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p rev ious  r epor t s  ~, s gave  no  peaks  for specific d e m e n t s .  
I t  m a y  be conc luded  t h a t  t he re  is a h i g h  a m o u n t  of 
chlor ine  in col lagen f ibres a n d  chlor ides  a p p e a r  concen-  
t r a t e d  in t he  dense  par t ic les  of t h e  col lagen fibrils.  

R o u n d  dense  par t ic les  assoc ia ted  w i t h  col lagen f ibri ls  
h a v e  been  r e p o r t e d  a t  t h e  ea r ly  s tages  of cMcif icat ion in  
t he  per ios tea l  bolle a n d  bone  car t i l age  of t he  ch ick  em-  
b ryo  b y  F i t t o n - J a c k s o n ~ ;  in minera l i zed  t u r k e y  t en -  
dons  l~; ill t h e  r e c o n s t i t u t e d  col lagen f ibr i ls  in v i t ro  la; 
a n d  r ecen t ly  in  t he  calc i fying t e n d o n  m a t r i x  it. GLIM- 
CHaR a n d  KRAN~ ~ h a v e  exp la ined  t h a t  dense  par t ic les  
are  depos i t ed  w i t h i n  'holes '  in  t he  col lagen fibri ls  w h i c h  
are  i n h e r e n t  in  t h e  mode l  of col lagen fibri ls  ~.  T h e y  
ascr ibed  t he  par t ic les  to  t h e  a m o r p h o u s  phase  of ca lc ium 
p h o s p h a t e  p rec ip i t a t i on  a l t h o u g h  t he  exac t  fo rmula  of 
t h e  c o m p o u n d  is u n k n o w n  ~. 

On ly  a h i g h  p e a k  for  ch lor ine  could be  de t ec t ed  ill t h e  
col lagen f ibres in t h e  f resh a i r -dr ied  sp read  of t h e  sub-  
c u t a n e o u s  connec t ive  t i ssue  b y  t he  p r e s en t  e lec t ron  
p robe  X - r a y  microanalys is ,  in  sp i te  of t h e  expec t a t i on  of 
a h igh  a m o u n t  of ca lc ium a n d  phosphorus .  I t  h a s  been  
cons idered  t h a t  t he  chlor ide  ion is m o s t l y  ex t r ace l l u l a r  
a n d  on ly  a smal l  p r o p o r t i o n  of cells, such  as those  of t h e  
m e s e n c h y m a l  origin,  were k n o w n  to  con t a i n  large  a m o u n t s  
of chlor ide  ~s. However ,  as MANERY 1~ descr ibed,  t h e  ex t r a -  
cel lular  space of t h e  connec t ive  t i ssue  con ta ins  a b u n d a n t  
chloride.  C o m p a r i n g  t he  sod ium space w i t h  t h e  chlor ide  
space,  h e  conc luded  t h a t  chlor ide  exis ts  as ' d ry '  f o rm  in  
t he  connec t ive  t i ssue  especial ly  in  t e n d o n s  a n d  s u b c u t a n e -  
ous t i ssues  ~s. H e  a n d  his  associates  also sugges ted  t h a t  
t he  chlor ide  ion is ill col lagen fibri ls  ~.  

Dense  par t ic les  a t  t h e  d a r k  b a n d s  of col lagen f ibri ls  ill 
t h e  s u b c u t a n e o u s  connec t ive  t i ssue  in t h e  f resh  a i r -dr ied  
sp read  appea r s  to  c o n t a i n  a h i g h  a m o u n t  of chlor ide,  to  
wh ich  t he  d e n s i t y  of t he  par t ic les  is p r o b a b l y  due.  T h e i r  
exact ,  biological  s ignif icance is s t i l l  to  be  de t e rmined .  
Chlor ides  m a y  ac t  as i n h i b i t i n g  t h e  depos i t ing  of phos -  
p h a t e s  or ca lc ium a t  p r ec ip i t a t i on  si tes in  t h e  col lagen 
f ibri ls  of t he  s u b c u t a n e o u s  connec t ive  t issue.  A f u r t h e r  
s t u d y  is needed  to  k n o w  t h e  exac t  loca t ion  of t h e  d e n s e  
par t ic les ,  a n d  t h e i r  chemica l  composi t ion .  Moreover ,  a 
s t u d y  is needed  conce rn ing  t h e  fac tors  w h i c h  d i f f e ren t i a t e  
t h e  col lagen fibri ls  of t he  bone  and  t h e  car t i l age  w h i c h  
calcify, f rom those  of o t h e r  connec t ive  t i s sues  wh ich  do  
n o t  calcify. 

11 S. FITTOg JACKSOn, Proe. R. Soc. B 1d6, 270 (1957). 
1~ M. U. NYLE~r, D. /3. SCOTT and V. M. MOSLEY, in Calcification in 

Biological Systems (Ed. R. F. SOGN~AES, Am. Ass. adv. Sci., 
Washington D. C. 1960), p. 129. 

1s M. J. GLIMCHER, Revue mod. Phys. 31, 359 (1959). 
14 R. A. LUBEI% J. K. SH~RMA?r and C. L. WADKINS, Calc. Tiss. Res. 

77, 39 (1973). 
is M. J. GLI~CHER and S. M. KRANE, in Treaties on Collagen (Ed. 

B. S. GOIJLD; Academic Press, London and New York 1968), vol. 
2, part B, p. 67. 

16 A. J. HODGE and J. A. PETRUSKA, in Aspects o[ Protein Structure 
(Ed. C. N. RA~tANCHAI~DRAI, r, Academic Press, New York 1963), 
p. 289. 

17 j .  F. MANERY, in Mineral Metabolism (Eds. C. L. Co~AI~ and F. 
BRONXER; Academic Press, New York and London 1961), vol. 1, 
part B, p. 551. 

xs j .  F. 3/fANERY. Physiol. Rev. 3d, 334 (1954). 

Laser  Di f fract ion  U s e d  to  M o n i t o r  Stra in  in M e c h a n o r e c e p t o r s  of  Jasus verreauxi 

J. UNSWORTH, SUZANNE xx7. THOMAS a n d  KAVERI CItAKRABARTY 1 

School o/Mathematics and Physics, Macquarie University, North Ryde (New South Wales 2173, Australia), 
12 September 1975. 

Summary. Laser  d i f f rac t ion  p a t t e r n s  f rom crayf i sh  a b d o m i n a l  m e c h a n o r e c e p t o r s  h a v e  been  obse rved  and  t he  corre- 
spond ing  sa rcomere  l eng ths  ca lcu la ted  a n d  t h e n  cor re la ted  w i t h  sensory  ne rve  d ischarge  frequencies .  

Mechanorecep to r s  were f i rs t  r epo r t ed  b y  ALEXANDRO- 
WlCZ * in t he  lobs te r s  Homarus vulgaris a n d  Palinurus 
vulgaris. These  o rgans  are p r e s e n t  in o the r  c rus t acea  such  
as t he  m a r i n e  crayf ish ,  Jasus verreauxi, which  we use in 
ou r  expe r imen t s .  E v e r y  a b d o m i n a l  s e g m e n t  of a c rayf i sh  
ha s  2 such  organs,  s i t u a t e d  w i t h  l a te ra l  s y m m e t r y ,  each  
cons i s t ing  of 2 muscles  of u n e q u a l  size, wh ich  h a v e  
assoc ia ted  sensory  a n d  m o t o r  nerves .  T he  muscu l a r  p a r t s  
of t he  o rgans  were n a m e d  R M  1 a n d  RM2, R M  1 r e spond ing  
to slow s t r e t ches  w i t h  sus t a ined  d ischarges  t h a t  l a s t  for 
hours ,  a n d  RM~ r e spond ing  to  on ly  r ap id  s t re tches ,  t h e  
response  l a s t ing  for a b o u t  30 sec. Th i s  suggests  t h a t  RM ,  
m a y  be  concerned  w i t h  slow postural ,  changes  a n d  RM~ 
w i t h  phas ic  changes .  I n / ? M 1  l e n g t h  ha s  been  found  to  be  
r e l a t ed  to  t h e  f r equency  of f i r ing of t h e  assoc ia ted  n e r v e  
SN18, 4. 

Whi le  i t  is be l ieved  t h a t  these  recep tors  serve an  overa l l  
f unc t i on  s imi la r  to  t h a t  of muscle  spindles  in  t he  m a m -  
m a l i a n  sys tem,  a n u m b e r  of a l t e r n a t i v e s  h a v e  been  sug- 
ges ted  as to  t he  role p l a y e d  b y  t he  m e c h a n o r e c e p t o r s  a n d  
to  t he  exac t  n a t u r e  of t h e  f eedback  sys tem.  One of these  
a l t e r n a t i v e s  is t h e  p o s t u l a t e  of F lez l~s  a n d  I4~ENNEDY ~ 
wh ich  is ' t h a t  t h e  slow s t r e t c h  r ecep to r  func t ions  as p a r t  
of a nega t i ve  f eedback  servo s y s t e m  ...  Tai l  pos i t ion  

(OUtput) r ep resen t s  t he  ba l ance  be tween  t he  a c t i v i t y  of 
slow ex tenso r  mo toneu rones ,  wh ich  t e n d  to  s h o r t e n  t h e  
segment ,  a n d  t h e  oppos ing  forces of g rav i ty ,  f lexor  t one  
a n d  c o n t r a c t i o n  of ex tensors  in  a d j a c e n t  s egmen t s  w h i c h  
t e n d  to  l e n g t h e n  t h e  segment .  T h e  s t r e t c h  r ecep to r  de t ec t s  
differences b e t w e e n  t he  set  p o i n t  (at  wh ich  i ts  d ischarge  
f r equency  is zero) a n d  t he  a c t u a l  t a i l  pos i t ion .  This  dif- 
ference m a y  be t h o u g h t  of as t he  e r ro r ;  i ts  m a g n i t u d e  is 
coded b y  t h e  f r e q u e n c y  of impulses  in  t h e  s t r e t c h  r ecep to r  
neu rone ' .  
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On e x a m i n a t i o n  of t h i s  pos tu l a t e ,  i t  would  seem t h a t  
t he  m o s t  p o t e n t i a l l y  r e w a r d i n g  p a r a m e t e r  to  m eas u re  in  
t he  recep tors  a n d  muscles ,  bes ides  t h e  f requency ,  is t h e  

s t r a i n  ( ~ ) w h e r e / i s  t h e  length .  Di f f rac t ion  is a re l iable  

a n d  c o n v e n i e n t  w a y  of m o n i t o r i n g  s t r a i n ;  m e a s u r e m e n t s  
c an  be m a d e  s i m u l t a n e o u s l y  f rom severa l  d i f fe ren t  po in t s  
of t he  p r e p a r a t i o n  a n d  one can  work  on  t he  closed sys tem,  
s ince t he  recep tors  a n d  t h e  ex tensors  need  n o t  be  dis- 
sected.  Cont ro l  t h e o r y  t e c h n i q u e s  can  t h e n  be  used to  
ana lyze  t he  s y s t e m  a n d  cor re la te  s t r a in s  a n d  impulse  
f requencies .  A i t h o u g h  d i f f rac t ion  has  been  used to  s t u d y  
s t r i a t ed  muscle  6, ~, we bel ieve  t h a t  i t  is t h e  f i rs t  t i m e  t h a t  
d i f f rac t ion  f rom m e c h a n o r e c e p t o r s  ha s  been  uti l ized.  

Methods. In  th i s  p a r t  of t h e  p r o g r a m  t he  m e c h a n o -  
r ecep to r s  were dissected f rom t he  2nd a n d  3rd a b d o m i n a l  
s egmen t s  of t h e  crayf ish ,  .[asus verreauxi, b y  f i rs t  c u t t i n g  
a r e c t a n g u l a r  s e g m e n t  f rom t he  shel l  u s ing  a d e n t i s t ' s  
drill,  r e m o v i n g  some t i ssue  and,  in  th i s  case, r e m o v i n g  
t he  receptors .  The  recep tors  were m o u n t e d  h o r i z o n t a l l y  
in a glass b a t h  c o n t a i n i n g  CoL~'s so lu t ion  8 (NaC1, 455 
m M ;  KC1, 15 m M ;  CaC12, 25 r a M ;  MgSO~, 10 m M ;  
buf fe red  w i t h  17.57 ml  of 0.5 M Ha]?O 4 and  0.956 ml  of 
0.5 M N a O H  per  1 of so lu t ion  to  give a p H  of 7.4 a t  
21 ~ The  sensory  ne rves  SN~ a n d  S N  2 were p laced  on  a 
p l a t i n u m  elec t rode  a n d  b a t h e d  in pa ra f f i n  oil, t h e  ac t ion  
p o t e n t i a l s  be ing  de t ec t ed  b y  a u n i t y  vo l t age  gain  am-  
pl i f ier  ( i npu t  i m p e d a n c e  10 n D) a n d  recorded  us ing  a 
s torage  oscilloscope. E q u a l  s t r e t ches  were appl ied  s imul-  
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Fig. 1. Correlation between the sarcomere length S, monitored by 
means of diffraction, and the receptor length I. 

20 

N 

~. 16 

g >- 

g 

"5 

23 i s  ' .1 2.2 2.4 2.6 2.7 

Sarc0mere ength(S,pm) 

Fig. 2. Action potentiai frequency / from the sensory nerve SN~ 
plotted against the receptor length I. 

t a n e o u s l y  f rom b o t h  ends  of t he  r ecep to r  us ing  2 micro-  
m a n i p u l a t o r s ,  so as n o t  to  d i s t u r b  t he  n e r v e  on  t h e  p la t i -  
n u m  wire. A 7 m W  H e N e  laser  b e a m  (wave leng th  X = 
632.8 nm)  was passed  t h r o u g h  t h e  r ecep to r  muscles  R M  1 
and  RM~ n e a r  t he  dendr i t i c  region,  a n d  a t r a n s l u c e n t  
screen was used to  d i sp lay  t he  di f f ract ion.  This  enab led  us 
to  p h o t o g r a p h  t he  d i f f rac t ion  as well  as to  measu re  t he  
s e p a r a t i o n  of t he  f r inges  us ing  ve rn i e r  calipers.  If  t h e  
s e p a r a t i o n  on t h e  screen of t he  zero a n d  f i rs t  o rder  
f r inges is ~ a n d  D is t he  pe rpend icu l a r  d i s t ance  be tween  
t he  p r e p a r a t i o n  a n d  t he  screen,  t h e n  t he  sa rcomere  l eng th  
S is g iven  b y  S = ,t[(D/~) 2 -F 132/2 (Eq. 1). 

Results. The  zero, f i rs t  a n d  second order  fr inges were 
easi ly  d i s t i ngu i shed  in  t h e  laser  speckle  backg round ,  b u t  
care  m u s t  be  exercized in d e t e r m i n i n g  which  of t he  dif- 
f r ac t ion  fr inges be long  to R M  I and  w h i c h  to  R M  2. As 
the  recep tors  were  s t r e t c h e d  t he  s e p a r a t i o n  of t h e  2 f i rs t  
o rder  f r inges was obse rved  to  decrease.  The  sa rcomere  
l e n g t h  as ca lcu la ted  us ing  Eq.  1 was found  to be p ropor -  
t i o n a l  to  t h e  l e n g t h  of t he  r ecep to r  as s h o w n  in F igure  1. 

Usua l ly  we h a v e  been  able  to  measu re  t he  s e p a r a t i o n  of 
t he  fr inges on  t he  screen more  a c c u r a t e l y  for R M ,  t h a n  
for RM1, because  those  f rom RM~ are  n o t  as well  defined,  
wh ich  is c o n s i s t e n t  w i t h  ALEXANDROWICZ'S 2 s t a t e m e n t  
t h a t  t he  s t r i a t i ons  in  R M  2 are more  o rde red  t h a n  those  
in R M  1. W e  h a v e  found  t h a t  t h e  sa rcomere  l eng ths  for  
R M I  and  R M  2 are b o t h  gove rned  b y  e q u a t i o n s  of t he  
fo rm S = rnl 4- c(Eq.  2), where  m a n d  c are  c o n s t a n t s  
a n d  I is t he  l e n g t h  of t he  receptor ,  a n d  the re fore  e i the r  
could be  used to  m o n i t o r  s t ra in .  B y  cons ider ing  F igures  1 
a n d  2 we can  see t h a t  ac t ion  p o t e n t i a l  f r equency  is a 
s m o o t h  f u n c t i o n  of l e n g t h  or  sa reomere  l e n g t h  wh ich  
i l lu s t r a t e s  t h a t  d i f f rac t ion  can  be used to  m o n i t o r  s t ra ins .  

Because  t h e r e  is some con t rover sy ,  w h i c h  we h a v e  n o t  
solved,  as to  w h e t h e r  ac t ion  po t en t i a l  f r e q u e n c y  is l inear ly  
r e l a t ed  to  l e n g t h  or  not ,  we h a v e  re f ra ined  f rom d rawing  
a s t r a i g h t  l ine t h r o u g h  t he  po in t s  of F igure  2. W e  mere ly  
w a n t  to  ind ica te  in t h i s  p a p e r  t h a t  sa rcomere  l e n g t h  can  
be  r e l a t ed  to  a c t i o n  p o t e n t i a l  f requency .  

Discussion. The  m a i n  purpose  of th i s  p a p e r  is to r e p o r t  
the  a d v a n t a g e s  of us ing  laser  d i f f rac t ion  to  s t u d y  m e c h a n o -  
recep tors  a n d  t he  r e l a t ed  f eedback  sys tems .  The  f i rs t  
essent ia l  is to  p rove  t h a t  s t r a i n  can  be  m o n i t o r e d  b y  
us ing  d i f f rac t ion ,  t h a t  is to  show t h a t  sa rcomere  l e n g t h  S 
is a f unc t i on  of l e n g t h  of t he  r ecep to r  l. As can  be  seen in 
F igure  1, we h a v e  found  S to be l i nea r ly  r e l a t ed  to  l as 
descr ibed  in Eq.  2. W e  h a v e  also found  t h a t  S is r e l a t ed  
to  t he  ac t ion  p o t e n t i a l  f r e q u e n c y , / ,  as s h o w n  in F igure  2. 
I n  o rder  to  ensure  t he  m o s t  m e a n i n g f u l  co r re l a t ion  be-  
tween  S a n d / ,  we h a v e  o b t a i n e d  d i f f rac t ion  f rom a region 
in t he  muscles  v e r y  close to  t he  a rea  of sensory  n e r v o u s  
response,  t h a t  is nea r  t he  dend r i t i c  a rea  of t h e  sensory  
nerves .  

A c c u r a c y  of resu l t s  is gove rned  b y  t h e  c l a r i t y  of t he  
f r inges  wh ich  d e p e n d  u p o n  t h e  power  of t he  laser  used 
(which we f ind  m u s t  be g rea t e r  t h a n  2 mW) ,  t he  cond i t ion  
of t he  p r e p a r a t i o n ,  a n d  t he  care  exerc ized in  dissect ion.  
However ,  d i f f rac t ion  enables  s t r a i n  to  be  m o n i t o r e d  
w i t h o u t  r e m o v i n g  t he  recep tors  f rom the  a b d o m i n a l  shells  
so t h a t  t h e  receptors ,  ne rves  a n d  muscles  are r e t a i n e d  as a 
d o s e d  sys tem,  t h u s  a l lowing  s t u d y  of pos tu l a t e s  such  as 
t h a t  of FIELDS a n d  KENNEDY 5. I n  these  c i rcumstances ,  
m e a s u r e m e n t  of l e n g t h  b y  a n y  o t h e r  m e a n s  would  be  

6 J. BOREJDO, P. MASON and J. UNSWORTH, Experientia 30, 373 
(1974). 
J. A. I3ARDEI'~ and J. UNSWORTE, Physiol. Chem. Phys. 7, 31 
(1975). 

s W. H. COLE, J. gen. Physiol. 25, I (1941). 
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diff icul t  because  t he  po in t s  of inse r t ion  of t he  recep tors  
on to  t he  shell  are inaccessible.  

Dif f rac t ion  also ha s  t h e  a d v a n t a g e  t h a t  s t r a in s  in RM1, 
R M  2 and,  for t h a t  ma t t e r ,  in n e a r b y  ex t enso r  muscles  can  
be m o n i t o r e d  s imul taneous ly ,  p rov ided  one has  a suff ic ient  
n u m b e r  of laser  beams.  I t  c an  also be  po in t ed  ou t  t h a t  
unl ike  m e c h a n i c a l  means ,  d i f f rac t ion  p a t t e r n  can  follow 
t h e  s t r u c t u r a l  changes  in  t he  f ibres  w i t h  negl igible  t ime lag  
a n d  hysteres is ,  t h e  on ly  l im i t a t i ons  t h u s  be ing  imposed  b y  
t he  s y s t e m  used to  p ick  i t  up.  

A f u r t h e r  a d v a n t a g e  of us ing  d i f f rac t ion  to m o n i t o r  
s t r a i n  is t h a t  i t  c an  easi ly  be  c o n v e r t e d  in to  e lectr ical  

s ignals  wh ich  can  be  a u t o m a t i c a l l y  an d  r ap i d l y  measured .  
Fo r  ins tance ,  b y  pass ing  t h e  2 f i r s t  order  f r inges  t h r o u g h  
a mechan ica l  ch o p p e r  a n d  t h e n  on  to two pho tod iodes ,  
t h e  t i m e  i n t e r v a l  T b e t w een  t h e  r e su l t i ng  pulses measures  
t h e  sa rcomere  length .  W e  h a v e  se t  up  such  a sys tem,  in 
w h i c h  t h e  t i m e  i n t e r v a l  T is t r a n s m i t t e d  v ia  in t e r f ac ing  
to a con t ro l  compute r ,  H e w l e t t - P a c k a r d  2100 S, w h i c h  can  
also be used to  a p p l y  s t re tches ,  m o n i t o r  ac t ion  p o t e n t i a l s  
a n d  record  force. Since a r e so lu t ion  t i m e  of t h e  o rder  of 
1 msec  is easi ly  achieved ,  n o t  on ly  can  slow pos tu r a l  ad-  
j u s t m e n t s  be m o n i t o r e d  b u t  also f a s t  f lexions of t h e  cray-  
f ish ta i l  c an  be  followed. 
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Summary. Corre la t ions  ex i s t  b e t w e e n  u l t r a s t r u c t u r a l  cha rac te r i s t i c s  in  t h e  s t i m u l u s - t r a n s m i t t i n g  a p p a r a t u s  of t h e  
t r i c h o b o t h r i a  on t h e  4 th  a b d o m i n a l  s e g m e n t  of t h e  b u g  Pyrrhocoris apterus (L.) a n d  t h e  f u n c t i o n a l  cha rac t e r i s t i c s  of 
these  sensilla.  

I n  severa l  i nves t iga t ions  of sensory  o rgans  - work  done  
on  t he  c rayf i sh  recep tor  o rgan  2 a n d  on  t h e  Pac in i an  
corpuscleS, 4 for  example  - i t  could  be  p roved  t h a t  t h e  
p roper t i e s  of t he  s t r u c t u r e s  wh ich  p rov ide  t h e  coupl ing  
b e t w e e n  t he  s t imulus  and  t h e  r ecep to r  cells can  cause  a 
decl ine of t h e  s t imu lus  effect  w i t h  t ime,  or can  f i l ter  
a w a y  ce r t a in  c o m p o n e n t s  of t he  s t imulus ,  even  pr ior  to  
t r a n s m i s s i o n  to t h e  exc i t ab le  s t ruc tures .  

On t h e  v e n t r a l  side of t h e  4 t h  a b d o m i n a l  s eg men t  of 
t h e  bugs  Pyrrhocoris apterus (L.) a n d  Dysdercus inter- 
medius (Dist.), g roups  of 3 t r i c h o b o t h r i a  are s i t ua t ed  
la teral ly ,  one a t  each  side. I n  t~yrrhocoris these  t r i cho-  
b o t h r i a  differ  in  t h e i r  f unc t iona l  p roper t i e s  5. A p a r t  f rom 
differences in  t h e i r  size a n d  t h e  l e n g t h  of t he i r  ha i r  
shaf ts ,  all t r i c h o b o t h r i a  d i sp lay  t h e  same ex t e rna l  con- 
s t r u c t i o n  (Figure 1). 

Fig. 1. a) Group of three tricho- 
bothria (T1-3/4) on the 4th ab- 
dominal segment of Pyrrhocoris 
apterus. Caudal direction is indicat- 
ed by arrow. (Courtesy of B. BEY 
alld G. TreEs, Regensburg.) • 750. 
b) T1/4 trichobothrium. • 2900. 
c) T3/4 trichobothrium, x 2000. 


