  
m u c h  less in  t h e  p r e s e n t  t i ssues  t h a n  in t he  muscles,  or 
indeed  in t he  o t h e r  regions of t he  b o d y  of a n u m b e r  of 
species~L I t  is u n f o r t u n a t e  t h a t  we do n o t  h a v e  h u m a n  
skele ta l  muscIe  to  c o m p a r e  w i t h  these  f ind ings  - s ince 
t he  la rger  t h e  an imal ,  t he  less i ts  v a s e u l a r i t y  n-~3. Stil l  
i t  is v e r y  e v i d e n t  t h a t  t he  t i ssues  we h a v e  e x a m i n e d  are 
m u c h  less vascu la r i zed  t h a n  muscles  a n d  o t h e r  me tabo l i -  
ca l ly  ac t ive  regions.  ( I t  shou ld  be  n o t e d  t h a t  we h a v e  
here  e x a m i n e d  on ly  t h e  deeper  layers  of t h e  synov ia l  
capsule ;  th i s  is t he  p a r t  m o s t  r e l e v a n t  to  d iv ing,  since 
a i r  in t he  superf ic ia l  layers,  wh ich  are l ike ly  to  h a v e  more  
vessels,  could  easi ly pass  in to  t he  i o in t  space).  

The  in t e r eap i l l a ry  d i s t ance  is on ly  a p p r o x i m a t e l y  
e s t i m a t e d  b y  our  method~,  6, b u t  a more  exac t  one does 
n o t  ye t  seem to  be  avai lable .  I t  is e v i d e n t  t h a t  t he  dis- 
t ances  found  here  are some 3-10 t imes  g rea t e r  t h a n  those  
wh ich  can  be  der ived  f rom t h e  va lues  for t he  o t h e r  sites, 
q u o t e d  earlier.  Also t he  d i s t r i b u t i o n  is v e r y  wide so t h a t  
a n  apprec iab le  p r o p o r t i o n  of t he  vessels m u s t  be  v e r y  
wide ly  s epa ra t ed  indeed.  Th i s  m u s t  h a v e  a v e r y  g rea t  
effect  on t h e  slow r e m o v a l  of gas f rom t h e  t i s sues  a r o u n d  
t h e  knee,  a n d  hence  ind ica tes  w h y  t h i s  reg ion  is more  
p rone  to  deve lop  t h e  b u b b l e s  w h i c h  cause  ' t h e  b e n d s '  
d u r i n g  decompress ion .  I t  is hoped  t h a t  t h e  p r e s e n t  values ,  
plus  those  for t he  cap i l l a ry  surface  area,  will  be  used in a 
mode l  of th i s  disease 9. 

~2 p. L. ALTMAN, Handbook o/Circulation (W. B. Saunders, Philadel- 
phia and London 1939), p. 34. 

la F. HAMMERSEN, iu Oxygen Transport in Blood and Tissue (Eds. 
D.-W. L'0BBERS, U. C. LUFT, G. THEWS and E. WITZLEB (Georg 
Thieme, Stuttgart 1968), p. 184. 

Do~ Behaviour  as Related to Spinal  Cord T e m p e r a t u r e  

IV[. CORMARF.CHE-LEYDIER and  M. CABANAC 1 

Laboratoire de Physiologic, U~iversitd Claude Bernard, Facultd de Mddecine Lyon Sud-Ouest, B .P.  12, F-69600 Oullins 
(France), 17 June 7975. 

Summary. 3 dogs could b e h a v i o u r a l l y  modi fy  t h e i r  own  sp ina l  cord t e m p e r a t u r e  (Tspin" cord)" I n  a h o t  e n v i r o n m e n t ,  
2 dogs d id  n o t  cool t h e i r  sp ina l  cord, 1 dog w a r m e d  it. The  h ighe r  t h e  e n v i r o n m e n t a l  t e m p e r a t u r e ,  t h e  h ighe r  t h e  chosen  
Tspim cord. These  resu l t s  seem to  i m p l y  t h a t  th i s  l a t t e r  dog t ended ,  in  w a r m  e n v i r o n m e n t ,  to  behaviourall~g reduce :  
Ts ;> Tspin. cord (Ts m e a n  skin  t e m p e r a t u r e ) .  D a t a  o b t a i n e d  p rev ious ly  s u p p o r t  th i s  exp lana t ion .  

CORBIT 2 has  shown  t h a t  d i rec t  t h e r m a l  i n t r a c r a n i a l  
se l f - s t imula t ion  was possible  in  ra ts .  R a t s  p laced  in  a 
w a r m  e n v i r o n m e n t  were able  to  cool t h e i r  b r a i n s  b y  self- 
s t imu la t i on .  W e  cons idered  t h a t  i t  would  be  i n t e r e s t i ng  
to  offer t h e  poss ib i l i ty  of t h e r m a l  sp ina l  cord se l f -s t imula-  
t i on  to  animals ,  because  : 1. Spina l  t h e r m a l  s ens i t i v i t y  ha s  
been  shown  to  be  of t he  same  m a g n i t u d e  a n d  eff ic iency 
as t h e  h y p o t h a l a m u s  in t e m p e r a t u r e  r egu la t ion  3,4. 2. 
H e a t i n g  of t he  sp ina l  cord  was s h o w n  to  be fol lowed b y  a n  
a d e q u a t e  cor rec t ive  b e h a v i o u r a l  response  in frogs 5 as 
well  as in  dogsK Cooling of the  sp ina l  cord was fol lowed 
b y  a cor rec t ive  o p e r a n t  response  in pigs ~ a n d  b y  a n  adap -  
t ed  pos tu r e  in  p igeons  s. 

Me~hods and results. W e  used  3 dogs wh ich  were pre-  
v ious ly  t r a i n e d  to  i n t e r r u p t  a l igh t  b e a m  in order  to  
o b t a i n  e n v i r o n m e n t a l  in f ra - red  h e a t  or cool air.  E a c h  of 
t h e  3 dogs was chron ica l ly  i m p l a n t e d  w i t h  a U- shaped  
sp ina l  t h e r m o d e  m a d e  of P E  t u b i n g  (ex te rna l  d i a m e t e r :  
1.5 mm,  i n t e rna l  d i a m e t e r :  i mm) ,  t h r o u g h  wh ich  w a t e r  
was  ci rculated.  Th i s  t h e r m o d e  was i m p l a n t e d  in t h e  

ep idura l  space, u n d e r  genera l  anes thes ia ,  f rom C 2 down  
to t h e  c a u d a l  end  of t he  v e r t e b r a l  canal .  These  dogs h a d  
b e e n  i m p l a n t e d  a n d  t r a i n e d  for  a n o t h e r  expe r imen t ,  t h e  
resu l t s  of wh ich  h a v e  been  p u b l i s h e d  s. The  t e c h n i q u e  
cons is ted  in an  a t t e m p t  to  t r ans f e r  t he  o p e r a n t  b e h a v i o u r  
h e a t  or cold r e w a r d  f rom t h e  skin  to  t he  sp ina l  cord. A 
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