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The Muscle Spindle in Mice with Hereditary Neuromuscular  Diseases 

H e r e d i t a r y  neurological  and  neuromuscu la r  m u t a n t s  
of mice are p romis ing  mater ia l s  for biological invest iga-  
t ions  because of the i r  po ten t i a l  analogies tO he red i t a ry  
neuromuscu la r  disorders  of man.  In  our  con t inu ing  s tudies  
of he red i t a ry  neuromuscu la r  m u t a n t s  we have  become 
aware  of an a lmos t  comple te  lack of in fo rmat ion  on the  
normal  and  abno rma l  occurrence,  f requency,  and  types  
of muscle  spindles  in mice. Therefore,  we have  s tudied  
the  behavior  of the  spindle  in several  h u n d r e d  serial 

s e c t i o n s  each f rom normal  and  m u t a n t  mice suffering 
f rom var ious  muscular  and neuromuscu la r  diseases. 

Mater ials  and methods. To bes t  evalua te  muscle spindles  
in b o t h  no rma l  and pa thologica l  mater ia l ,  sect ioning was 
a t  a po in t  be tween  the  equator ia l  region and  the  end of 
the  l y m p h  space or spindle pole. Most  of t he  spindles 
s tud ied  were located in t he  musculi  psoas, iliopsoas, semi-  
t end inosus  and gas t rocnemius .  Af ter  f ixa t ion  in 10% 
neu t ra l  buffered  formal in  and  embedd ing  in paraff in,  
t r ansverse  sect ions were cut  a t  8 bt and s ta ined  wi th  
h e m a t o x y l i n  and  eosin. Periodic acid-Schiff-a lc ian blue, 
Luxol,  Pa lmgren ,  and pyr id ine  silver n i t ra te .  In  selected 
instances,  phospho tungs t i c  acid h e m a t o x y l i n  and  van  
Gieson s ta ins  were used. We  examined  the  muscu la tu re  
f rom shambl ing  (gene symbol ,  shin)l ,  2, ducky  (du) 8, 
t ee te r ing  (tn) ~, spas t ic  (spa) 5, le thargic  (lh) 6, v, d isor iented  
(Do) s, r abb i t  (rb) 8, and  dys t roph ic  (dy) 9-11 mice and  
compared  i t  w i th  t h a t  of the  respect ive  clinically normal  
homozygous  or he te rozygous  l i t t e rma te s  (+/.+ or m/+) .  
E a c h  m u t a t i o n  (m) is be ing p ropaga t ed  wi th in  an  inbred  
line or by  repea ted  crosses to  a s t anda rd  inbred  strain,  
so t h a t  2 t ypes  of mice are avai lable  for compar i son :  
m / m ,  the  homozygous  m u t a n t ,  and  m / +  or + / + ,  t he  
homozygous  or he te rozygous  normal  controls.  

Results  and discussion. A t r o p h y  of some muscle  fibers 
and  h y p e r t r o p h y  of o thers  occur in shambl ing  beg inn ing  
a t  abou t  2 m o n t h s  of age. This  dene rva t ion  dys t rophy ,  
a t  least  par t i a l ly  of 'mo to r '  origin, is bi la teral ly  sym-  
metr ica l  and becomes  more  severe t he  older  the  mice. 
Pa thologica l  changes  include f iber  vacuolizat ion,  cent ra l  
rowing of nuclei  and  f iber  necrosis.  We observed  the  
largest  d i amete r s  of in t ra fusa l  f ibers in shambl ing  and  
contro l  mice, b u t  no abnormal i t i e s  were de t ec t ed  in 
m u t a n t  mice. Changes in the  skeletal  muscu la tu re  of 

spast ic  mice are minor  and consis t  of rare occurrences  
of nuclear  rowing. No abnormal i t ies  were found  in 
muscle  spindles.  In  teeter ing,  the  muscle  bundles  of 
l imbs and t r u n k  are marked ly  smal ler  t h a n  in the  con- 
trols.  Muscle a t r o p h y  or u n d e r d e v e l o p m e n t  is normal ly  
uni form affec t ing  all f iber  t ypes ;  there  is close packing  
of f ibers wi th in  bundles.  Occasionally the re  are fibers 
w i th  cent ra l ly  located  nuclei  and nuclear  rowing;  also 
there  is a t r o p h y  of f i b e r  bundles .  Similarly,  in ducky,  
the  skeletal  muscu la tu re  of l imbs  and  t r u n k  are marked ly  
bu t  un i fo rmly  smaller  t h a n  in the  controls .  In  b o t h  
m u t a n t  syndromes  the  muscle spindles were decreased 
in size in p ropor t ion  to  t he  ex t ra fusa l  fibers. Ttiere are 
no qua l i ta t ive  differences be tween  tile m u t a n t s  and  
controls.  

The sciatic ne rve  m a y  be smal ler  in the  r abb i t  m u t a n t s  
compared  wi th  the i r  controls ,  and the re  m a y  be a selective 
t y p e  I f iber a t r o p h y  as de t e rmined  enzyme-h i s tochemi -  
cally. In  some muscle  spindles,  t h e  in t rafusa l  f ibers are 
a t roph ied ;  in o thers  there  is d iscre t  e th icken ing  of the  
capsule and  widening  of the  l y m p h  space. Similarly,  in 
lethargic,  the re  is an  occasional  spindle wi th  a d iscre te ly  
th ickened  capsule.  

The muscle  spindles of dys t roph ic  mice are ent i re ly  
normal .  Severe lesions occur, however ,  in the  ex t ra fusa l  
fibers. Essent ia l ly ,  the  his topat t lological  f indings consis t  
in whole or par t ,  of coagula t ion  necrosis, regenera t ive  
act iv i ty ,  va r ia t ion  in fiber size, and  in te rna l  rowing of 
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Findings in muscle spindles in normal and mutant mice 

Geno- Age Approxi- Muscle Spindle 
type (days) mate disease diameter 

state (Ix) 
(days) 

Number Number Diameter Diameter 
intrafusal nuclear intrafusal nuclear 
fibers bag fibers bag fibers 

fibers (Ix) (Ix) 

Capsule 

shin 60 30 psoas, iliopsoas 40- 50 
+ 60 - 40-50 
du 24 12 semitendinosus 40-50 
+ 24 - 45-65 
tn 33 7 psoas, iliopsoas 2540 
+ 33 - 35-55 
spa 26 12 psoas, iliopsoas 3040 
+ 26 - 35- 50 
lh 19 5 semitendinosus 50-70 
+ 19 - 50-70 
Do 17 3 semitendinosus 30-50 
+ 17 - 30-50 
rb 66 50 semitendinosus 55-75 
+ 66 - 60-80 
dy 14 preclinieal semitendinosus 25--45 
+ 14 30-50 

7 7-12 
7-8 8-13 

3 6 
5 6-8 
5 3 5-6 
7 3 5-8 
3 8 
3-5 6-9 
5-6 3 4- 5 
5-6 3 4-5 
3-5 3 4-6 
4-6 3-5 4-8 
5 3-5 
5-7 3-5 

7-11 
8-12 

discretely 
thickened 

thickened 
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nuclei.  These  changes  increase  in s eve r i t y  w i t h  age. W e  
h a v e  looked for a b n o r m a l i t i e s  in muscle  spindles  f rom 
a d v a n c e d  cases of muscu l a r  dYs t rophy  in mice over  2 
mon ths .  I t  was  no t  possible  to  c o u n t  t he  n u m b e r  of 
i n t r a fusa l  fibers, a n d  t h e  po la r  region of t i le spindles  was  
no t  read i ly  d i s t ingu i shab le  f rom the  s u r r o u n d i n g  f ibrous  
t issue. 

Cer t a in  of t h e  morpho log ica l  charac te r i s t i c s  of n o r m a l  
a n d  a b n o r m a l  muscle  sp indles  are dep ic ted  in t he  F igures  

1 to  8. Tile Tab le  p resen t s  d a t a  on spindles  in m u t a n t s  
a n d  the i r  respec t ive  cont ro l s  a t  d i f fe ren t  ages. 

F r o m  our  s tudies  we c a n n o t  abso lu te ly  e s t ab l i sh  t he  
e x t e n t  to  wh ich  t h e  overa l l  ou te r  d i a m e t e r  of t h e  spindles  
varies.  I t  seems, however ,  t h a t  in  mice  ti le spindles  are 
larger  in  t h e  muscu l i  g a s t ro cn emi i  a n d  semi tend inos i  t h a n  
psoas  an d  iliopsoas. Th i s  size dif ference is i n d e p e n d e n t  
of t h e  age of t i le mice. General ly ,  t h e  nuc lea r  cha in  f ibers  
are smal le r  t h a n  t h e  nuc lea r  b ag  fibers.  W e  h a v e  observed  

Figs. 1-4. Transverse sections through muscle spindles from shambling (1), teetering (2), spastic (3), and lethargic (4) stained by PAS- 
Alcian blue, • 900. M. semitendinosus (4) and psoas 1-3. The constituent extrafusal fibers from the 2 muscles are not uniform in size 
and have different chemical-physiological characteristics. In  teetering (2) selective atrophy of fibers in a muscle bundle may occur, but 
atrophy and underdevelopment is mostly uniform. 
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Figs. 5-8. Muscle spindles  in  M. semi tendinosus  of r abb i t  ~-7 and muscu la r  d y s t r o p h y  s. PAS~Alcian blue 7,s and  Luxol  fas t  blue 5,6, • 900. 
Mul t i locula ted muscle spindle  wi th  discre te ly  th ickened  capsule and  a t rophy  of in t rafusaI  fibers 6. Equa to r i a l  sect ion showing 2 nuclear  
bag  fibers 5. 
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on ly  m i n o r  a b n o r m a l i t i e s  ill sp indles  f rom pa tho log ica l  
mater ia l s .  Appa ren t l y ,  t h e y  are 'd i sease- res i s tan t ' ,  be-  
come invo lved  la te  in  disease so t h a t  t h e y  were no t  
ye t  p re sen t  in  our  mate r ia l ,  or in  fac t  n e v e r  develop.  
S imi lar  obse rva t ions  h a v e  been  m a d e  in m a n  a n d  o the r  
an ima l s  12. For  example ,  obs e r va t i ons  on expe r i men t a l  
d iv i s ion  of t he  sciat ic  n e r v e  in dogs cats,  m o n k e y s  lead 
to t he  conclus ion t h a t  (1) i n t r a fusa l  muscle  f ibers  m a y  
su rv ive  i n d e p e n d e n t  of a ne rve  supp ly  f rom bot t l  a f f e r en t  
and  e f fe ren t  f ibers  for a t  leas t  6 m o n t h s  and  t h a t  (2) 
a t roph i c  changes  in ex t r a fusa l  f ibers  are g rea te r  t h a n  in 
muscle  spindles,  a l t h o u g h  in a n u m b e r  of h u m a n  m u s c u l a r  
and  n e u r o m u s c u l a r  diseases inc lud ing  d e n e r v a t i o n  a t ro -  
phies,  progress ive  m u s c u l a r  d y s t r o p h y ,  polymyosi t i s ,  etc., 
t he  degree and  e x t e n t  of sp indle  lesions is r e l a t ed  to  t he  
s tage  of t he  disease12. Since t he  sp indle  is una f fec t ed  b y  
ne rve  section,  t h e  muscle  sp indle  is able  to  guide t h e  
r e g e n e r a t i n g  ne rve  b a c k  to i t  la-15. 

Zusammen/assung. Der  A u s s e n d i a m e t e r  de r  Muskel-  
sp inde ln  v a r i e r t  in M/tusen v o n  Muskel  zu Muskel.  Der  
Gr6s senun te r sch i ed  is t  a l tersunabh~ingig.  I n  M~iusen m i t  

ve re rb l i chen  neu romusku l / i r en  E r k r a n k u n g e n  w u r d e n  n u r  
geringe Abnormi t~ i ten  der  Sp inde ln  gefunden .  Ansche i -  
Ilend s ind sie e r k r a n k u n g s r e s i s t e n t  oder  en twicke ln  sich 
e rs t  im sp~iteren E r k r a n k u n g s p r o z e s s .  
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Q u i n o n e - T a n n i n g  in the  Rept i l ia  and Aves  

The  presence  of p r o t e i n  t a n n e d  b y  a n  o r t h o q u i n o n e  
has  been  es tab l i shed  in t he  cut ic le  of a r t h r o p o d s  1, cys ts  
of n e m a t o d e s  ~, shells of h e l m i n t h s  a, che tae  of ea r th -  
w o r m  4, byssus  of t he  b iva lve  mollusc,  Mytilus edulis 5 a n d  
cen t r a l  capsule  of rad io la r ian ;  Thalassicola (Protozoa)6.  
A m o n g  t h e  Chorda ta ,  t he  h a r d e n i n g  of egg cases of the  
selachian,  Chiloscyllium griseum 7 seems to invo lve  a 
process  v e r y  like sc lerot iza t ion.  D u r i n g  t he  course of 
h i s tochemica l  s tudies  on  t he  eyes of t he  leaf- toed gecko, 
Hemidactylus turicus turicus (Linneaus)  a n d  t he  whi te -  
bel l ied petrel ,  Fregetta grallaria, i t  was  found  t h a t  t he  
conical  pap i l l a  of t i le rept i le  and  p e c t e n  of t he  b i rd  are 
pheno l ica l ly  t a n n e d .  

Material and methods. Requ i r ed  a m o u n t  of conical  
pap i l l a  a n d  p e e t e n  were d issected  a n d  fixed ill 5% n e u t r a l  
formal in .  R o u t i n e  pa ra f f in  sect ions  were m a d e  a t  7 
t h i c k  and  s t a ined  w i t h  Mal lory ' s  t r ip le  s ta in .  H i s tochemi -  
cal t es t s  emp loyed  inc lude  Millon's ,  p o t a s s i u m  iodide, 
p o t a s s i u m  b i ch roma t e ,  a rgen ta f f in ,  Nadi ,  S u d a n  B lack -B  
and  L i e b e r m a n n - B u r c h a r d t  tests .  U n i d i m e n s i o n a l  as- 
cend ing  c h r o m a t o g r a p h  on  W h a t m a n  No. 1 p a p e r  of 
acid hydro lys i s  of t h e  ma te r i a l s  was  also used. 

Results. The  conical  pap i l l a  and  p e c t e n  are deep a m b e r  
in colour. The  pap i l l a  appea r s  as a smal l  cone measu r ing  
a b o u t  1-2  m m  in length ,  whi le  t he  p e c t e n  is la rger  t h a n  
t he  cone fo rmed  of a series of para l le l  ridges.  T r a n s v e r s e  
sect ions t h r o u g h  t he  cone s t a ined  w i t h  Mal lory ' s  t r ip le  
s t a in  show t h a t  tile cone is a solid s t r u c t u r e  w i t h  a circle 
contour .  The  ou te r  po r t i on  of t h e  core is amber -co lou red  
and  ref rac t i le  to  s tains,  whi le  t he  inne r  c en t r a l  po r t i on  
shows a f f in i ty  to  t h e  red of acid fuchsin .  T he  same  p ic tu re  
is a f forded b y  t he  r idges of t he  pecten .  

Mace ra t i on  of t he  f rozen-sec t ions  of t i le  cone a n d  r idge 
of p e c t e n  w i t h  min e r a l  acids show t h a t  t h e  ou te r  a m b e r  
region is more  r e s i s t a n t  t h a n  t he  inne r  fuchs inoph i l  zone. 
The  Millon's ,  x an thop r o t e i c ,  p o t a s s i u m  iodide a n d  potas-  
s ium b i c h r o m a t e  t es t s  give pos i t ive  resul t s  in  t he  ou te r  
a n d  inne r  regions ind ica t ing  t h e  ex is tence  of tyros ine ,  
t r y p t o p h a n e  and  o the r  phenol ic  compounds .  E v i d e n c e  

t h a t  t he  amber -co lou red  region is t a n n e d  is g iven  b y  
t h e  f ac t  t h a t ,  even  a f t e r  boi l ing,  i t  induces  a r ap id  oxida-  
t ion  of t h e  N a d i  r e agen t  wh ich  has  been  used to  i nd i ca t e  
o r thoqu inones .  The  a rgen ta f f i n  r eac t ion  for po lypheno l s  
a n d  p o l y a m i n e s  is m o s t  m a r k e d  in t h e  o u t e r m o s t  region 
of t h e  a m b e r  zone. However ,  S u d a n  B lack -B  a n d  Lieber -  
m a n n - B u r c h a r d t  t es t s  give nega t i ve  r eac t ions  i n d i c a t i n g  
t he  absence  of s imple  as well  as s te ro id  lipids. Besides,  
u p o n  d e t a n n i n g  t he  cone and  p e c t e n  b y  t r e a t i n g  in 
d i a p h a n o l  t he  a m b e r  regions b e c o m e  sof t  a n d  w h i t e  in  
colour. His to logica l  in spec t ion  of such  d i a p h a n o l - t r e a t e d  
ma te r i a l s  show t h a t  t he  region co r re spond ing  to a m b e r  
a n d  fuchs inoph i l  regions  are coloured  red  a n d  blue  
respec t ive ly  w h e n  s t a ined  w i t h  Mal lory ' s  s ta in .  I n  v iew of 
these  obse rva t i ons  i t  m a y  be  a s sumed  t h a t  t he  cone a n d  
r idge of t he  p e c t e n  are qu inone  t anned .  Th i s  a s s u m p t i o n  
is f u r t h e r  s u p p o r t e d  b y  t he  c h r o m a t o g r a p h i c  ana lys i s  for 
a m i n o  acids of t h e m  ind i ca t i ng  t he  presence  of a r o m a t i c  
amino  acids l ike ty ros ine  a n d  pheny la l an ine .  

Discussion. The  foregoing obse rva t i ons  deno te  t h a t  t he  
pap i l l a ry  cone and  p e c t e n  are h a r d e n e d  b y  phenol ic  
t ann ing ,  a process  c o m p a r a b l e  to  t h a t  f ound  ill t h e  cut ic le  
of insec ts  and  o the r  a r th ropods .  The  ou t e r  m e c h a n i c a l l y  
r e s i s t a n t  a m b e r  region is homologous  to  t h e  a m b e r -  
exocuticle,  whi le  t h e  i nne r  fuchs inoph i l  p o r t i o n  to t h e  
mesocut ic le  of o t h e r  insects.  However ,  c e r t a i n  po in t s  of 
di f ference are s ign i f ican t :  (a) unl ike  in t h e  insec t  cut ic le  
t he  s u b s t r a t e  i nvo lved  in t a n n i n g  seems to  be  a p ro t e in  
r ich  in phenol ic  g roups  w i t h o u t  a l ip id  c o m p o n e n t ;  
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