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R u d o lf  C u lik

VITAMIN STUDIES IN THE LAMB 

P a r t  I* R i b o f l a v in  D ef ic ien cy  and Requirement 

A p u r i f i e d  l i q u i d  d i e t  ( s y n t h e t i c  milk) was s u c c e s s f u l l y  

used  to  r a i s e  lambs two to  e leven  days o ld .  This r a t i o n  was made 

up to  c o n t a i n  16 per  c en t  s o l i d s  and was composed of (on dry  

m a t t e r  b a s i s )  c a s e in  30$; glucose 28$; l a c t o s e  10$; l a r d  10%\ 

s a l t  m ix tu re  6$. I n  a d d i t i o n  the  r a t i o n  co n ta in ed  a l l  of  th e  f a t  

and w ate r  s o lu b le  v i t a m in s .  E ig h t  lambs fed t h i s  r a t i o n  grew 

norm ally  w i th  an average d a i l y  ga in  0 .44  l b .

A group o f  seven lambs were fed the  r i b o f l a v i n  d e f i c i e n t  

s y n t h e t i c  d i e t .  At abou t  the f o u r th  to  s i x t h  day on th e  d e f i c i e n t  

d i e t  the  lambs developed d i a r r h e a  and ceased to gain  i n  w eigh t .

For the  next  s i x  to  seven days no gain  or l o s s  was n o ted .  S h o r t l y  

a f t e r ,  the  lambs l o s t  t h e i r  a p p e t i t e s  com ple te ly ,  showed symptoms 

o f  pneumonia and d ie d .  U su a l ly  the  lambs d id  no t  l i v e  beyond th e  

t w e n t i e t h  day of  the exper im en ta l  per iod .In ' two lambs showing symp

toms of  r i b o f l a v i n  d e f i c i e n c y ,  in c lu d in g  pneumonia, were r a p i d l y  

a l l e v i a t e d  and cured w ith  a d m i n i s t r a t i o n  of c r y s t a l l i n e  r i b o f l a v i n  

P a th o lo g i c a l  s t u d i e s  of  the r i b o f l a v i n  d e f i c i e n t  lambs 

showed lu n g  involvement w i th  b i l a t e r a l ,  p r o g re s s iv e  pneumonia, 

g en e ra l  f a t t y  d e g e n e ra t io n  and n e c ro s i s  of  the  l i v e r ,  f a t t y  degen 

e r a t i o n  o f  the  k idney and co n g e s t io n  and f a t t y  d e g e n e ra t io n  of 

th e  a d r e n a l s .

The growth response  of t e n  lambs on f i v e  d i f f e r e n t  l e v e l s  

o f  r i b o f l a v i n  (5, 50, 150, 250 and 350 micrograms per  pound of 

body weight per  day) was d i r e c t l y  p r o p o r t i o n a l  to  the  l e v e l  of
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r i b o f l a v i n  a d m in i s t e r e d .  The two h ig h e s t  l e v e l s  of  r i b o f l a v i n  

a d m in i s t e r e d  proved to  be adequate  to  suppor t  good h e a l t h  and 

to  promote normal growth o f  th e  young lamb i n  the  prerum inan t  

s t a t e .  I t  was observed t h a t  t h e  requ irem en t  f o r  r i b o f l a v i n  

i n  th e  young lamb was somewhere between 250-350 micrograms per  

pound o f  body weight  pe r  day.

P a r t  I I . .  V itamin E D ef ic ien cy  and E s t im a ted  Requirement

A d i e t  s i m i l a r  to  t h a t  in  P a r t  I was used to  s tudy  v i ta m in  

E d e f i c i e n c y  in  51 young su c k l in g  lambs. The source of  f a t  i n  

the  d i e t  of  th e  f i r s t  group was commercial l a r d .  The d e f i c i e n c y  

symptoms appeared  i n  30-75 days .  In  the  second and t h i r d  groups 

m olecu lar  d i s t i l l e d  l a r d ,  very  low in  Vitamin £ ,  was used and 

the  symptoms were observed in  20-55 days .  The symptoms of  v i tam in  

E d e f i c i e n c y  were c h a r a c t e r i z e d  by d i s tu rb a n c e s  i n  locom otion ,  

s t i f f n e s s ,  p a r a l y s i s ,  pneumonia and sudden d e a th .  Blood a n a l y s i s  

showed low to co p h e ro l  l e v e l s .  Pos t  mortem exam ina t ions  r ev ea led  

d y s t ro p h y  of  the  s k e l e t a l  and c a rd i a c  muscle.  The l e s i o n s  i n  

the  h e a r t  were i n v a r i a b l y  most pronounced i n  th e  r i g h t  v e n t r i c l e .  

M icroscopic  exam ina t ions  of  th e  t i s s u e s  showed d e g e n e ra t io n  and 

n e c r o s i s  of  the  s k e l e t a l  and ca rd iac  muscle ,  t o g e th e r  w i th  f a t t y  

d e g e n e r a t i o n  o f  th e  l i v e r  and k idney .  A d d i t io n  of  100 mg o f  

a lp h a - to c o p h e ro l  to  the  d i e t  every o th e r  day p r o t e c t e d  12 p o s i t i v e  

c o n t r o l  lambs from muscular  dys trophy .  An i n i t i a l  dose of  500 

mg of  a lp h a - to c o p h e ro l  and 100 mg ad m in is te re d  every  o th e r  day 

t o  e i g h t  d e p le te d  lambs a l l e v i a t e d  the symptoms in  3-5 days .
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M icroscop ic  exam ina t ion  of  the t i s s u e s  from lambs t r e a t e d  fo r  

30-40 days r e v e a l e d  a lm ost  complete r e g e n e ra t io n  of  the  m usc les .  

While t h i s  ex p e r im en ta l  work was i n  p r o g r e s s ,  the  symptoms and 

d e g e n e ra t iv e  changes of  th e  muscula ture  of  lambs a f f e c t e d  w i th  

s o - c a l l e d  11 S t i f f -Lam b" d i s e a s e  under f i e l d  c o n d i t io n s  were a l s o  

s t u d i e d .  The c o n d i t io n  known as "Stiff-Larab" d i s e a s e  as observed 

i n  the  f i e l d  appeared  to  be i d e n t i c a l  i n  every  r e s p e c t  w i th  

n u t r i t i o n a l  muscular  dys trophy produced on v i ta m in  E d e f i c i e n t  

d i e t .
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P a rt  I .

RIBOFLAVIN DEFICIENCY AND REQUIREMENT



INTRODUCTION

Since many of the  i n f e c t i o u s  and epidemic d i s e a s e s  of 

dom est ic  an im als  here i n  the United  S t a t e s  have been e r a d i 

c a te d  or f a i r l y  w e l l  c o n t r o l l e d ,  more and more emphasis  i s  

be ing  p la c e d  on s tu d i e s  of  n u t r i t i o n a l  d i s e a s e s  or d i s e a s e s  

su sp ec ted  to  be o f  n u t r i t i o n a l  o r i g i n .

Before  the problem of  n u t r i t i o n a l  d i s e a s e s  could be 

a t t a c k e d  i t  was e s s e n t i a l  t h a t  b a s i c  s tu d i e s  i n  animal 

n u t r i t i o n  such as the  i n d i s p e n s a b i l i t y  and q u a n t i t a t i v e  

r e q u i r e m e n ts  of  c e r t a i n  n u t r i e n t s  be de te rm ined .  By means 

o f  s e m i - p u r i f i e d  and p u r i f i e d  d i e t s  developed dur ing  th e  l a s t  

twenty y e a r s ,  e s s e n t i a l  n u t r i e n t s  of most an imals  and q u a n t i 

t a t i v e  req u i rem e n ts  of  some an im als  have been s tu d ie d  and 

e s t a b l i s h e d .

P r a c t i c a l l y  no in fo rm a t io n  i s  a v a i l a b l e  concern ing  th e  

req u irem en ts  of  the s u c k l in g  lamb fo r  s p e c i f i c  n u t r i e n t s .  

Venkatachalam et_ al^. (1949) found t h a t  the  h igh  m o r t a l i t y  of 

lambs d u r ing  the  su c k l in g  p e r io d  was dependent on both  en v i ro n 

mental  and h e r e d i t a r y  f a c t o r s .  B e l l  (1947) r e p o r t e d  "poor 

m othering  and l a c k  of milk" of  the ewe as a s i g n i f i c a n t  i f  no t  

th e  major l i m i t i n g  f a c t o r  in  sheep p ro d u c t io n .  T here fo re  i t  

seemed d e s i r a b l e  to  s tudy the e s s e n t i a l  n u t r i e n t s  and n u t r i 

t i o n a l  req u i rem en ts  of  the young su c k l in g  lamb and p o s s i b ly  

c o r r e l a t e  t h i s  high m o r t a l i t y  w ith  n u t r i t i o n .
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In  r e l a t i o n  to  i t s  b i r t h  weight  and compared w ith  the 

c a l f  the  lamb grows more r a p i d l y ;  t h e r e f o r e  r e q u i r e s  e x t r a  

n u t r i e n t s  to  meet i t s  needs* Lambs normally  double t h e i r  

b i r t h  weight i n  abou t  14 days while the  c a l f  r e q u i r e s  47 

days (Pearson  e t  a l *, 1946)* Since m ilk  from the dam i s  th e  

only  c o n s t i t u e n t  of  th e  d i e t  o f  both  young lambs and c a lv e s  

fo r  a t  l e a s t  the  f i r s t  few weeks o f  l i f e  Pearson  s tu d i e d  th e  

com pos i t ion  o f  co los trum  and milk o f  both  cows and ewes*

The co los trum  and milk of  the ewe was found r i c h e r  i n  r i b o 

f l a v i n ,  th ia m in e ,  n i c o t i n i c  a c id  and p a n to th e n ic  a c id  than  

the  co los trum  and m ilk  o f  the  cow* R i b o f l a v in  l e v e l s  fo r  

th e  ewe were found two to  th r e e  t imes h ig h e r  th an  in  the  

co lo s t rum  and milk  o f  the  cow. R i b o f l a v in  was then  thought  

t o  be o f  a s p e c i a l  s i g n i f i c a n c e  in  the d i e t  of a young 

su c k l in g  lamb and the  p r e s e n t  i n v e s t i g a t i o n  was u nder taken  

to  d e te rm ine  th e  i n d i s p e n s a b i l i t y  and q u a n t i t a t i v e  r e q u i r e 

ments o f  t h i s  v i tam in  fo r  young su c k l in g  lambs fed a p u r i f i e d  

l i q u i d  d i e t  ( s y n t h e t i c  m i lk ) .



OBJECT

The o b je c t  o f  t h i s  i n v e s t i g a t i o n  was t h r e e f o l d .  

F i r s t ,  to  de te rm ine  whether a  l i q u i d  p u r i f i e d  d i e t  could 

be p re p a red  i n  th e  l a b o r a t o r y  which would suppor t  normal 

growth and h e a l t h  of  the young lamb. Second, to  s tudy  

t h e  e f f e c t s  o f  r i b o f l a v i n  d e f i c i e n c y  by the  use of  the 

same d i e t  when r i b o f l a v i n  was o m i t te d .  T h i rd ,  to  d e t e r 

mine th e  q u a n t i t a t i v e  requ irem en t  of  r i b o f l a v i n  f o r  th e  

young s u c k l in g  lamb.



REVIEW OF LITERATURE

R ats

As e a r l y  as 1928, be fo re  th e  e x i s t e n c e  o f  r i b o f l a v i n  

as  a v i tam in  was d e f i n i t e l y  e s t a b l i s h e d ,  Chick and Roscoe 

(1928) used r a t s  f o r  the  b i o l o g i c a l  as say  o f  v i ta m in  Bg. 

R a ts  on a v i t a m in  Bg f ree  d i e t  l o s t  a p p e t i t e ,  grew slowly 

and developed d e r m a t i t i s  c h a r a c t e r i z e d  by l o s s  of  h a i r  e s 

p e c i a l l y  from th e  e y e l i d s .  Inflamed and l a t e r  bloody 

n o s t r i l s ,  e a r s  and paws were a l so  c h a r a c t e r i s t i c  of  t h i s  

d e f i c i e n c y .  Small amounts of  v i ta m in  Bg p rev en ted  or 

cured  the  symdrome and r e s t o r e d  normal growth.

Sherman and Derbigny (1932) s tu d i e d  v i ta m in  G (Bg) 

i n  r e l a t i o n  to  the  com posit ion  o f  th e  d i e t  p a r t i c u l a r l y  to  

p r o t e i n  l e v e l s .  Rats  on a low p r o t e i n  d i e t  (6 pe r  cen t)  

deve loped th e  d e f i c i e n c y  symptoms much e a r l i e r  and more 

s e v e r e ly  than  r a t s  on a h igh  p r o t e i n  d i e t  (18 per  c e n t ) .

Day and Langston  (1934) produced c a t a r a c t  i n  a d d i t i o n  

to  the  a l r e a d y  e s t a b l i s h e d  symptoms of  v i ta m in  G (Bg) de

f i c i e n c y  in  th e  r a t  i n  n e a r l y  100 per  cen t  of  a lb in o  r a t s  

fed  v i ta m in  G (Bg) f r e e  d i e t .

In  a f u r t h e r  s tudy  o f  c a t a r a c t  in  the  r a t  as  a c h a ra c 

t e r i s t i c  symptom of f l a v i n  d e f i c i e n c y  Day et_ al_. (1937) fed 

r a t s  a d i e t  d e f i c i e n t  i n  a l l  the  then known B v i tam in s  but 

supplemented w ith  r i c e  p o l i s h  e x t r a c t  and a d d i t i o n a l  amounts
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o f  l a c t o f l a v i n .  This  d i e t  p r o t e c t e d  the  an im als  from a l o 

p e c i a  and c a t a r a c t  while  the  l i t t e r  mates on the  same d i e t  

w i th o u t  l a c t o f l a v i n  developed the  c h a r a c t e r i s t i c  symptoms 

of  d e f i c i e n c y .  By in t r a m u s c u la r  i n j e c t i o n  of 120 gamma of 

c r y s t a l l i n e  r i b o f l a v i n  tw ice  weekly Day e t  a l .  (1938) were 

ab le  to  a r r e s t  and c l e a r  up t h e  c a t a r a c t  in  most of the  

a f f e c t e d  a n im a l s .  In  the  same y ea r  Day and Darby (1938) 

s tu d i e d  th e  r i b o f l a v i n  requ irem en t  o f  the  r a t  by growth 

r e s p o n s e .  These au th o rs  e s t a b l i s h e d  the  minimum l e v e l  of  

r i b o f l a v i n  fo r  normal growth as 120 gamma of  r i b o f l a v i n  pe r  

week.

Bessey and Wolbach (1939) observed t h a t  r a t s  on a 

r i b o f l a v i n  d e f i c i e n t  d i e t  e x h i b i t e d  i n  a d d i t i o n  to l o s s  of  

a p p e t i t e ,  poor growth and a lo p e c i a  a new syndrome; v a s c u l a r 

i z a t i o n  of  the cornea  c h a r a c t e r i z e d  by r a d i a l  ingrowth  of 

c a p i l l a r i e s  from the  limbus v e s s e l s  and t u r b i d i t y  due to  

l e u c o c y t i c  i n f i l t r a t i o n .  Supplem enta t ion  of  the d i e t  w ith  

small  amounts of  r i b o f l a v i n  c l e a r e d  the  t u r b i d i t y  in  few days 

and th e  ingrowth of  v e s s e l s  d isa p p ea red  in  a few weeks.

A xelrod et_ al_. (1940) s tu d i e d  th e  mode and s i t e  of  

a c t i o n  o f  r i b o f l a v i n .  A n a ly s i s  of  the l i v e r  and kidney of 

r i b o f l a v i n  d e f i c i e n t  r a t s  showed a dec rease  i n  r i b o f l a v i n  

and d-amino ac id  oxidase  c o n te n t .  A d m in is t r a t io n  of  r i b o 

f l a v i n  promptly  r e s t o r e d  th e  r i b o f l a v i n  l e v e l s  i n  b o th  organs 

as  w ell  as  the  d-amino ac id  ox idase  l e v e l  of  th e  k idneys  and 

r a i s e d  the  l e v e l  of  d-amino ac id  ox id a se  of th e  l i v e r .
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The fo l lo w in g  y e a r  i n  f u r t h e r  s t u d i e s  on r i b o f l a v i n  

and i t s  r o l e  i n  r e s p i r a t o r y  enzymes Axelrod and Elveh^em 

(1941) showed a d e f i n i t e  dec rease  of  x an th in e  oxidase  l e v e l  

in  the  t i s s u e s  o f  r i b o f l a v i n  d e f i c i e n t  an im als .

Shaw and P h i l l i p s  (1941) kep t  r a t s  on a r i b o f l a v i n  

d e f i c i e n t  d i e t  very  h igh  i n  f a t  c o n t e n t .  R a ts  on t h i s  d i e t  

developed n e u ro p a th o lo g ic a l  changes o f  th e  main p e r ip h e r a l  

nerve t r u n k s  s i m i l a r  to  those  observed i n  c h i c k s .

S u l l i v a n  and N ic h o l l s  (1941) d e s c r ib ed  t y p i c a l ,  un

com plica ted  symptoms o f  r i b o f l a v i n  d e f i c i e n c y  i n  th e  r a t .  

Among the f i r s t  symptoms were l o s s  of  a p p e t i t e ,  r e t a r d e d  

growth and l a t e r  l o s s  o f  weight and em ac ia t io n .  Skin changes 

developed  i n  about  5-6 weeks. The h a i r  was uneven, u n t h r i f t y  

and c r u s te d  w ith  a dark  r e d d i s h  brown su b s tan ce .  Hair was 

l o s t  from th e  e y e l i d s  and l a t e r  p ro g re s s iv e  a l o p e c i a  a f f e c t e d  

most o f  th e  body. N o s t r i l s ,  e a r s  and paws were bloody and 

sw ol len .

M ic ro s c o p ic a l ly ,  the  ep id e rm is  was a t ro p h ie d  and showed 

h y p e r k e r a t o s i s  w i th o u t  in f lam m at ion .  The sebaceous g lands  

were sw ollen  and l a t e r  a t r o p h i e d .  The l i p s  became erythema

to u s  and sw o l len .  I f  the animal was no t  t r e a t e d  a t  t h i s  

s t a g e  of  d e f i c i e n c y  dea th  would fo l lo w .

Mannering and Elvehjem (1944) s t u d i e d  the  in f lu e n c e  of 

th e  com posi t ion  o f  th e  d i e t  on r i b o f l a v i n  requ i rem en t  o f  the  

r a t .  D e x t r in  and s t a r c h  showed s p a r in g  a c t i o n  on r i b o f l a v i n  

w hile  su c ro se  d id  n o t .  L ac to se  e s p e c i a l l y  spared  r i b o f l a v i n
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as  measured by growth response  and e x c re t io n  o f  r i b o f l a v i n  

i n  th e  feces*  L a c to s e ,  d e x t r i n  and s t a r c h  e v i d e n t l y  served  

a s  very  good s u b s t r a t e s  fo r  b a c t e r i a  and promoted i n t e n s i v e  

i n t e s t i n a l  s y n t h e s i s  of  t h i s  vitamin* High f a t  d i e t s  a c c e l 

e r a t e d  and produced more severe  d e f i c i e n c y  symptoms than  

d i e t s  low in  f a t .

L im i ted  in fo rm a t io n  i s  a v a i l a b l e  on r i b o f l a v i n  e s s e n 

t i a l i t y  and requ irem en t  f o r  a d u l t  r a t s .  Ti/arkany and S c h ra f -  

f e n b e rg e r  (1944) kep t  b reed in g  s tock  r a t s  on low r i b o f l a v i n  

d i e t .  D esp i te  th e  f a c t  t h a t  th e  mothers d id  not show any 

t y p i c a l  symptoms of ch ron ic  r i b o f l a v i n  d e f i c i e n c y  a number 

o f  young were born  w ith  v a r io u s  c o n g e n i ta l  m alform ations  

and d e f e c t s  o f  the s k e l e to n .

I n f lu e n c e  of  th e  d i e t ,  p a r t i c u l a r l y  the e f f e c t s  of  

p r o t e i n  and f a t  on r i b o f l a v i n  requ irem en t  were s tu d ie d  ag a in  

by Czaczkes and Guggenheim (1946).  These a u th o r s  confirmed 

the  e a r l i e r  f in d in g s  o f  Shaw and P h i l l i p s  (1941) t h a t  a low 

f a t  d i e t  would sp a re  r i b o f l a v i n  but d id  not  agree  with  

Sherman and Derbigny (1932) t h a t  a h igh  p r o t e i n  d i e t  has  

s p a r in g  a c t i o n  on r i b o f l a v i n .  On the c o n t r a ry  bo th  h igh  

p r o t e i n  and h ig h  f a t  d i e t s  decreased  the  e x c r e t i o n  of r i b o 

f l a v i n  in  u r i n e  and fece s  and d im in ished  th e  r i b o f l a v i n  

l e v e l  i n  v a r io u s  t i s s u e s  and o rgans .  Low f a t  d i e t  showed a 

d e f i n i t e  s p a r in g  a c t i o n  on r i b o f l a v i n  while  low p r o t e i n  

d i e t  d id  not a f f e c t  e x c r e t i o n  or s to r a g e  of  r i b o f l a v i n  in  

the  r a t .
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P ig ,  C a lf  and Lamb 

There i s  p r a c t i c a l l y  no in fo rm a t io n  concern ing  v i t a 

min B complex req u i rem en ts  f o r  the  a d u l t  p ig ,  cow and sheep,
£LI t  has  been dem onstra ted  th a t  few members of  th e  v i ta m in  B 

complex i f  not a l l  of  them are  s y n th e s iz e d  in  the  rumen of 

the  a d u l t  ru m in a t in g  animal or  in  the i n t e s t i n a l  t r a c t  of 

th e  p ig  (McElroy and Goss, 1940a, Wegner ejb a l^ . , 1940 and 

Hunt e t  a l . ,  1943) .  Under farm c o n d i t io n s  the  n a t u r a l  feed  

s t u f f s  o r d i n a r i l y  c o n ta in  adequate amounts o f  the  B v i ta m in s  

to  supplement th o se  s y n th e s iz e d  i n  the  rumen. However in  

the  young lamb, c a l f  and p ig  when the  rumen i s  n o n - fu n c t io n a l  

o r  i n t e s t i n a l  s y n t h e s i s  has not taken  p l a c e ,  the  amount of 

B v i ta m in s  i n  the d i e t  i s  of  g r e a t  im portance .

P u r i f i e d  d i e t s  used i n  l a r g e  animal i n v e s t i g a t i o n s  were 

developed r e c e n t l y .  Hughes (1939) used a p u r i f i e d  d i e t  to  

dem ons tra te  the  i n d i s p e n s a b i l i t y  of r i b o f l a v i n  and o th e r  

f a c t o r s  o f  th e  v i t a m in  B complex f o r  the  young growing pig* 

P igs  on a d e f i c i e n t  d i e t  grew slowly  and were u n t h r i f t y  

w hile  p ig s  on th e  same d i e t  supplemented w ith  r i c e  bran 

f i l t r a t e  made normal ga ins  and s tayed  i n  good c o n d i t io n .

The au th o r  concluded t h a t  both  th iamine and r i b o f l a v i n  a re  

e s s e n t i a l  f o r  normal growth and h e a l t h .  The fo l lo w in g  y ea r  

the  same a u th o r  (Hughes, 1940a) used the same p u r i f i e d  d i e t  

and e s t a b l i s h e d  t h a t  th e  minimum requ irem ent  o f  r i b o f l a v i n  

f o r  young growing p ig s  was 3 m i l l ig ra m s  of  c r y s t a l l i n e  r i b o 

f l a v i n  p e r  100 pounds o f  body w eigh t .
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P a tek  ej^ a l . (1941) produced and d e s c r ib e d  the  symp

toms of r i b o f l a v i n  d e f i c i e n c y  i n  the p ig .  Loss o f  a p p e t i t e  

and r e t a r d e d  growth were fo l lowed by co rnea l  o p a c i ty ,  derma

t i t i s ,  changes i n  h a i r  and hoofs  and e v e n tu a l ly  d e a th .

A d d i t io n  o f  r i b o f l a v i n  to the d i e t  a l l e v i a t e d  the  symptoms 

r a p i d l y ,  Wintrobe and a s s o c i a t e s  (1944) i n  a d d i t i o n  to  the 

symptoms d e s c r ib e d  by Pa tek  observed myelin  d e g e n e ra t io n  of 

the  s c i a t i c  and b r a c h i a l  n e rv e s ,  c a t a r a c t ,  moderate normo- 

c y t i c  anemia and f a t t y  l i v e r  and k idney .

Van Poucke and K rider  (1946) and K rider  £ t  al_. (1949) 

used a h ig h ly  p u r i f i e d  d i e t  to  e s t a b l i s h  the q u a n t i t a t i v e  

requ i rem en t  of  r i b o f l a v i n  fo r  growing p i g s .  Feed e f f i c i e n c y  

and d a i l y  ga ins  c l o s e l y  followed the  l e v e l s  of r i b o f l a v i n  

i n  the  d i e t .  The minimum r i b o f l a v i n  in ta k e  per  day was 1 ,4  

mg per  l b  of  r a t i o n .  P igs  on d i e t s  w ith  l e s s  th an  1 .3  mg 

d id  no t  make normal g a i n s .  Feed e f f i c i e n c y  was improved 

18 per  cen t  when the  r i b o f l a v i n  l e v e l  was in c re a s e d  from 

0 .3 5  to  1 .50  mg pe r  l b  of  r a t i o n  per  day.

M i t c h e l l  ejt a l .  (1950) n o t ic e d  t h a t  th e  u r i n a r y  e x c re 

t i o n  o f  r i b o f l a v i n  of  growing p ig s  in c re a s e d  in  a ho t  e n v i r 

onment, w h ile  a co ld  environment tended to  dec rease  the  o u tp u t .

Wiese and coworkers (1947) f i r s t  approached the problem 

of  the  requ i rem en t  f o r  s p e c i f i c  n u t r i e n t s  of  the  young su c k l in g  

c a l f .  These workers developed a p u r i f i e d ,  l i q u i d  d i e t  (syn

t h e t i c  m ilk)  composed of  v i ta m in  f r e e  c a s e i n ,  l a r d ,  c e r e lo s e  

and s a l t s  supplemented w ith  wheat germ o i l  and a l l  known f a t
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and water  s o lu b le  v i t a m in s .  Calves on t h i s  d i e t  made normal 

d a i l y  ga ins  and m ain ta ined  good h e a l t h  c o n d i t i o n .  A f t e r  

s u c c e s s f u l l y  r a i s i n g  the  ca lves  on th e  p u r i f i e d  l i q u i d  d i e t  

the  same group s tu d ie d  the requ irem ent  of  a number of  B 

v i t a m in s .  Among th o se  f i r s t  s tu d i e d  was r i b o f l a v i n  (Wiese 

Qt a l . .  1947b).  Calves fed a r i b o f l a v i n  d e f i c i e n t  l i q u i d  

p u r i f i e d  d i e t  developed th e  f i r s t  symptoms a f t e r  about two 

weeks. These c o n s i s t e d  of hyperemia of  the  buccal  mucosa 

and to n g u e ,  l e s i o n s  i n  the  co rne rs  of  th e  mouth, on the  

l i p s  and around the  n a v e l .  At about  the same time the  c a lv e s  

l o s t  t h e i r  a p p e t i t e ,  developed scours  and became em acia ted .  

D e f i c i e n t  c a lv e s  e x h i b i t e d  e x c es s iv e  s a l i v a t i o n  and l a c r i -  

mation  and p r o g re s s iv e  l o s s  of  h a i r  e s p e c i a l l y  i n  the  r e g io n  

o f  th e  abdomen. The navel r e g io n  became inflamfed, and i r 

r i t a t e d .  A s in g l e  i n j e c t i o n  of 5 mg o f  c r y s t a l l i n e  r i b o 

f l a v i n  improved th e  c o n d i t io n  i n  one day. The a p p e t i t e  was 

improved and s a l i v a t i o n  and l a c r i m a t i o n  d e c re a se d .  However 

th e  symptoms reappeared  a f t e r  a  few days .  A d i e t  supplemented 

with  5 mg of  c r y s t a l l i n e  r i b o f l a v i n  p e r  day r e s t o r e d  the  

a p p e t i t e  and t h e  ca lv e s  gained i n  weight and c o n d i t io n .  A l l  

t h e  symptoms g r a d u a l ly  d is a p p e a re d .  The l e s i o n s  s t a r t e d  to  

h ea l  and new h a i r  s t a r t e d  to  grow. The a u th o r s  d id  not 

observe v a s c u l a r i z a t i o n  o f  the  cornea or o p a c i ty  of  th e  l e n s .  

P o s t  mortem exam ina t ion  of th e  cured  an im als  d id  no t  show 

l e s i o n s .  The a u th o r s  concluded t h a t  th e  very  young non

ru m in a t in g  c a l f  r e q u i r e d  a d i e t a r y  source  of r i b o f l a v i n .
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Warner and S u t to n  (1948) checked the  work o f  Wiese 

Si.« (1947b) by f e e d in g  ca lv es  with  n a t u r a l  colostrum and 

milk  i n  which most o f  the r i b o f l a v i n  had been d es t ro y ed  by 

exposure  to  s u n l i g h t  or to  a mercury vapor lamp. About 96 

p e r  cen t  of  the r i b o f l a v i n  in  the  milk  was destroyed*

R i b o f la v in  d e f i c i e n c y  symptoms were s im i l a r  to  th o se  

observed  by Wiese and h i s  group. Pos t  mortem exam ina t ions  

showed a m ild  c a t a r r h a l  e n t e r i t i s ,  mild edema of  the  cerebrum 

and some p a t h o l o g i c a l  changes i n  the  k idney .  A d m in i s t r a t io n  

o f  2 mg of  r i b o f l a v i n  d a i l y  to  one d e f i c i e n t  c a l f  promptly  

r e s t o r e d  th e  a p p e t i t e ,  a r r e s t e d  the  d i a r r h e a  and i n  t ime 

com ple te ly  r e s t o r e d  a t h r i f t y  c o n d i t i o n .  One c a l f  on the  

same d i e t  supplemented w ith  2 ,99  mg o f  r i b o f l a v i n  d a i l y  

th rou g h o u t  the  experiment grew normally  w ithou t  showing any 

d i s o r d e r  or  symptom of  d e f i c i e n c y .

Very l i t t l e  work has been done on the  requirem ent of 

the  s u c k l in g  lamb f o r  s p e c i f i c  n u t r i e n t s .  Pearson  and 

Schw eiger t  (1947) a t tem p ted  to  in c re a s e  th e  l e v e l  of  r i b o 

f l a v i n  i n  m ilk  o f  ewes by supplementing the n a t u r a l  r a t i o n  

w i th  e x t r a  c r y s t a l l i n e  r i b o f l a v i n .  The r e s u l t s  showed t h a t  

th e  r i b o f l a v i n  l e v e l  was not g r e a t l y  a f f e c t e d .

The s i t e  o f  d e s t r u c t i o n  of o r a l l y  a d m in is te r e d  r i b o 

f l a v i n  and p a n to th e n ic  a c id  i n  th e  sheep was i n v e s t i g a t e d  

by Olcese and Pearson  (1948).  They found t h a t  both  v i ta m in s  

were very  rapidly and e f f e c t i v e l y  d e s t ro y e d  i n  th e  g a s t r o 

i n t e s t i n a l  t r a c t .
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Other L ab o ra to ry  Animals

The req u i rem en t  o f  r i b o f l a v i n  as an e s s e n t i a l  d i e t a r y  

f a c t o r  i n  the  r a t i o n  has been dem onstra ted  f o r  a number of 

l a b o r a t o r y  an im als  and man.

Lepkovsky and Jukes (1936),  S to k s ta d  and Manning (1938) 

and P h i l l i p s  and Engel (1938) produced r i b o f l a v i n  d e f i c i e n c y  

symptoms i n  ch icks  and tu r k e y s .  In  ch ick s  the d e f i c i e n c y  

might be a c u t e ,  c h a r a c t e r i z e d  by genera l  p a r a l y s i s  and a 

n e u r o m a la c ia - l ik e  d i s o r d e r  or ch ron ic  type  c h a r a c t e r i z e d  by 

" c u r le d  to e "  p a r a l y s i s .  Both c o n d i t io n s  were accompanied by 

d e g e n e ra t iv e  changes in  th e  myelin  shea th s  of  the  main p e r i 

p h e ra l  nerve t r u n k s ,  sw e l l in g  and f rag m en ta t io n  of a x i s  

c y l in d e r  and p o s s i b l e  d e g e n e ra t io n  of  motor end p l a t e s  and 

muscle f i b e r s .  In  tu rk ey s  the  symptoms c o n s i s te d  o f  slow 

growth, d i a r r h e a ,  e m ac ia t io n  and severe d e r m a t i t i s .

There was no agreement concern ing  c h a r a c t e r i s t i c  symp

toms o f  r i b o f l a v i n  d e f i c i e n c y  i n  the dog. Zimmerman and 

Burack (1934) , S t r e e t  and Cowgil l (1939) and S t r e e t  et_ al_. 

(1941) d e s c r ib e d  the  symptoms as  d i a r r h e a ,  v o m i t in g , ,  marked 

muscular  weakness and sudden c o l l a p s e  accompanied by a f a l l  

i n  body t e m p e ra tu re ,  f a l l  i n  r e s p i r a t o r y  r a t e  and v a r i a b l e  

h e a r t  r a t e .  In  ch ro n ic  r i b o f l a v i n  d e f ic ie n c y  th e  a u th o r s  

observed  n e u ro lo g ic  a b n o r m a l i t i e s  c h a r a c t e r i z e d  by degenera 

t i o n  of p e r i p h e r a l  ne rves  and p o s t e r i o r  columns of  the  s p in a l  

co rd .  The a u t h o r s  a l so  observed o p a c i ty  of the  cornea in  a 

few cases*
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P o t t e r  e_t a l . (1942) produced symptoms o f  r i b o f l a v i n  

d e f i c i e n c y  i n  the  dog s i m i l a r  to  those observed i n  the r a t ;  

t h a t  i s ,  d e r m a t i t i s .  The au th o rs  a l s o  observed a mild 

m ic ro c y t ic  hypochromic anemia and f a t t y  d e g e n e ra t io n  of the  

l i v e r .

R i b o f l a v in  was a l s o  shown to  be e s s e n t i a l  fo r  th e  

mouse (Jones e t  a l . . 1945) ,  c o t to n  r a t  (M cln t i re  e t  a l . .  1944),  

ham ster  (Routh and Houchin, 1942) ,  monkey (Waisman, 1944 

and Cooperman e t  a l . . 1945) and man ( S e b re l l  and B u t l e r ,

1938) .



EXPERIMENTAL PROCEDURE

Animals Used

A l to g e th e r  25 lambs were used .  The v a r io u s  t r e a tm e n t s  

and d i s t r i b u t i o n  of b r e e d s ,  s e x es ,  ages and weights  when 

p u t  on the  ex p e r im en ta l  d i e t s  a r e  summarized i n  t a b l e  1 .  

Lambs of  both  mutton and f in e  wool type  r e p r e s e n t i n g  s i x  

d i f f e r e n t  p u reb red  b reeds  and one c ro ssb red  lamb (S u f fo lk  

and Hampshire) were ob ta in ed  from the Experiment S t a t i o n  

f l o c k  a t  Michigan S t a t e  C o l leg e .  The system used i n  a s s i g n 

in g  lambs f o r  d i f f e r e n t  t r e a tm e n t s  c o n s i s t e d  of random a l l o t 

ment as th e  lambs were born d u r in g  January  and February  in  

pens i n  the  c l i n i c  and dur ing  sp r in g  months i n  the co l leg e  

ex p e r im en ta l  b a r n s .  Lambs of  both  se x es ,  s i n g l e  or tw ins  

were used w ithou t  d i s c r i m i n a t i o n  and the  only p r e r e q u i s i t e  

was h e a l t h  and normal c o n d i t i o n .  The age of the lambs when 

pu t  on the ex p e r im en ta l  d i e t  v a r i e d  from two to e lev en  days .  

A l l  lambs r e c e iv e d  co los trum  befo re  being  taken  from the  

ewes •

Feeding and Care 

Throughout the  experiment a l l  th e  animals  were kep t  

i n  c o n c r e t e - f l o o r e d  pens .  The tem pera tu re  and hum idi ty  was 

f a i r l y  c o n s t a n t .  U su a l ly  two or th re e  lambs were i n  one 

12 x 4 f o o t  pen and were changed from one pen to  ano ther  

eve ry  o th e r  day. The pens were then  scrubbed and c leaned  

w ith  h o t  w a te r  and d i s i n f e c t e d  w ith  a ly e  s o l u t i o n  to  e l im in -
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TABLE 1

DISTRIBUTION OF LAMBS IN THE EXPERIMENTAL GROUPS

Lamb Age when Weight when
T r i a l  M Treatment Breed Sex Put on ex pu t  on ex

per im ent per im ent
(Days) ( lb s )

2 R ib o f la v in  defi-  
c i e n t  d i e t

-Cotswold F 2 1 1 .5

4 ii Oxford F 3 9.0
5 ii Cotswold F 2 1 0 .0
6 ii S hropsh i re M 2 7 .2
7 ii ii M 2 7 .0

1 10 D eple ted  -  
T rea ted

S u f fo lk M 3 1 0 .2

11 H Shropsh i re F 3 9 .5
1 P o s i t i v e  c o n t ro l Ram-

b o u i l l e t
M 9 1 1 .0

3 it S u f fo lk  x 
Hampshire

F 3 9 .4

8 it Ram-
b o u i l l e t

M 11 15.0

9 n ti M 3 11.5
12 ii n M 8 13.0
13 5 micrograms r i b o 

f l a v i n  p e r  l b Ram- F 3 9.5
per  day b o u i l l e t

14 5 " ii M 10 1 1 .8
15 50 " ii F 3 7.0
16 50 " Dorset M 4 7.5
17 150 " Ram-

b o u i l l e t
M 3 8.5

2 18 150 " Dorset M 4 8 .0
19 250 " Ram-

b o u i l l e t
F 5 9.2

21 350 " Dorset F 6 1 0 .0
23 250 " ii M 4 7.0
25 350 M n M 3 7 .6
20 P o s i t i v e  c o n t ro l Ram-

b o u i l l e t
M 11 13.1

22 n n F 5 1 0 .6
24 ii it F 4 1 2 .8
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a t e  as f a r  as  p o s s i b l e  co m p l ica t io n s  with  o u t s id e  d i s e a s e s .  

Burlap  bags f i l l e d  w ith  a small  q u a n t i t y  of wood shav ings  

se rved  f o r  bedding .  These were a l so  changed every  o th e r  day. 

The lambs were fed  from n u r s in g  b o t t l e s  f iv e  t im es  a day a t  

7 and 11 A.M. and 3, 7 and 11 P.M. The milk was kep t  under 

r e f r i g e r a t i o n  and an e s t im a te d  q u a n t i t y  was tho rough ly  shaken 

and warmed to  about 80° F. p r i o r  to  f e e d in g .  The amount of  

milk  each lamb consumed per  f e e d in g  was reco rded  to g e th e r  

w i th  o b s e rv a t io n s  and remarks r e g a r d in g  h e a l t h ,  a p p e t i t e  and 

g en e ra l  b e h a v io r .  A l l  the  animals  were weighed every  o th e r  

day befo re  the  morning f e e d in g .  The weights  were e s t im a te d  

to  the t e n t h  of a pound and reco rd ed  f o r  f u r t h e r  a n a l y s i s .

Composition and P r e p a r a t io n  of S y n th e t i c  Milk

The com posi t ion  and method of p r e p a r a t i o n  of the  p u r i 

f i e d  d i e t  used i n  t h i s  s tudy  were s im i l a r  to  those d e s c r ib ed  

by Wiese _et al_. , (1947b).  The s a l t  m ix ture  was s im i l a r  to  

t h a t  d e s c r ib e d  by Johnson et^ al^. (1948).  The composit ions 

a re  shown i n  t a b l e s  2 and 3.  The s y n th e t i c  milk con ta ined  

16 pe r  cen t  s o l i d s  which was s l i g h t l y  h igher  th an  the average  

pe r  cen t  of  s o l i d s  i n  milk of  normal l a c t a t i n g  ewes. The B 

v i ta m in s  were d i s s o lv e d  i n  a 20 p e r  cent  a lco h o l  s o l u t i o n  i n  

such a p r o p o r t i o n  t h a t  10 ml of  the  s tock  s o l u t i o n  supp l ied  

the  n ec e s s a ry  v i ta m in s  fo r  one l i t e r  of milk .  S tock s o l u t i o n  

of f a t  so lu b le  v i ta m in s  was p repared  by f o r t i f i c a t i o n  of cod 

l i v e r  o i l  w ith  pure v i ta m in  A and D and by adding v i ta m in  E
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TABLE 2

COMPOSITION OF THE PURIFIED DIET

Component Per cen t

C ase in  (Labco) 30

Glucose 28

L ac to se 10

Lard 26

S a l t  m ix ture 6

Vitamins Mg. per  kg. of
L iq u id  Diet

■n— i  m  .wssgaassssssgs

Thiamine

R ib o f la v in

N ic o t in i c  a c id

Calcium p an to 
th e n a te

Pyridoxine

P te ro y l  g lu tamic 
ac id

p-Amino benzoic 
a c id

I n o s i t o l

B io t in

Choline

Alpha-Tocopherol 
a c e t a t e

2-Methyl naphtho
quinone

Vitamin A 4000 I .U .

Vitamin D 500 I .U .

1*4

3 .0

4 .0

5 .0

2.0  

0.2

4.0

40.0

0 .0 4

400.0

2.0

0 .4
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TABLE 3

COMPOSITION OF SALT MIXTURE (5 Kgs.)

Component Grams

NaCl 594.00

K2HPO4 1288.00

CaHP04 1690.00

Ca l a c t a t e 1144.00

MgS04 177.00

FeS04 96.50

KI 3.00

MnS04 5.00

ZnClg 1 .0 0

CuS04 . 5Hg0 1 .0 0

COClg 0 .50
5000.00
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and K i n  such manner t h a t  1 ml of  the  s to c k  s o l u t i o n  was 

used  f o r  one l i t e r  of  m ilk .  Both s to ck  s o l u t i o n s  were p r e 

p a red  i n  l a r g e  q u a n t i t i e s  and kep t  under r e f r i g e r a t i o n .

A f t e r  a few t r i a l s  the  method f i n a l l y  adapted  fo r  

p r e p a r in g  the  milk was as  f o l lo w s .  D i s t i l l e d  water (29,500 ml) 

was measured i n t o  an o rd in a ry  10 g a l lo n  milk can and hea ted  

w i th  steam to  80-85° C. Sodium b ic a rb o n a te  (82 gms) was 

d i s s o lv e d  i n  t h i s  w ater  and v i tam in  f r e e  c a s e i n  (Labco)# was 

b rough t  in  su sp e n s io n  by means o f  an e l e c t r i c  s t i r r e r  modi

f i e d  f o r  t h i s  p u rp o se .  The c a s e in  was added s lowly w ith  

c o n s ta n t  r a p id  s t i r r i n g  which was con t inued  30 to  45 minutes  

to  o b t a in  a complete d i s s o l u t i o n  of  c a s e in .  Glucose (1613 

gms) and l a c t o s e  (576 gms) were then  d i s s o lv e d  i n  t h i s  homo- 

genaousssuspension. Meanwhile, commercial l a r d  (1498 gms) was 

hea ted  to  80-85° C on the steam bath  and mixed w ith  36 ml of  

s to c k  s o l u t i o n  of  f a t  so lu b le  v i t a m in s .  Th is  l a r d - f a t  s o lu b le  

v i ta m in  s o l u t i o n  was s lowly  added to  the c a s e in  s o l u t i o n  and 

th e  s t i r r i n g  a c c e l e r a t e d .  In  t h i s  s t a t e  the s o l u t i o n  of 

c a s e i n ,  suga rs  and l a r d  was homogenized i n  a Manton-Gaulin 

homogenizer## a t  3 ,200-3 ,500  pounds p r e s s u re  pe r  square  in c h .

The s a l t  m ix ture  (345 gms) was d i s s o lv e d  i n  a p a r t  of 

the  a l r e a d y  homogenized milk u s in g  Waring b le n d o rs .  Not more

#The Borden Company, Labco and Vitamin P roduc ts  D epa r t 
ment, 350 Madison Avenue, New York 17, N.Y.

#«Manton Gaulin  M anufactur ing  C o . ,  I n c . ,  E v e r e t t  49, Mass.
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th a n  abou t  50 gin of  s a l t  were added to  an a p p r o p r i a t e  amount 

o f  m ilk  i n  the  b lendor  and a g i t a t e d  fo r  7 to  10 minutes a t  

f u l l  speed to  i n s u r e  a complete d i s s o l u t i o n  of a l l  m in e ra l s .  

S a l t  i n  t h i s  form and the  a p p r o p r i a t e  amount of  B v i ta m in s  

s to c k  s o l u t i o n  were added to  th e  homogenized m ilk ,  s t i r r e d  

a g a in  fo r  2-3 m inutes  before  th e  milk was b o t t l e d  i n t o  the  

c l e a n  and s t e r i l i z e d  g a l lo n  b o t t l e s .  The milk was kep t  under 

r e f r i g e r a t i o n  a t  42° F excep t  when used f o r  f e e d in g .  Synthe

t i c  milk p rep a re d  and s to r e d  under the  above c o n d i t io n s  kep t  

w e l l  f o r  over  two weeks. U sua l ly  two cans o f  milk were p r e 

p a red  a t  one t im e.  This  q u a n t i ty  was s u f f i c i e n t  fo r  7 to  10 

days .

Blood S tu d ie s

To de term ine  the  i n i t i a l  and presumably normal blood 

p i c t u r e  a l l  the  lambs were b led  as soon as p o s s i b l e  and 

never l a t e r  th a n  f i v e  days a f t e r  being p laced  on the  e x p e r i 

mental  d ie t s *  The blood was c o l l e c t e d  every  week t h e r e a f t e r  

and th e  hemoglobin c o n c e n t r a t i o n ,  t o t a l  and d i f f e r e n t i a l  

l e u k o c y te  counts  were de te rm ined .  About one ml of  blood 

was drawn from the  ju g u la r  v e in  i n t o  a v i a l  c o n ta in in g  a 

small  amount of  dry po tass ium  o x a la te  as a n t i - c o a g u l a n t .  A 

blood smear f o r  d i f f e r e n t i a l  l e u k o cy te  count was p repared  

and s t a i n e d  with Wrights  s t a i n .  The hemoglobin c o n c e n t r a t io n  

was dete rm ined  by MC enco-Sheared -Sanfo rd -Pho te lom ete r"* and

#The Cenco-Sheared-Sanford  P h o te lo m e te r , C en t ra l  Scien- 
t i f i c  Company, Chicago, I l l i n o i s .
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e x p re s s e d  i n  grams p e r  100 ml of  b lood .  The t o t a l  leukocy te  

count  was determined  by u s in g  a one per  cent  s o l u t i o n  0 .1  N 

HC1 to  which was added one or two drops of  g e n t ia n  v i o l e t .

A hemoeytometer w ith  Neubau&r.ruling was used fo r  the a c tu a l  

enum era t ion .  The o i l  immersion o b je c t i v e  was used to c l a s s i f y  

the  le u k o c y te s  co v e r in g  as many as p o s s i b l e  d i f f e r e n t  a r e a s  

of the  f i lm  i n  o rde r  to  o b ta in  a r e l i a b l e  coun t .

Urine S tu d ie s  

A f t e r  two weeks on the  expe r im en ta l  d i e t  both  d e f i 

c i e n t  and c o n t ro l  lambs were p laced  i n  a  2 | '  x 4 '  metabolism 

cage w i th  a f i n e  wire mesh f l o o r  and a 24-hour u r in e  sample 

c o l l e c t e d  f o r  r i b o f l a v i n  a s s a y .  The u r in e  was c o l l e c t e d  

i n  a brown g l a s s  b o t t l e  c o n ta in in g  about 5 ml of  to lu en e  

and a c e t i c  a c id  as  p r e s e r v a t i v e s .  The 24-hour e x c r e t i o n  

of  u r in e  was measured and immediately assayed in  th e  A g r i 

c u l tu r a l  Chemistry l a b o r a to r y  u s in g  L a c t o b a c i l l u s  c a s e i .

Gross Patho logy  S tu d ie s  

Lambs were observed c l o s e l y  every day a t  each feed in g  

and the  o b s e rv a t io n s  reco rd ed .  Whenever i t  was ev id en t  t h a t  

the  lamb would die  i n  the  p e r io d  between feed in g s  or d u r in g  

the  n ig h t  the  animal was s a c r i f i c e d  by e x s an g u in a t io n  under 

e t h e r  a n e s t h e s i a  and n e c ro p s ie d .  The c o n t ro l  lambs were 

s a c r i f i c e d  i n  a s i m i l a r  manner. I n  a few i n s t a n c e s  th e  d e f i 

c i e n t  lambs d ied  suddenly  and necropsy was performed a s  soon 

as p o s s i b l e .  As soon as the  c a rc a s s  was opened, th e  lu n g s ,
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l i v e r  and h e a r t - b lo o d  were c u l tu r e d  f o r  b a c t e r i a  on b lood-  

agar  p l a t e s .  These were then  in c u b a te d  a t  37° C fo r  two or 

t h r e e  days and the  r e s u l t s  r e c o rd e d .  A f t e r  t h e  organs have 

been c u l t u r e d  th e  whole c a rc a s s  and eve ry  organ were c a re 

f u l l y  examined f o r  gross l e s i o n s *

Microscopic S tu d ie s  

S e c t io n s  f o r  h i s t o p a t h o l o g i c a l  s t u d i e s  were taken  from 

the  l i v e r ,  lu n g ,  k idney ,  h e a r t ,  a d r e n a l s ,  stomach (p y lo ru s )  

duodenum, je junum, i leum, i l eoceca l  valve and co lon .  These 

t i s s u e s  were f ix e d  i n  Z en k e r ’s f l u i d ,  embedded i n  p a r a f i n ,  

cu t  a t  7 raicra and s t a in e d  with  h em a to x y l in -e o s in .  S ec t io n s  

from the  l i v e r ,  k idney ,  h e a r t  and a d r e n a l s  were a l s o  f ix e d  

in  10  p e r  cen t  f o r m o l - s a l i n e  s o l u t i o n ,  cu t  as  f ro z en  s e c t i o n s  

and s t a i n e d  w ith  Sudan IV, T issue  from the  corner  o f  the  

mouth, b r a i n ,  s c i a t i c  n e rve ,  s p in a l  co rd ,  and eye were p r e 

pared  fo r  h i s t o p a t h o l o g i c a l  s t u d i e s  from th r e e  d e f i c i e n t  and 

two c o n t ro l  lambs.

R ib o f l a v in  Requirement 

The f i r s t  t r i a l  c o n s i s t e d  of f i v e  c o n t ro l  and seven 

lambs on the  r i b o f l a v i n  d e f i c i e n t  d i e t .  Two lambs when de

p l e t e d  and showiflgadvanced symptoms of d e f i c i e n c y  were t r e a t e d  

and cured  w ith  r i b o f l a v i n .

In  the  second t r i a l  were t h r e e  c o n t ro l  and ten  e x p e r i 

mental  lambs. C a lc u la te d  from the  l e v e l  of  r i b o f l a v i n  i n  the  

m ilk  consumed by the  c o n t ro l  lambs i n  the  f i r s t  t r i a l  the



-  23 -

approxim ate  r eq u i rem e n t  of r i b o f l a v i n  per  pound of  body 

weigh t  per  day was 250 to  300 micrograms ( t a b l e  4 ) .  The 

10  ex p e r im en ta l  lambs were d iv id e d  a t  random i n t o  f i v e  sub

g ro u p s .  The l e v e l s  of  r i b o f l a v i n  were s e t  a r b i t r a r i l y  a t  5, 

50, 150,  250 and 350 micrograms per  pound of body weight 

pe r  day .  This  was added to  th e  milk consumed a t  one feed in g  

per  day .  S o lu t io n s  o f  c r y s t a l l i n e  r i b o f l a v i n  i n  20 per  cen t  

a l c o h o l  were made and the  e x a c t  amount of r i b o f l a v i n ,  c a l c u 

l a t e d  from body weight taken  every  o th e r  day,  was measured 

w i th  a p i p e t t e  and mixed with the milk f o r  the  in d iv i d u a l  

lamb j u s t  b e fo re  f e e d in g .  Care was e x e rc i s e d  t h a t  a l l  milk  

so p rep a red  was consumed, i n s u r i n g  the f u l l  i n t a k e  of r i b o 

f l a v i n .  I f  n ec essa ry  th e  lamb was fo rc ed  to  d r in k  the  amount 

o f  m ilk  p re p a re d .
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TABLE 4

AVERAGE DAILY RIBOFLAVIN INTAKE OF FIVE CONTROL LAMBS 
CALCULATED FROM AN AVERAGE DAILY FEED CONSUMPTION 

AT DIFFERENT BODY WEIGHTS

Body Weight Milk Consumed Micrograms Riboflav;
i n  l b s oz ml per  io  hoay weignv 

per  Day

10 30 887 266

11 32 946 258

13 36 1064 277

13 38 1124 259

14 41 1212 259

15 44 1301 260

16 50 1478 276

17 57 1685 297

18 57 1685 279

19 58 1715 270

30 59 1745 261

21 57 1685 240

22 56 1656 226

23 56 1656 215

24 57 1685 211



RESULTS

Growth

The ga in  i n  body weight and the  e f f i c i e n c y  of feed  

u t i l i z a t i o n  of f i v e  c o n t ro l  lambs, and f i v e  lambs on the  

r i b o f l a v i n  d e f i c i e n t  d i e t  a re  i n d i c a t e d  i n  t a b l e s  5 and 6 * 

Table  7 shows the  g a in  in  body weight and feed  u t i l i z a t i o n  

o f  two lambs d u r in g  the d e p l e t i o n  p e r io d  and du r ing  th e  

p e r io d  o f  r i b o f l a v i n  th e ra p y .  The i n d iv i d u a l  growth curves  

o f  a l l  seven lambs on the experim enta l  d i e t  and one curve 

r e p r e s e n t i n g  the  average growth of the f iv e  c o n t ro l  lambs 

a re  i l l u s t r a t e d  i n  graph 1 .  A s tudy of t a b l e  5 d i s c lo s e d  

t h a t  th e  average  d a i l y  gain  of the c o n t ro l  lambs over th e  

tw e n ty -e ig h t -d a y  p e r io d  was 0 .4 4  l b .  Over the  same p e r io d  

the  c o n t ro l  lambs r e q u i r e d  1 .07  l b .  of  dry m a t te r  to  p ro 

duce a one l b  ga in  in  body weight and consumed an average 

o f  0 .5 4  l b  of  dry m a t te r  d a i l y .  The average d a i l y  gain 

o f  the f i v e  lambs fed  the  r i b o f l a v i n  d e f i c i e n t  d i e t  over 

a p e r io d  o f  19 days was 0 .054  l b  and the  dry  m a t te r  r e q u i r e d  

to  produce a one l b  ga in  in  body weight was 5.47 l b s  (Table 6 ) .  

S ince  the average s u r v iv a l  time of  the  lambs fed  the r i b o 

f l a v i n  d e f i c i e n t  d i e t  was 18 days ,  a more a c c u ra te  comparison 

of  the  c o n t r o l  and d e f i c i e n t  groups would n e c e s s i t a t e  t a k in g  

i n t o  account the  growth performance of the c o n t r o l  lambs 

f o r  on ly  the  f i r s t  e i g h t e e n  days .  This  i s  i l l u s t r a t e d  in
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TABLE 7

RESPONSE TO RIBOFLAVIN THERAPY

Lamb No 10 11

Age when pu t  on 
ex p e r im en t ,  days 3 3

Weight when pu t  on 
e x p e r im en t ,  l b s . 1 0 .2 9.5

D ie t  fed  R ib o f l a v in
D e f i c i e n t

R ib o f la v in
Therapy

R i b o f la v in  R ib o f l a v in  
D e f i c i e n t  Therapy

Days on experiment 19 21 16 14

T o ta l  g a in ,  l b s . 0 .5 9.2 0 .9 7 .4

Av. d a i l y  g a in ,  l b s . 0 .015 0 .44 0.056 0 .53

T o ta l  dry  m a t te r  
consumed, l b s . 4 .78 9.82 3 .3 6 .6

L bs .  dry m a t te r  
pe r  l b .  ga in 15 .9 1 .06 3 .7 0 .8 9



Graph 1 .  Growth c u r v e s  o f  c o n t r o l ,  r i b o f l a v i n  d e f i c i e n t  

and r i b o f l a v i n  t r e a t e d  la m b s .
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t a b l e  8 * The d a ta  from th re e  c o n t ro l  lambs from the second 

t r i a l  a r e  a l s o  inc lu d ed  i n  t h i s  t a b l e .  The average d a i l y  

ga in  of  0 ,043  l b  f o r  the  r i b o f l a v i n  d e f i c i e n t  lambs as com

pared  to  th e  average d a i l y  ga in  of  0 .3 9  l b  f o r  the c o n t ro l  

group i n d i c a t e d  t h a t  the  young lamb has a d e f i n i t e  requ i rem en t  

f o r  r i b o f l a v i n .

I t  can be seen from graph 1 t h a t  the lambs fed the  

r i b o f l a v i n  d e f i c i e n t  d i e t  grew a t  a normal r a t e  f o r  about  4 

to  6 days .  At t h i s  time the a p p e t i t e  of  the animals d e c l in e d  

f o r  about 3 to  4 days while  t h e i r  weights  remained the same 

or  s l i g h t l y  d e c re a se d .  The a p p e t i t e  improved to  some e x t e n t  

between the  e i g h t h  and f o u r t e e n th  day and the lambs made some 

ga in  i n  body w eigh t .  A f t e r  12 to  14 days on the experiment 

the  lambs l o s t  t h e i r  a p p e t i t e s  com ple te ly ,  l o s t  weight r a p i d l y ,  

became em acia ted  and, on the  s ev en teen th  to  t w e n t y - th i r d  day, 

a l l  d e f i c i e n t  lambs were i n  a moribund c o n d i t i o n .  Two lambs 

d i e d ,  th re e  were s a c r i f i c e d  and two lambs were t r e a t e d  with 

r i b o f l a v i n  on the s i x t e e n t h  and n in e te e n th  day on th e  e x p e r i 

mental p e r io d  (Table 7 ) .

The g en e ra l  c o n d i t io n  of the t r e a t e d  lambs improved

i n  hours  a f t e r  th e  i n j e c t i o n  of r i b o f l a v i n  and the normal

a p p e t i t e  was r e s t o r e d  in  two days .  The an im als  were g a in in g

weight  by the  second day and in  one week a l l  the symptoms,

i n c lu d in g  emaciation,  d i s a p p e a re d .  While, d u r ing  the p e r io d

of s e v en teen  days on th e  d e f i c i e n t  d i e t ,  th e  average d a i l y  

g a in  was 0 .035  l b  and 9 .8 2  l b s  of  dry m a t te r  was needed

to  produce one lb  of  ga in ;  d u r in g  the  seven teen  day p e r io d



-  31 -

TABLE 8

GROWTH RESPONSE OF THE CONTROL AND DEFICIENT LAMBS 
FOR THE FIRST EIGHTEEN DAYS OF THE TRIAL

Contro l R ib o f l a v in
D e f i c i e n t

Number an im als 8 7

I n i t i a l  age days 3 - 1 1

toi

CV3

Av. i n i t i a l  w e igh t ,  l b s 12 9.3

Av. e i g h t e e n  day 
w eigh t ,  l b s * 19.1 1 0 .0

Days on experiment 18 18

Av. d a i l y  g a in ,  l b s 0 .39 0.043

Av. d a i l y  dry  m a t te r  
consumed, l b s 0 .41 0 .1 4

Lbs dry m a t te r  l b  ga in 1 .18 7 .63

#The c o n t ro l  lambs were fed th e  same d i e t  fo r  23 to  36 days.
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of r i b o f l a v i n  t r e a t m e n t ,  th e  average d a i l y  g a in  in  body weight 

was 0*48 l b ,  and on ly  0 .97  l b .  of  dry m a t te r  was r e q u i r e d  to  

produce one l b .  of  w e igh t .  The growth response  to  r i b o f l a v i n  

of the two lambs (No. 10, 11) i s  a l s o  i l l u s t r a t e d  i n  graph 1*

Symptoms of  D ef ic iency

The growth o f  th e  c o n t ro l  lambs was u n ev e n t fu l  excep t  

f o r  o c c a s io n a l  mild  d i a r r h e a ,  p robab ly  due to  o v e r fe e d in g .

The d i a r r h e a  soon d isap p ea red  w i thou t  t r e a tm e n t .  A f t e r  about  

s i x  days the  lambs fed  the  d e f i c i e n t  d i e t  developed a severe  

d i a r r h e a  accompanied by l o s s  of  a p p e t i t e .  The lambs became un

t h r i f t y ,  dep ressed  and moved s low ly .  The d i a r r h e a  receded  

a f t e r  about  fo u r  to  s i x  days and the a p p e t i t e  improved tempo

r a r i l y .  A f t e r  the t w e l f t h  day the d e f i c i e n t  lambs developed 

d i f f i c u l t i e s  i n  b r e a th in g  which p r o g r e s s iv e ly  became th e  t y p i c a l  

symptoms o f  pneumonia c h a r a c t e r i z e d  by r a p id  and la b o re d  b r e a t h 

i n g  and d u l l n e s s .  The an im als  r e f u s e d  to  e a t ,  became l e t h a r g i c ,  

would not walk o r  s t a n d  and the  c o n d i t i o n  te rm in a te d  by a 

complete  c o l l a p s e  and d ea th .

The lambs were observed every day bu t  the  o ra l  l e s i o n s ,  

e x c e s s iv e  s a l i v a t i o n  and l a ch ry m a t io n ,  l o s s  of  h a i r  and i n 

f lamm ation  of  the  navel  a r e a ,  th e  t y p i c a l  symptoms o f  r i b o f l a v i n  

d e f i c i e n c y  i n  c a lv e s  d e s c r ib ed  by Wiese e t  a l .  (1947) and Warner 

and S u t to n  (1948) were not noted i n  r i b o f l a v i n  d e f i c i e n t  lambs.  

The p r i n c i p l e  and on ly  symptoms of  r i b o f l a v i n  d e f i c i e n c y  in  

the  lamb were l o s s  of  a p p e t i t e ,  d i a r r h e a ,  r e t a r d e d  growth,
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fo l low ed  by e m a c ia t io n ,  d u l l n e s s ,  pneumonia and d e a th .

Blood S tu d ie s

The r e s u l t s  of  the i n i t i a l  and weekly blood a n a ly s e s  

of  the  e i g h t  c o n t ro l  and seven d e f i c i e n t  lambs were summarized 

i n  t a b l e  10 (page 52) and graph 2. The average i n i t i a l  hemo

g lo b in  l e v e l s  of  the  c o n t ro l  and exper im en ta l  groups were 1 2 .6  

and 1 2 .8  gm per  HlQ&c of b l o o d , r e s p e c t i v e l y , w i th  va lues  rang

in g  from 10 .8  to  14 .2  gm per  c e n t .  The l e v e l s  of hemoglobin 

remained f a i r l y  c o n s ta n t  th roughou t  the  experim ent .  The 

i n i t i a l  le u k o c y te  count per  mm3 and the  r a t i o  of polymorpho

n u c le a r  le u k o c y te s  to  lymphocytes of  both c o n t ro l  and d e f i c i e n t  

lambs showed only  s l i g h t  v a r i a t i o n .  The va lu es  of  th e  leu k o 

c y t i c  coun ts  were 10,125 and 10,950 p e r  mm3 , and the  r a t i o s  

of  n e u t r o p h i l s  to  lymphocytes were 42:55 and 46:52.

The most s i g n i f i c a n t  d i f f e r e n c e  between the c o n t ro l  and 

r i b o f l a v i n  d ep le te d  lambs was found in  the  leukocy te  coun t .  

During the  exper im en ta l  pe r io d  the  leukocy te  count of  th e  

c o n t r o l  lambs dec re ased  from the  i n i t i a l  10,125 to  7 ,700  per  

mm3 while  the  number of  le u k o cy te s  of th e  d e f i c i e n t  lambs 

g r a d u a l ly  i n c r e a s e d  and reached  14,650 per  mm3 by th e  t h i r d  

week. This  i n c r e a s e ,  no doubt,  was due to  the  pneumonia 

which a l s o  was r e f l e c t e d  i n  a r e v e r s a l  of  th e  d i f f e r e n t i a l  

co u n t .  During the  experiment the  n e u t r o p h i l s  of  th e  c o n t ro l  

lambs g r a d u a l ly  dec reased  in  favor  of  th e  lymphocytes and a t  

t h e  end o f  th e  experiment the  r a t i o  was 35 :63 ,  which i s  w i th in



Graph 2 .  Hemoglobin ,  l e u k o c y t e  and d i f f e r e n t i a l  c o u n t s  o f  

c o n t r o l  and r i b o f l a v i n  d e f i c i e n t  l a m b s .
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normal range fo r  young h e a l th y  lambs. However, i n  the d e f i 

c i e n t  lambs,  the  r a t i o  r e v e r s e d  and, e s p e c i a l l y  d u r in g  th e  

f i n a l  s t a g e s  o f  d e f i c i e n c y ,  th e  number of n e u t r o p h i l s  g r e a t l y  

i n c r e a s e d .  By th e  t h i r d  week, j u s t  be fo re  th e  lambs d ie d ,  

were s a c r i f i c e d  or t r e a t e d ,  th e  r a t i o  was 62 polymorphonuclear 

le u k o c y te s  to  35 lymphocytes .  Monocytes, e o s in o p h i l s  and 

b a s o p h i l s  showed no changes i n  numbers.

Urine S tu d ie s

I t  was d i f f i c u l t  to  make an a c c u ra te  comparison of the 

u r i n a r y  e x c r e t i o n  of r i b o f l a v i n  from the c o n t ro l  and d e p le te d  

an im a l s .  Only two metabolism cages were a v a i l a b l e  fo r  c o l 

l e c t i o n  of th e  24-hour u r in e  samples .  As a r e s u l t ,  the a s sa y s  

were s ta g g e r e d  over the  l a s t  two weeks of  the  experiment which 

r e p r e s e n t e d  two t h i r d s  of  the t o t a l  s u r v iv a l  pe r io d  of the  

d e f i c i e n t  group. These c i rcum stances  e l im in a te d  the p o s s i b i l i t y  

o f  s im u l ta n eo u s ly  comparing th e  two groups.  The average u r i n 

a r y  e x c r e t i o n  per  24 hours was then  c a l c u l a t e d  by p o o l in g  the 

v a lu e s  of  r i b o f l a v i n  e x c re te d  from a l l  lambs in  a p a r t i c u l a r  

group o b ta in e d  d u r in g  the two week p e r io d .  U sua l ly  one c o n t ro l  

and one d e f i c i e n t  lamb were s e l e c t e d  a t  random fo r  u r in e  c o l 

l e c t i o n  in  one day. The v a r i a t i o n  i n  u r i n a r y  e x c r e t i o n  of 

r i b o f l a v i n  w i th in  the group was r a t h e r  marked bu t  t h e r e  was 

always a d e f i n i t e  and s t r i k i n g  d i f f e r e n c e  between the v a lu e s  

of th e  c o n t ro l  and d e p le te d  an im als .  The average u r i n a r y  

e x c r e t i o n  of  r i b o f l a v i n  of  the e i g h t  c o n t ro l  lambs was 0 .50  mg.
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per  24 hours  while  t h a t  of  the seven d e f i c i e n t  lambs was 

0 .01  mg per  24 h o u rs .

Gross Pathology 

C o n t r o l s . One of the  f i v e  co n t ro l  lambs was r e l e a s e d  from 

the experiment when about 25 lb s  in  weight and d id  not show 

any s ig n s  of  i l l  h e a l t h .  One c o n t ro l  lamb d ied  suddenly 

a f t e r  two weeks. Post  mortem exam ina t ion  r e v e a le d  t h a t  the 

cause of dea th  was o v e re a t in g  and not d i r e c t l y  r e l a t e d  to  the  

d i e t  nor to  i t s  com posi t ion .  The ca rc a s s  was well  n o u r i sh ed .  

The i n t e s t i n a l  t r a c t  showed severe  e n t e r i t i s  which extended 

from the duodenum to  the  rectum. The i n t e s t i n a l  co n ten ts  

were bloody. Soon a f t e r  being pu t  on the exper im en ta l  d i e t  

the lamb showed some c l i n i c a l  symptoms of  pneumonia. However, 

a t  th e  time o f  d e a th ,  no evidence of pneumonia was observed .  

C u l tu re s  p re p a red  from lu n g s ,  l i v e r ,  g a l l  b l a d d e r ,  sp leen  

and h e a r t  blood were n eg a t iv e .  Three r i b s  had been broken 

in  e a r l y  l i f e ,  p robab ly  a t  lambing, which would e x p l a in  the 

la b o re d  b r e a t h i n g .  The o th e r  t h r e e  c o n t r o l  lambs were sac

r i f i c e d  fo r  g ro s s  and h i s t o p a t h o l o g i c a l  s t u d i e s  a f t e r  t h r e e ,  

fo u r  and f i v e  weeks on the  exper im enta l  d i e t .  The c a rc a s s e s  

were i n  e x c e l l e n t  c o n d i t io n  and d id  no t  show any gross  

p a t h o l o g i c a l  changes except  two broken r i b s  in  one lamb.

The lu n g s ,  l i v e r s ,  g a l l  b la d d e r s  and sp le e n s  were c u l tu r e d  

on blood agar  p l a t e s  and were found n eg a t iv e  a f t e r  a s u i t a b l e  

p e r io d  o f  in c u b a t i o n .
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R ibof l a v i n  d e f i c i e n t  lam bs . Of th e  seven r i b o f l a v i n  d e f i c i e n t  

lam bs,  two d ie d  suddenly and n e c ro p s ie s  were performed. Three 

lambs were s a c r i f i c e d  when i n  a moribund c o n d i t io n  as a r e s u l t  

of  complete d e p l e t i o n  of r i b o f l a v i n .  Two lambs were t r e a t e d  

w i th  r i b o f l a v i n  f o r  17 days a f t e r  a 17 day pe r io d  of  d e p l e t i o n  

and th e n  s a c r i f i c e d  f o r  s tu d y .  The g ross  pa tho logy  o f  the  

f i v e  r i b o f l a v i n  d e f i c i e n t  lambs was s i m i l a r  w i th  only minor 

v a r i a t i o n .  The p r i n c i p a l  f e a t u r e s  were (1) lung  involvement 

w ith  bronchopneumonia, (2) f a t t y  d e g e n e ra t io n  of the  l i v e r  and 

(3) f a t t y  d e g e n e ra t io n  of  the  k idney .  The lungs  o f  a l l  f i v e  

d e p l e t e d  an im als  showed b i l a t e r a l  bronchopneumonia which seemed 

to  be p r e g r e s s i v e ,  r a p i d l y  s p rea d in g  from a p i c a l  to c a rd ic  and 

d iaph ragm at ic  lo b e s  of  both  l u n g s .  There was u s u a l l y  a marked 

zone of  c o n g e s t io n  between the  pneumonic a r e a s  and the normal 

p a r t  o f  the lu n g .  In  one lamb, g ray ish  f ib r i n o u s  exudate was 

p r e s e n t  between the  lungs  and the t h o r a c i c  wall  and the  lungs  

adhered to  the  r i b s .  When cut  and squeezed,  th e  c o n s o l id a te d  

a r e a s  showed f r o t h y  mucous exudate  i n  th e  t r a c h e a ,  bronchi  and 

b r o n c h io l e s .  C u l tu re s  p repared  from lungs  and bronchi  y i e ld e d  

pleomorphic  gram n ega t ive  rods resem bling  P a s t e u r e l l a e  organism s.  

P o s t  mortem exam ina t ion  of the  two r i b o f l a v i n  t r e a t e d  lambs, 

p r e v io u s l y  d e p le te d  on r i b o f l a v i n  d e f i c i e n t  d i e t ,  showed "co ld  

pneumonia" i n  the  r i g h t  a p i c a l  lobe in  bo th  lambs. The l i n e  

of dem arka t ion  between th e  normal and th e  pneumonic p a r t  was 

not d i s t i n c t  and r e s o l u t i o n  was i n  p r o g r e s s .  C u l tu re s  p rep a red  

from th e s e  a r e a s  were negative*
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Macroscopic exam ina t ion  of the l i v e r  from d e f i c i e n t  

an im als  showed p a th o l o g i c a l  changes rang ing  from mild de

g e n e r a t io n  to  n e c r o s i s .  In  th re e  lambs, s e v e ra l  n e c r o t i c  

a r e a s  were observed i n  d i f f e r e n t  p a r t s  of  the l i v e r .  O ther

wise th e  changes c o n s i s t e d  of g e n e ra l i z e d  f a t t y  i n f i l t r a t i o n  

and d e g e n e ra t io n  c h a r a c t e r i z e d  by enlargement of the  organ,  

y e l lo w is h  or  brown g ra y i s h  c o l o r ,  smooth s u r f a c e ,  s o f t  con

s i s t e n c y  and in c r e a s e d  f r i a b i l i t y  (Fig .  1 ) .  The l i v e r  of 

the  two t r e a t e d  an im als  d id  not show macroscopic l e s io n s *

The changes in  the  k idneys of  a l l  the  r i b o f l a v i n  

d e f i c i e n t  lambs fo l low ed the same p a t t e r n .  There was a 

marked f a t t y  d e g e n e ra t io n  and th e  c o r te x  was always much more 

a f f e c t e d  th a n  th e  medulla .  The l i n e  of  dem arca t ion  between 

the  c o r t e x  and the  medulla was very  pronounced. The medullary  

zone was u s u a l l y  conges ted  and s l i g h t  edema was p r e s e n t  in  the  

p e l v i s .  The o u te r  s u r fa c e  of  the k idney was of a d u l l ,  ye l low  

c o lo r  and in  some in s t a n c e s  pa tch y .  When c u t ,  the su r fa ce  bulged 

and had a prominent p a r b o i l e d  appearance .  I n  more severe  cases  

th e  cu t  su r fa c e  e a s i l y  f l u c t u a t e d  on p re s su re  and th e  s t r e a k s  

ru n n in g  from the  o u te r  su r face  to  the p e l v i s  were prominent 

(F ig .  1 ) .  The k idneys  o f  the  two r i b o f l a v i n  t r e a t e d  lambs 

showed a very  mild f a t t y  i n f i l t r a t i o n  c h a r a c t e r i z e d  by a 

s l i g h t l y  ye l low  c o r t e x .  The medulla and p e l v i s  were normal.

The h e a r t  o f  the  r i b o f l a v i n  d e f i c i e n t  lambs appeared 

normal.  The duc tus  a r t e r i o s u s  and foramen ovale of  a l l  the  

lambs ware c lo s e d .  Due to  th e  presence  of  pneumonia i n  p r a c 
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t i c a l l y  every  c a s e ,  t h e r e  was an in c re a s e  o f  f l u i d  i n  the  

p e r i c a r d i a l  s a c .

G ro s s ly ,  the  a d r e n a l s  were e n la rg e d .  The cu t  su r fa c e  

showed a marked l i n e  o f  dem arcat ion  between the  co r tex  and 

m edu l la .  I n  most i n s t a n c e s  hemorrhage was c l e a r l y  v i s i b l e .

On s e c t i o n  the  o u te r  su r fa c e  and the  c o r t e x  were p a le  and 

f l a b b y  (F ig .  1 ) .  The o th e r  o rg an s ,  in c lu d in g  the  whole 

d i g e s t i v e  t r a c t ,  t h y r o i d ,  eye and s p le e n ,  were normal.  The 

same was t r u e  i n  reg a rd  to  the s k e l e t a l ,  nervous and muscular 

system.

Microscopic  Pathology 

C o n t r o l s . M icroscopic  s t u d i e s  of  the  t i s s u e s ,  taken  from the 

c o n t r o l  lambs,  f a i l e d  to  r e v e a l  p a t h o lo g ic a l  changes.  In  

two lambs f ro z e n  s e c t i o n s  from the l i v e r ,  s t a in e d  with  Sudan 

IV, showed a mild f a t t y  i n f i l t r a t i o n  which was cons idered  to  

be a p h y s io l o g ic a l  i n c r e a s e  of  h e p a t i c  f a t .

R i b o f l a v in  d e f i c i e n t  lam bs. The m icroscopic  changes in  the
I

d e f i c i e n t  lambs were confined  to  the l i v e r ,  k idney and a d r e n a l s .  

The changes i n  the  l i v e r  ranged from cloudy s w e l l in g  to  fo ca l  

n e c r o s i s .  N e i th e r  of  these  extreme co n d i t io n s  were t y p i c a l  

of  the  d e f i c i e n c y .  The most prominent f e a t u r e ,  common i n  a l l  

d e f i c i e n t  lambs,  was d i f f u s e  f a t t y  d e g e n e r a t io n ,  a f f e c t i n g  

most o f  the h e p a t i c  c e l l s  i n  th e  l o b u l e .  U sua l ly  the most 

pronounced f a t t y  d e g e n e ra t io n  was i n  the  c e n te r  of th e  lo b u le  

(F ig .  2) w h ile  on the  p e r ip h e ry  the  h e p a t i c  c e l l s  were s t i l l
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i n t a c t  o r  undergoing  v a r io u s  d eg ree s  of  cloudy s w e l l in g .  One 

or more f a t  g lo b u le s  of  v a ry in g  s iz e  f i l l e d  th e  h e p a t i c  c e l l s  

and pushed th e  n u c l e i  a g a i n s t  one s ide  of the  c e l l  w a l l ,  de

p r i v i n g  the  c e l l  of  n u t r i t i o n  which r e s u l t e d  i n  k a r y o l y s i s ,  

k a r y o r r h e x i s  and p y k n o s is .  In  most in s t a n c e s  th e  l i v e r  showed 

ac u te  venous c o n g e s t io n  which was g e n e ra l i z e d  and very  marked. 

The s in u s o id s  were g r e a t l y  d i s te n d e d  and o c c a s io n a l ly  f i l l e d  

w ith  an e x c e s s iv e  number of  blood c e l l s .  N ecros is  observed 

i n  few in s t a n c e s  was fo c a l  i n  c h a r a c t e r ,  l o c a t e d  u s u a l ly  on 

the  s u r f a c e  o f  the  l i v e r  and on the  p e r ip h e ry  of the  l o b u l e .

The s in u s o i d s  were damaged. The n e c r o t i c  a r e a s  were p a r t l y  

or  com ple te ly  surrounded by h e p a t i c  c e l l s  undergoing f a t t y  

d e g e n e r a t io n  and cloudy s w e l l in g .

The most uniform m ic roscop ic  l e s i o n s  were found i n  the 

k id n ey .  The c o r t e x  showed ex te n s iv e  and d i f f u s e  f a t t y  de

g e n e ra t io n  while  the  medulla underwent v a r io u s  degrees of  

cloudy  s w e l l in g  or  mild f a t t y  changes.  The k idney was markedly 

conges ted  and hemorrhagic and invo lved  both parenchyma and 

i n t e s t i n a l  t i s s u e s .  The r e n a l  c o r p u s c le s ,  in c lu d in g  Bowman 

c a p su le s  and g lo m e ru l i ,  seemed to  be normal. I n  two lambs 

t h e r e  was a tendency toward h y a l in e  changes w i th in  the glom

e r u l i  and convolu ted  t u b u l e s .  The basement membrane of  the 

c a p i l l a r y  loops  seemed to  be s l i g h t l y  th ick en ed  and the c a p i l 

l a r i e s  s l i g h t l y  d i l a t e d .  The e p i th e l iu m  of th e  convoluted  

tu b u le s  showed marked cloudy s w e l l in g  and severe  f a t t y  changes 

(F ig .  3 ) .  The c e l l s  were sw ollen ,  the cytoplasm appeared
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g r a n u la r  and p r o j e c t e d  in to  the lumen o f  the tu b u le s .  In

some t u b u le s  the  c e l l s  p robab ly  ru p tu re d  and the m a te r ia l

formed h y a l in e  c a s t s  i n  the  convoluted  tu b u le s .  These

tu b u le s  were d i l a t e d ,  the  e p i t h e l i a l  c e l l s  were a t ro p h ie d  and

th e  n u c l e i  d e g e n e ra te d .  Frozen s e c t io n s  s t a in e d  with Sudan IV
the

showed t h a t  most of  f a t  had accumulated in  the convoluted 

t u b u l e s  (F ig ,  4 ) ,  Some c e l l u l a r  i n f i l t r a t i o n  and p r o l i f e r a 

t i o n  of i n t e r s t i t i a l  t i s s u e  in  the  medulla was observed i n  

one lamb. Lymphocytes were predominant but a few macrophages 

a l s o  were p r e s e n t .

I t  was d i f f i c u l t  to  d e l i n e a t e  between th e  p h y s io lo g ic a l  

and p a t h o l o g i c a l  f a t t y  i n f i l t r a t i o n  of the a d r e n a l s .  Micro

sco p ic  s t u d i e s  o f  the  f ro z e n  s e c t i o n s  from the a d re n a ls  of  

th e  c o n t ro l  lambs r e v e a le d  the presence  of f a t  d r o p le t s  be

tween th e  g lom eru losa  and f a s c i c u l a t a  o f  the  c o r t e x .  S e c t io n s  

from the d e f i c i e n t  lambs showed a s l i g h t l y  in c re a s e d  amount 

o f  f a t  i n  the  same r e g io n .  In  two d e f i c i e n t  lambs both the  

c o r t e x  and medulla  were i n f i l t r a t e d  with f a t  (F ig .  5, 6 ) .  

Otherwise the  a d r e n a l s  from the d e f i c i e n t  lambs were congested  

and th e  s i n u s o i d s ,  e s p e c i a l l y  around the  c e n t r a l  v e in ,  were 

d i l a t e d  to  some e x t e n t .  Both th e  c e n t r a l  v e in  and a d ja c e n t  

s in u s o i d s  were f i l l e d  with b lood.  However, the margins of  the

s in u s o id s  were i n t a c t .

M icroscopic  exam ination  of the h e a r t  muscle,  i n t e s t i n a l  

t r a c t ,  sk in  from the  co rner  of  the  mouth, eye ,  b r a i n ,  s p in a l  

c o rd ,  b r a c e n i a l  and s c i a t i c  n e rv e s ,  s t a i n e d  with  hematoxylin



-  42 -

eo s i n  and K u l t s c h i tz k y * s  hem atoxyl in  s o l u t i o n ,  f a i l e d  to  

r e v e a l  p a t h o l o g i c a l  changes.

T re a te d  Lambs, M icroscopic  changes o f  the l i v e r  and k idney 

from the  two r i b o f l a v i n  t r e a t e d  an im als ,  p r e v io u s ly  d e p le te d  

o f  th e  v i t a m in ,  were s i m i l a r  i n  na tu re  to those  of  the  d e f i 

c i e n t  an im als .  The l i v e r  s t i l l  showed g r a n u l a r i t y  of  the  

h e p a t i c  c e l l s  and some f a t  d r o p le t s  w i th in  the  c e l l s .  The 

s in u s o id s  were l e s s  d is ten d ed  and the re  was l e s s  conges t ion  

th rou g h o u t  the  l i v e r .  The e p i t h e l i a l  c e l l s  of the convoluted  

tu b u le s  o f  the k idney were swollen and in  some p la c e s  th e  

c e l l s  were desquamated. Albuminous g ran u la r  m a te r ia l  i n  the 

lumen of th e  tu b u le s  was o c c a s io n a l ly  observed.  The g lom eru l i  

appeared  normal.

R i b o f l a v in  Requirement 

The r e s u l t s  of  th e  second t r i a l  i n  regard  t o  growth and 

feed  u t i l i z a t i o n  a re  shown i n  t a b l e  9 and graph 3,  The t r i a l  

c o n s i s t e d  o f  th re e  p o s i t i v e  c o n t ro l  and te n  lambs on f i v e  

d i f f e r e n t  l e v e l s  of  r i b o f l a v i n .  The growth curves are  ave rages  

of  the ga ins  in  body weight o f  two lambs i n  each subgroup 

w hile  the  growth curve of the  c o n t r o l s  r e p r e s e n t s  th re e  lambs. 

The t h r e e  c o n t ro l  lambs on the  complete p u r i f i e d  d i e t  grew 

norm ally  and the  ga in s  i n  body weight and feed  u t i l i z a t i o n  

compared w i th  the f iv e  c o n t ro l  lambs from the f i r s t  t r i a l .

Two c o n t ro l  lambs were r e l e a s e d  from the experiment a f t e r  27 

and 35 days .  The t h i r d  lamb was s a c r i f i c e d  fo r  gross and 

h i s t o p a t h o l o g i c a l  s t u d i e s .
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Graph 3* Growth c u r v e s  o f  c o n t r o l  lam bs  and lambs on 

v a r i o u s  l e v e l s  o f  r i b o f l a v i n .
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The p o s t  mortem exam inat ion  d id  not show l e s i o n s .  The 

same was t r u e  f o r  the  m icroscopic  s tu d i e s  of  the  t i s s u e s  

from v a r io u s  o rg an s .  The four  lambs on the two low es t  l e v e l s  

of  r i b o f l a v i n  (5 and 50 micrograms pe r  l b  of  body weight per  

day) resembled  the  lambs on the  r i b o f l a v i n  d e f i c i e n t  d i e t  i n  

growth, feed  u t i l i z a t i o n ,  symptomat, o logy ,  g ross  and micro

scop ic  p a th o lo g y .  The growth was poor ,  due to  the  i n t e r m i t t e n t  

l o s s  of  a p p e t i t e  and d i a r r h e a .  One lamb died a f t e r  21 days 

on t h e  exper im en ta l  d i e t  and the  o th e r  th re e  animals were 

n ec ro p s ied  f o r  f u r t h e r  s t u d i e s .  Congestion of  the  lungs  and 

pneumonia were found in  two lambs. A l l  fou r  lambs, however, 

showed mild to  severe  f a t t y  d e g e n e ra t io n  of the  l i v e r  and 

kidney and en largem ent o f  the  a d r e n a l s .  A f t e r  37 days on 

th e  exper im en ta l  d i e t ,  the  l i v e r  and kidney of th e  lamb on 

the 5 micrograms r i b o f l a v i n  l e v e l  showed a severe f a t t y  de

g e n e ra t io n ,  c h a r a c t e r i z e d  by an in te n s e  yel low  appearance and 

m o t t l i n g  of  the l i v e r  and by prominent s t r e a k s  and yel low co lo r  

of  the  c o r t e x  of  the  k idney .  An in t e n s e  zone of co nges t ion  a t  

th e  j u n c t io n  of the  c o r te x  and medulla was a l s o  observed.  The 

ileum from th e  same lamb was th ickened  and w rink led  in  some 

a r e a s  and showed some co n g es t io n .  The growth response of the  

lambs on 150, 250 and 350 micrograms of r i b o f l a v i n  was d i r e c t l y  

p r o p o r t i o n a l  to  the amount of  r i b o f l a v i n  ad m in is te red  to  the 

r e s p e c t i v e  lamb. The average d a i l y  gain  was 0 .1 2 5 ,  0.205 and 

0 . 3 0 5 . l b .  The amount of  2 .2 5 ,  1 .32  and 1 .25  l b  of dry m a t te r  were 

needed r e s p e c t i v e l y  to  produce one l b  of  body weight .  The growth
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of the  lambs on 150 and 250 micrograms was r a t h e r  slow but the 

an im als  showed l e s s  d i a r r h e a  and r e t a i n e d  a f a i r  a p p e t i t e  

th roughou t  th e  exper im ent .  A l l  s i x  lambs remained in  good 

h e a l t h  and f a i r l y  good c o n d i t io n .  The lambs on 350 micrograms 

and one lamb on 250 micrograms were r e l e a s e d  from the e x p e r i 

ment and th e  o th e r  t h r e e  animals were s a c r i f i c e d .

The lambs on 150 micrograms of r i b o f l a v i n  showed f a t t y  

d e g e n e ra t io n  of the k idney and l i v e r  and en la rg ed  a d r e n a l s .

No pneumonia or co n g e s t io n  of the  lung  was observed .  The 

r e s u l t s  of  the weekly blood an a ly se s  d id  not fo llow any con

s i s t e n t  p a t t e r n  e x c e p t ^ h e  two lambs on the low es t  r i b o f l a v i n  

l e v e l .  The le u k o cy te  count o f  those  lambs in c re a se d  toward 

th e  end of  the  exper im en ta l  p e r io d .  The d i f f e r e n t i a l  coun t ,  

however, was unchanged. I f  the  growth re sp o n se ,  expressed  i n  

ga in  of  body weight ,  was used as a c r i t e r i o n  fo r  e s t a b l i s h i n g  

the  r i b o f l a v i n  requ irem ent  of the young lamb, i t  seemed t h a t  

a l e v e l  of  350 micrograms per  lb  of  body weight p e r  day was 

h igh  enough to  i n s u r e  a normal growth or  growth comparable 

with  th e  c o n t r o l  an im als .

There was no d i f f e r e n c e  between the  four  lambs on the  

lo w es t  l e v e l s  o f  r i b o f l a v i n  (5 and 50 m ic rogram s/ lb /day)  and 

the  d e f i c i e n t  lambs as f a r  as th e  m icroscopic  pa tho logy  was 

concerned.  One lamb on 50 micrograms of r i b o f l a v i n  a c t u a l l y  

showed much more pronounced changes i n  the k idney than  any 

o th e r  d e f i c i e n t  lamb. The g lom eru l i  were markedly congested 

and p r a c t i c a l l y  a l l  of  them were i n  a s t a t e  of  e a r ly  h y a l in e
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d e g e n e r a t io n  (Fig* 7 ) .  Hyaline d r o p le t s  and p r o t e i n  m a te r i a l  

were e s c a p in g  from the  c a p i l l a r y  loops  and were co n cen t ra ted  

on the  s ide  o p p o s i te  to  the v a s c u la r  po le  of  the r e n a l  co r 

p u s c le s  between th e  p a r i e t a l  and v i s c e r a l  l a y e r s  of Bowman's 

c a p s u le .  There was d eg e n e ra t io n  of the  c a p i l l a r y  loops and 

i n  a few i n s t a n c e s  th e  g lom eru l i  were com plete ly  a t ro p h ie d .  

The l i v e r  showed v a r io u s  degrees  of  cloudy sw e l l in g  and 

f a t t y  d e g e n e ra t io n .

Of the  fo u r  lambs on the two h ig h e s t  r i b o f l a v i n  l e v e l s  

(250, 350 m ic ro g ra m s / lb /d a y ) , only  one (350 micrograms) was 

s a c r i f i c e d  f o r  f u r t h e r  s t u d i e s .  Only s l i g h t  changes i n  the  

l i v e r  and kidney were observed .  However, these  were not 

cons idered  to  be s i g n i f i c a n t .  F a i r  growth and co n d i t io n  and 

good h e a l t h  sugges ted  t h a t  the  l e v e l  was adequate  to  support  

th e  v i t a l  p ro c e s se s  o f  the  kidney and l i v e r .
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The growth d a ta  and growth curves (Tables 5 and 9,

Graphs 1 and 3) r e p r e s e n t i n g  e i g h t  c o n t ro l  lambs on a com

p l e t e  p u r i f i e d  l i q u i d  d i e t  (Tables 2 and 3) fo r  a p e r io d  of  

18 to  35 days i n d i c a t e d  t h a t  the p u r i f i e d  d i e t  ( s y n th e t i c  

m ilk)  p re p a re d  i n  the  l a b o r a t o r y  was adequate  i n  a l l  the  

n u t r i e n t s  to  suppor t  normal growth and h e a l t h  of  th e  young 

lamb. The average d a i l y  ga in  of  the  c o n t ro l  lambs was 0 .40  

l b .  and r e q u i r e d  1.17 l b s .  of  dry m a t te r  to  produce 1 l b .  

g a in  i n  body w eigh t .  Kean and Henning (1949) in  a s tudy of 

t h e  d a i l y  ga ins  of  787 lambs from b i r t h  to  32-36 pounds in  

body weight r e p o r t e d  an average gain  of  0 .5 3  l b .  per  day.

I n  s p i t e  of  the  f a c t  t h a t  the lambs were fed only f iv e  

t im es  a day and re c e iv e d  a r a t h e r  l i m i t e d  amount of  the r a t i o n  

to  avoid  o v e r fe ed in g  and t h e  com plica t ions  r e s u l t i n g  from i t ,  

th e  growth o f  th e  c o n t ro l  lambs compared fav o rab ly  with  the 

growth o f  lambs runn ing  w ith  ewes and n u rs in g  a t  w i l l .  Five 

of  the  c o n t ro l  lambs were s a c r i f i c e d  a t  the  end of  the  e x p e r i 

ment.  Gross and m ic roscop ic  examination of the  c a rc a s s e s  

and organs d id  not show s i g n i f i c a n t  changes.

Will iams et_ al_. (1950) d e f in ed  the  B v i tam in s  as  

" those  o rg an ic  su b s tan ce s  which a c t  c a t a l y t i c a l l y  i n  a l l  

l i v i n g  c e l l s  and which f u n c t io n  n u t r i t i o n a l l y  f o r  a t  l e a s t  

some o f  th e  h ig h e r  an im a l s " .  Since the  f i r s t  s t u d i e s  of
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r i b o f l a v i n  d e f i c i e n c y  i n  the  r a t  by Chick and Roscoe in  1928 

and th e  e s ta b l i s h m e n t  of  r i b o f l a v i n  c o n s t i t u t i o n  and i t s  

s y n t h e s i s  i n  1935t th e  f u n c t io n  of  r i b o f l a v i n  as  an e s s e n t i a l  

n u t r i e n t  f o r  a number of  h ig h e r  animals was s tu d ie d  and 

e s t a b l i s h e d *  R ib o f l a v in  has been shown to  be an e s s e n t i a l  

n u t r i e n t  f o r  th e  r a t  (Chick and Roscoe, 1928; Day and Langston ,  

1934; Bessey and Wolbach, 1939); mouse (Jones et.  al_ . , 1945); 

c o t t o n  r a t  (M c ln t i re  e t  a l . ,  1944); hamster  (Routh and 

Houchin, 1942);  monkey (Waisman, 1944);  ch icks  and tu rk ey s  

(Lepkovsky and Jukes ,  1936; P h i l l i p s  and Engel ,  1938); dog 

(Zimmerman and Burack, 1934; P o t t e r  et, a l *, 1942); p ig  

(Hughes, 1939; P a te k  e t  a l . . 1941; Wintrobe et. a l . , 1944;

Krider  e t  a l . * 1949) and c a l f  (Wiese e t  a l . .  1947b; Warner and 

S u t to n ,  1948) .  S tu d ie s  of  the  symptomathology of r i b o f l a v i n  

d e f i c i e n c y  i n  th e  above mentioned s p e c ie s  of  animals r e v e a le d  

some f e a t u r e s  common and c h a r a c t e r i s t i c  to  a l l .  This o b se r 

v a t i o n  agreed w ith  t h e  g e n e ra l ly  accep ted  id ea  t h a t  th e  B 

v i ta m in s  were r e q u i r e d  by every l i v i n g  c e l l  of  animal t i s s u e s  

and, i f  no t  a v a i l a b l e ,  the d e f i c i e n c i e s  would m an ife s t  them

s e lv e s  by s i m i l a r  symptoms i n  d i f f e r e n t  s p e c ie s  of  an im al .

The s t u d i e s  o f  r i b o f l a v i n  d e f i c i e n c y  i n  th e  lamb, however, 

r e v e a l e d  t h a t ,  except  f o r  l o s s  of a p p e t i t e  and r e t a r d e d  

growth, none of  the  t y p i c a l  symptoms of a r i b o f l a v i n o s i s , 

such as  a l o p e c i a  erythema and cornea l  v a s c u l a r i z a t i o n  i n  the  

r a t  and dog, d e r m a t i t i s  i n  the  hamster  and swine and c a t a r a c t  

i n  the  r a t  and swine, were observed i n  th e  r i b o f l a v i n  d e f i -
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c i e n t  lamb. Fur therm ore ,  none o f  th e  c h a r a c t e r i s t i c  symptoms 

o f  r i b o f l a v i n  d e f i c i e n c y n£n th e  c a l f  (Wiese e t  a l , ,  1947b) 

were observed  i n  the  r i b o f l a v i n  d ep le ted  lamb. Some i n d i c a 

t i o n  f o r  the e x p la n a t io n  o f  the s t r i k i n g  d i f f e r e n c e  in  the 

symptomatology of t h e  r i b o f l a v i n  d e f i c i e n t  lambs was sugges ted  

by markedly in c re a s e d  r i b o f l a v i n  l e v e l  i n  the colostrum and 

m ilk  o f  the  ewe as  compared with  colostrum and milk of  the

cow. Moreover,  th e  r a p id  growth of  th e  lamb i n  i t s  e a r l y

p o s t n a t a l  l i f e  would n e c e s s i t a t e  a d i f f e r e n t  arrangement i n  

r e g a rd  to  r i b o f l a v i n  supp ly ,  d i s t r i b u t i o n  and a v a i l a b i l i t y  to  

d i f f e r e n t  o rgans  and t i s s u e s .  The p resence  of pneumonia in  

a l l  lambs on the  r i b o f l a v i n  d e f i c i e n t  or r e s t r i c t e d  d i e t s  

sugges ted  t h a t  th e  pneumonia was in  some way r e l a t e d  to  

r i b o f l a v i n  d e f i c i e n c y .  I t  may be t h a t  lung t i s s u e  has a 

h ig h e r  r i b o f l a v i n  requ irem en t  than  any o th e r  t i s s u e  i n  the 

body and t h a t  th e  p a t h o lo g ic a l  changes of the lung  developed 

b e fo re  th o se  of the  s k in  and eye. I t  was d i f f i c u l t  to  d e t e r 

mine i f  the  p a t h o lo g ic a l  changes of the  l i v e r ,  kidney and

a d r e n a l s  r e s u l t e d  from a l i m i t e d  in ta k e  of the  r a t i o n  and l a t e r

from genera l  i n a n i t i o n  or from the l o s s  of  f u n c t io n  due to  the  

u n a v a i l a b i l i t y  o f  r i b o f l a v i n  i t s e l f .  The normal appearance 

of th e  l i v e r  and k idney of the  two d e f i c i e n t  lambs, t r e a t e d  

w ith  r i b o f l a v i n  f o r  17 days ,  sugges ted  t h a t  the  changes were 

due to  r i b o f l a v i n 0 r a ^ r  than  to  genera l  i n a n i t i o n .  In  r eg a rd  

to  the  lungs  of  th e s e  two lambs, th e  evidence of p a s t  pneu

monia and th e  p ro ces s  of  h e a l in g  w i thou t  any t re a tm en t  excep t
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r i b o f l a v i n  i n d i c a t e d  t h a t  t h i s  type of pneumonia was somehow 

r e l a t e d  to  r i b o f l a v i n  d e f ic ien cy *  Whether th e  pneumonia p ro 

duced by a r i b o f l a v i n  d e f i c i e n c y  d i e t  i n  the l a b o r a t o r y  has 

any r e l a t i o n s h i p  to  the pneumonia occu r in g  under f i e l d  con

d i t i o n s  i s  no t  known* Venkatachalam e t  al^. (1949) i n  a 

s tudy  of the  v a r io u s  causes  of  dea th  in  young lam bs , found 

t h a t ,  ou t  of  483 lambs, pneumonia was r e s p o n s ib le  fo r  a lmost  

o n e - t h i r d  of  the  d e a th s .

The d a ta  f o r  hemoglobin, t o t a l  and d i f f e r e n t i a l  leuko

c y te  count of  the  c o n t ro l  and r i b o f l a v i n  d e f i c i e n t  lambs were 

shown i n  t a b l e  10* C ontra ry  to  a m ic ro c y t ic  hypochromic 

anemia i n  dogs,  observed by Spector  e t  a l*  (1943),  and a 

moderate normocytic  anemia i n  swine, r e p o r te d  by Wintrobe 

e t  a l*  (1944),  th e  blood p i c t u r e  of  th e  d e f i c i e n t  lamb, in  

g e n e r a l ,  was unchanged. The hemoglobin l e v e l  remained normal 

and c o n s ta n t  th roughout  the  exper im en t ,  p rov ided  t h a t  th e  

v a lu e s  o f  th e  f i r s t  blood d e te rm in a t io n  were cons idered  normal.  

That t h e  i n i t i a l  blood va lu es  r e p r e s e n te d  the  normal v a lu e s  

of  the  new born lamb was suppor ted  by a h ig h e r  leukocy te  

count accompanied by a h ig h e r  pe r  cent of  n e u t r o p h i l s  a t  the  

b eg in n in g  o f  the experiment and by a gradual  drop of  th e  

l e u k o c y te s  and n e u t r o p h i l s  and an in c re a s e  o f  lymphocytes a s  

th e  lambs became o l d e r .  This was observed i n  th e  c o n t ro l  

lambs. Decrease of  le u k o cy te  count and n e u t ro p h i l s  i n  favor  

of  lymphocytes toward m a tu r i ty  i s  a normal phenomenedof any
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young an im al .  The in c re a s e d  le u k o cy te  count and th e  r e v e r s a l  

of  the  d i f f e r e n t i a l  count ( in c re a se d  p e rce n t  of  n e u t r o p h i l s )  

i n  the  r i b o f l a v i n  d e f i c i e n t  lamb was exp la ined  by th e  p resence  

o f  pneumonia. I t  seemed more probable  to  r e l a t e  both th e  i n 

c rea se  o f  the  le u k o cy te s  and n e u t ro p h i l s  to  the i n f e c t i o n  

(acu te  bronchopneumonia) than  to  r i b o f l a v i n  d e f i c i e n c y .  An 

i n c r e a s e  o f  le u k o c y te s  and e s p e c i a l l y  of  n e u t ro p h i l s  i s  a 

c h a r a c t e r i s t i c  f e a t u r e  of  a c u te  inf lammation or in fe c t io n *

The pneumonia observed among the  r i b o f l a v i n  d e f i c i e n t  lambs 

was a c u t e ,  r a p i d l y  sp read ing  and t e rm in a t in g  i n  death*

I t  was r a t h e r  u n fo r tu n a te  t h a t  the  r e l a t i v e l y  sh o r t  

p e r io d  of r i b o f l a v i n  d e p l e t i o n  i n  the lamb and the  l im i t e d  

f a c i l i t i e s  a v a i l a b l e  to c o l l e c t  the u r in e  samples p reven ted  

more thorough s tudy  of  u r in a r y  e x c re t i o n  of r i b o f l a v i n .

These l i m i t a t i o n s  were f u r t h e r  aggrava ted  by a g re a t  v a r i a t i o n  

i n  the  u r i n a r y  r i b o f l a v i n  l e v e l s  w i th in  the groups. I t  might 

be e x p la in e d  on the  b a s i s  of  va ry ing  s to ra g e  c a p ac i ty  of  th e  

v i ta m in  i n  the  lamb before  b e in g  p laced  on the  d e f i c i e n t  d i e t  

and ,  p e rh ap s ,  by in d iv i d u a l  a b i l i t i e s  o f  the  lamb to  economize 

th e  l i m i t e d  amount o f  r i b o f l a v i n .  The v a r i a t i o n s  i n  the  

u r i n a r y  e x c r e t i o n  of r i b o f l a v i n ,  no doubt,  were a l s o  g r e a t l y  

in f lu e n c e d  by the  age o f  th e  lamb when taken  away from the 

ewe. The age of th e  lambs when pu t  on the experiment ranged 

from two to  e le v e n  days .  However, the average u r in a r y  r i b o 

f l a v i n  e x c r e t i o n  f o r  the  c o n t ro l  lambs was 0*50 mg per  24 

h o u r s ,  compared w ith  0 .01  mg p e r  24 hours  f o r  th e  r i b o f l a v i n
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d e f i c i e n t  group. The d isappea rance  o f  r i b o f l a v i n  from the 

u r in e  o f  the  lambs on th e  r i b o f l a v i n  d e f i c i e n t  d i e t  i n d i c a t e d  

t h a t  the  v i ta m in  was not s y n th e s iz ed  e i t h e r  i n  the rumen or 

i n t e s t i n a l  t r a c t  or i n  the  t i s s u e s .  I t  was i n t e r e s t i n g  to  

note t h a t  th e  rumen of  the  c o n t ro l  lamb was not developed 

and e v i d e n t l y  was not y e t  f u n c t io n in g  even a f t e r  34 days on 

the  l i q u i d  p u r i f i e d  d i e t .

I t  has  been p o in te d  out by o th e r s  t h a t  the  symptoms, 

g ro ss  and m icroscop ic  changes in  any v i tam in  d e f i c i e n c y ,  

seemed to  be the r e s u l t  of  a d im in ished  fu n c t io n  of th e  body 

c e l l s  and not  the r e s u l t  of  s p e c i f i c  b iochemical p r o c e s s e s .  

Very l i t t l e  i s  known about the  biochemical changes occur ing  

i n  the  v a r io u s  t i s s u e s  of  d i f f e r e n t  organs o f  th e  animal 

when on a r i b o f l a v i n  d e f i c i e n t  d i e t .  Axelrod e t  a l .  (1940, 

1941) r e p o r t e d  a decreased  d-amino ac id  oxidase a c t i v i t y  i n  

the  l i v e r  and kidney of r i b o f l a v i n  d e f i c i e n t  r a t s  and markedly 

lowered a c t i v i t y  of x an th in e  oxidase  of d e f i c i e n t  r a t s  measur

ed by oxygen consumption r a t e s .  C o n s is te n t  and r a t h e r  u n i 

form g ro ss  and m icroscop ic  l e s i o n s  of the  lung ,  l i v e r ,  kidney 

and a d r e n a l s  su g g es ted  t h a t  the t i s s u e s  of these  organs  were 

the  f i r s t  d e p le te d  of r i b o f l a v i n .  The c e l l u l a r  d y s fu n c t io n  

m an ife s ted  by th e  symptomat o lo g y , gross  and m icroscopic  

p a tho logy  d e s c r ib e d ,  was then  a d e f i c i e n c y  of one and only 

one n u t r i t i o n a l  f a c t o r ,  t h a t  i s  r i b o f l a v i n ,  and not compound 

d e f i c i e n c i e s  due to  poor i n t a k e  o f  a supposedly  adequate d i e t .  

S im i l a r  growth r e sp o n se ,  symptoms, s u r v iv a l  t im e ,  p a th o lo g y ,
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a. r a t h e r  s h o r t  p e r io d  o f  i n a n i t i o n ,  dramatic  response to  

r i b o f l a v i n  th e ra p y  i n  r e s p e c t  to  growth and h e a l t h  and a 

r a t h e r  l i b e r a l  amount of a l l  o th e r  B v i tam in s  in  the  d i e t  

sugges ted  t h a t  th e  d e f i c i e n c y ,  as  observed ,  could have been 

o f  r i b o f l a v i n .

The average  d a i l y  in take  o f  r i b o f l a v i n  p e r  pound of 

body weight  o f  the c o n t ro l  lambs was around 250 mg». This  

was c a l c u l a t e d  from the  3 mg r i b o f l a v i n  l e v e l  i n  one l i t e r  

of  p u r i f i e d  milk as  shown in  t a b l e  2 ,  The average in ta k e  

in c r e a s e d  up to  297 micrograras du r ing  the  f i r s t  t h r e e  weeks 

on the  d i e t .  A f t e r  th r e e  weeks the lambs were growing f a s t e r  

and r e q u i r e d  l e s s  dry  m a t te r  to  produce one pound of  g a in .

Consequen t ly ,  the r i b o f l a v i n  i n t a k e ,  d i r e c t l y  dependent on

the  amount of  milk consumed, was dec reased .

The average  d a i l y  gain  of  the  c o n t ro l  lambs r e c e i v i n g

around 250 mgnof r i b o f l a v i n  per  pound of body weight per 

day, mixed i n  th e  milk and fed a t  each fee d in g ,  was 0 .40  l b .  

while  the  average d a i l y  ga in  of the two lambs on 250 and 

350 micrograms of  r i b o f l a v i n ,  adm in is te red  once a day, was 

0 .205  and 0 .305  l b s .  r e s p e c t i v e l y .  The only e x p la n a t io n  f o r  

t h i s  d i f f e r e n c e  i n  growth response was the  mode of v i tam in  

a d m i n i s t r a t i o n .  The co n t ro l  lambs were always fed a complete 

r a t i o n .  The amount of r i b o f l a v i n  (3 mg per l i t e r  of  milk) 

was added to  the  milk i n  the  l a b o r a to r y  and th e  c o n t ro l  lambs 

r e c e iv e d  a p a r t  o f  the d a i l y  in t a k e  a t  each fe ed in g .  In  

the  lambs on th e  v a r io u s  l e v e l s  o f  r i b o f l a v i n ,  the amount
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was ad m in is t e r e d  once a day. I t  was p o s s ib le  then  t h a t  

r i b o f l a v i n  ad m in is te red  w ith  each feed ing  in c re a se d  the 

u t i l i z a t i o n  of the  feed  which was r e f l e c t e d  in  f a s t e r  ga ins  

of th e  c o n t ro l  lambs. I t  was a l so  f e l t  t h a t  the  l e v e l  of 

3 mg o f  r i b b f l a v i n  i n  one l i t e r  of  milk,  s e t  a r b i t r a r i l y  

fo r  th e  c o n t ro l  lambs,  was adequate to support  the  h e a l t h  

and gene ra l  c o n d i t io n  of the  young lamb, and to  produce a 

normal growth and gain  in  body weight .



SUMMARY

A p u r i f i e d  l i q u i d  d i e t  ( s y n t h e t i c  milk) c o n ta in in g  16 

per  cen t  s o l i d s ,  composed of v i tam in  f r e e  c a s e in  (30#),  g lu 

cose (28#) ,  l a c t o s e  (10#),  l a r d  (26#),  s a l t  mixture (6#) and 

a l l  f a t  and w ate r  so lu b le  v i t a m in s ,  was adequate to suppor t  

good h e a l t h  and normal growth of two to  e leven  day o ld  lambs.

I t  was shown t h a t  the  e x c r e t i o n  of the  u r in a r y  r i b o f l a v i n  i n  

r i b o f l a v i n  d e f i c i e n t  lambs was g r e a t l y  lowered.  The hemo

g lo b in  c o n c e n t r a t i o n  was unchanged. The leukocy te  count was 

i n c r e a s e d  and was r e f l e c t e d  i n  an in c re a s e d  per  cen t  of 

n e u t r o p h i l s  i n  the  d i f f e r e n t i a l  count .

R ib o f l a v in  d e f i c i e n c y  in  the young lamb was c h a r a c t e r i z e d  

by lowered a p p e t i t e ,  i n t e r m i t t e n t  d i a r r h e a ,  poor growth, emacia

t i o n ,  pneumonia and d ea th .  The s u r v iv a l  p e r io d  was 16-21 days .

P a th o lo g ic a l  s t u d i e s  of  the  r i b o f l a v i n  d e f i c i e n t  lambs 

re v e a le d  lu n g  involvement w ith  b i l a t e r a l  pneumonia, genera l  

f a t t y  d e g e n e ra t io n  and n e c r o s i s  of  the  h e p a t i c  c e l l s ,  f a t t y  

d e g e n e r a t io n  of the  c o r te x  and medulla of  the  k idney ,  conges

t i o n  and f a t t y  d e g e n e ra t io n  of  th e  a d r e n a l s .

Symptoms of r i b o f l a v i n  d e f ic ie n c y  were r a p i d l y  a l l e v 

i a t e d  and cured  w ith  a d m i n i s t r a t i o n  of c r y s t a l l i n e  r i b o f l a v i n .

The growth response  of t e n  lambs on f iv e  d i f f e r e n t  l e v e l s  

of  r i b o f l a v i n  (5, 50, 150, 250 and 350 micrograms per  pound 

o f  body weight p e r  day) was d i r e c t l y  p r o p o r t i o n a l  to  th e  l e v e l
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of r i b o f l a v i n  a d m in i s t e r e d .  The two h ig h e s t  l e v e l s  o f  r i b o 

f l a v i n  a d m in is t e r e d  once a day even though comparable to  the  

r i b o f l a v i n  i n t a k e  o f  the  c o n t ro l  lambs, proved to  be adequate 

to  suppor t  good h e a l t h  and c o n d i t io n  of the young lamb but 

inad eq u a te  to  promote normal or optimal growth. I t  was f e l t  

t h a t  t h e  optimum requ irem ent  o f  the young lamb was somewhere 

between 250-350 micrograms of  r i b o f l a v i n  per  pound of  body 

w eigh t  pe r  day and t h a t  the  lamb in  the  preruminant  s t a t e  

had a d e f i n i t e  requ irem ent  fo r  r i b o f l a v i n .
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Fig* 1 .  Lamb No* 4*

L i v e r ,  k id n e y s  and a d r e n a l  from r i b o f l a v i n  d e f i 

c i e n t  lamb* Note p ro m in en t  s t r e a k s  i n  t h e  k i d 

n e y s .  The a d r e n a l  i s  e n l a r g e d  and t h e  l i n e  o f  

d e m a rk a t io n  be tw een  th e  c o r t e x  and m ed u l la  i s  

l o s t .
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F i g .  2 .  Lamb No. 7 .

E xtensive fa t ty  i n f i l t r a t i o n  o f the l i v e r .  The 

h ep atie  c e l l s  are f i l l e d  with fa t  g lob u les .

The nucle i are pyknotic and the s in u so id s ,  

e s p e c ia l ly  c lo se  to the centra l v e in , are d is 

tended.

Hematoxylin and E osin  s ta in  x 600



-  6 5  -



F i g .  3 .  Lamb No. 2 .

Cortex o f the kidney showing severe fa t ty  i n f i l 

tr a t io n  of convoluted tubules and tendency toward 

hyaline degeneration in  g lom eruli. Note the 

disappearing ca p il la r y  loops*

Hematoxylin and Eosin s ta in  x 600
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F i g .  4 .  Lamb No. 2

D ista l  convoluted tubules with ex cess iv e  amount 

of fa t  g lob u les .

Frozen se c t io n ,  Sudan IV s ta in  x 850
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F i g .  5 .  Lamb N o. 5 .

Pronounced f a t t y  i n f i l t r a t i o n  of the eortex  and 

medulla of the adrenal. The prominent and rather 

d if fe r e n t  fa t t y  i n f i l t r a t i o n  between glomerulosa 

and fa s c ie u la ta  was considered p h y s io lo g ic a l .  

Frozen s e c t io n ,  Sudan IV s ta in  x 40
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F i g .  6 .  Lamb No. 5 .

Higher m agnification  o f adrenal showing fa t ty  

degeneration. The s in u so id s  are distended  

but the borders are in ta c t .

Frozen s e c t io n ,  Sudan IV s ta in  x 125
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F i g .  7 .  Lamb N o. 1 0 .

Cortex o f  the kidney showing glomerulus in  early  

stage of hyaline degeneration. The hyaline  

drop lets  are being accumulated on one s id e ,  

while the c a p il la r y  loop i s  d isappearing. Con

voluted  tubules show pronounced cloudy sw e llin g .  

Hematoxylin and Eosin s ta in  x 850





P a r t  I I .

VITAMIN E DEFICIENCY AND ESTIMATED REQUIREMENT



INTRODUCTION

Since  1934 v i ta m in  E d e f i c i e n c y  has been suspec ted  to

be th e  cause of so c a l l e d  "S tiff-Lamb" d i s e a s e .  This  d i se a se

of lambs i s  c h a r a c t e r i z e d  by s t i f f n e s s ,  p a r a l y s i s  and muscle

d e g e n e ra t io n  s i m i l a r  to  the  n u t r i t i o n a l  muscular dystrophy

(Z e n k e r 's  d e g e n e ra t io n )  produced in  l a b o r a to r y  animals  on

d i e t s  low or d e f i c i e n t  i n  v i ta m in  E. However, t h e r e  was no
d e f i c i e n c y

d i r e c t  ev idence  to  s u b s t a n t i a t e  the  id e a  t h a t  v i tam in  E was 

th e  p r im ary  and th e  only  f a c t o r  r e s p o n s ib le  fo r  the d i s e a s e .

In  p re v io u s  work a p u r i f i e d  d i e t  i n  l i q u i d  form ( s y n t h e t i c  

milk) proved to  be adequate  to  suppor t  the  growth and h e a l t h  

o f  the  young lamb and was used to  s tudy the  r i b o f l a v i n  r e 

qu irem ent of  lambs.  I t  seemed l o g i c a l  then  t h a t  u s in g  a 

p u r i f i e d  d i e t ,  low i n  v i ta m in  E ( t o c o p h e r o l s ) , the  ro le  of  

t h i s  v i ta m in  i n  animal n u t r i t i o n  and p a r t i c u l a r l y  i t s  r e l a 

t i o n s h i p  to  muscular  dys t rophy  of lambs could be s tu d i e d  and 

p o s s i b ly  e l u c i d a t e d .



OBJECT

The o b j e c t  of  th e se  s t u d i e s  was a) to  produce v i ta m in  E 

d e f i c i e n c y  i n  th e  lamb by the  use of  a l i q u i d  p u r i f i e d  d i e t ,  

low or  d e f i c i e n t  i n  to c o p h e r o l s ,  b) to  s tudy and compare the 

symptoms and l e s i o n s  o f  v i ta m in  E d e f i c i e n c y ,  produced i n  the 

l a b o r a t o r y  w ith  the  symptoms and l e s i o n s  of  th e  so c a l l e d  

“S t i f f -Lam b"  d i s e a s e  occu r ing  under f i e l d  c o n d i t i o n s ,  and 

c) t o  de termine  the  q u a n t i t a t i v e  requ irem en t  o f  a l p h a - to c o -  

ph e ro l  f o r  the  young s u c k l in g  lamb.



REVIEW OF LITERATURE

N u t r i t i o n a l  Muscular Dystrophy i n  L ab o ra to ry  Animals

U n t i l  1928 v i ta m in  E was thought  to  be e n t i r e l y  con

ce rned  w ith  r e p r o d u c t io n .  Evans and Burr (1928) observed 

and d e s c r ib e d  p a r a l y s i s  of  young r a t s  su ck l in g  mothers kep t  

on a v i ta m in  E d e f i c i e n t  d i e t .  At f i r s t  i t  was thought  t h a t  

th e  p a r a l y s i s  was neurogenic  in  o r i g i n .

G oe t tsch  and Pappenheimer (1931),  u s in g  a s e m i - p u r i f i e d  

d i e t  c o n s i s t i n g  of  o a t s ,  wheat b ran ,  c a s e in ,  l a r d ,  skimmed 

m ilk  and s a l t  m ix tu re ,  produced a dys trophy  of  th e  s k e t e t a l  

m uscu la tu re  o f  the  guinea p ig  and r a b b i t .  The d i e t  was 

th o u g h t  to  be complete and the  s k e l e t a l  muscle changes were 

not due to  s t a r v a t i o n ,  i n f e c t i o n  or scu rvy .  H is to p a th o lo -  

g i c a l l y ,  th e  l e s i o n s  of the s k e l e t a l  muscles were d e s c r ib ed  

a s  Z en k e r ' s  d e g e n e ra t io n  or n u t r i t i o n a l  muscular dys trophy .

No h e a r t  l e s i o n s  or changes in  the  c e n t r a l  nervous system 

were obse rved .

Madsen et , al^. (1935) produced a dys trophy  of  s k e l e t a l  

and h e a r t  muscle i n  guinea p i g s ,  r a b b i t s ,  goa ts  and sheep 

kep t  on n a t u r a l  or s y n t h e t i c  d i e t s  supplemented w ith  l a r g e  

doses  of  cod l i v e r  o i l .  The a u th o rs  suggested  t h a t  th e  

s a p o n i f i a b l e  p a r t  of  the  cod l i v e r  o i l  was t o x i c  to  the  

an im als  and caused the  l e s i o n s .  The fo l lo w in g  yea r  Madsen
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(1936) ,  comparing v a r io u s  sou rces  o f  f a t  on a s e m i - p u r i f i e d  

d i e t  and th e  e f f e c t  o f  cod l i v e r  o i l ,  observed t h a t  guinea 

p ig s  developed dys trophy of the  s k e l e t a l  muscle sooner on a 

d i e t  c o n ta in in g  l a r d  and cod l i v e r  o i l  th a n  on a d i e t  con

t a i n i n g  c o t to n  seed o i l  and v i tam in  A and D c o n c e n t r a t e .

Cummings and M a t t i l l  (1931) and M a t t i l l  (1938b) d id  

no t  ag ree  w ith  the  t o x i c  th eo ry  of cod l i v e r  o i l .  They 

p o s t u l a t e d  t h a t  th e  muscle dys trophy  was due to  v i ta m in  E 

d e f i c i e n c y  which r e s u l t e d  from d e s t r u c t i o n  of v i tam in  E by 

o x id a t iv e  r a n c i d i t y  o f  cod l i v e r  o i l  and animal f a t .

Sh im otor i  e t  a l » (1940) produced,  cured and p reven ted  

n u t r i t i o n a l  muscular  dys trophy  i n  the  guinea p ig  by supp le 

menting th e  Madsen et,  a l . . (1935) d i e t  w ith  wheat germ, wheat 

germ o i l  or  a l p h a - to c o p h e r o l .  This  d i e t  was adequate and 

complete i n  a l l  B v i t a m in s .  The au th o rs  p o s t u l a t e d  t h a t  

v i t a m in  E was th e  s p e c i f i c  f a c t o r  which cured and p reven ted  

th e  muscle d e g e n e r a t io n .

Muscular d e g e n e ra t io n ,  s i m i l a r  to  t h a t  of  l a b o r a t o r y  

an im als  on a v i ta m in  E low d i e t ,  and t e s t i c u l a r  d e g e n e ra t io n  

c h a r a c t e r i s t i c  o f  v i ta m in  E d e f i c i e n c y  were observed in  dogs 

and r e p o r t e d  by Brinkhouse and Warner (1941).  This c o n d i t io n  

was produced by means of  a ch ron ic  b i l i a r y  f i s t u l a  i n  a p e r io d  

of  seven to  nine months. E v id e n t ly  th e  b i l e  was e s s e n t i a l  

fo r  v i t a m in  E a b s o r p t i o n  and u t i l i z a t i o n .

T e l fo rd  (1941) s tu d ie d  th e  h i s to p a th o lo g y  o f  the degen

e r a t e d  s k e l e t a l  muscles from r a t s  on a v i ta m in  E d e f i c i e n t
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d ie t*  I n  a d d i t i o n  to  Zenker*s d e g e n e ra t io n ,  the  nerve 

end ings  were des troyed*  On t r e a tm e n t  w ith  v i ta m in  E, r e 

g e n e ra t io n  of  the s k e l e t a l  muscle was accompanied by r e 

g e n e ra t io n  of  nerve  endings*

The muscular dys trophy  of  r a b b i t s  produced by l a r g e  

doses  of  cod l i v e r  o i l  was t r e a t e d  w ith  th e  disodium s a l t  

o f  a lp h a - to c o p h e ro l  phosphate a d m in is t e r e d  p a r e n t e r a l l y  

and w ith  a l p h a - to c o p h e ro l  a c e t a t e  i n j e c t e d  in t r a m u s c u l a r l y .  

E p p s t e in  and Morgulis  (1942) found the p a r e n t e r a l  adm in is

t r a t i o n  more e f f e c t i v e  th a n  the  i n ^ s t i o n .  C r e a t i n u r i a  

was r e p o r t e d  t o  be an index o f  v i ta m in  E d e f i c i e n c y .

Mason (1942) an a ly se d  t i s s u e s  from r a t s  on a low to c o 

p h e ro l  d i e t  and found t h a t  the  h e a r t  muscle had p r o p o r t i o n 

a l l y  tw ice  as  much v i ta m in  E as d id  the  s k e l e t a l  muscle .

Pappenheimer (1943) i n  a review on v i tam in  E emphasized 

t h a t  v i ta m in  E was e s s e n t i a l  i n  metabolism of s k e l e t a l  muscles 

o f  a l l  mammals, bu t  d id  no t  seem to  be e s s e n t i a l  i n  metabolism, 

of  the  nervous system.

H eart  l e s i o n s  i n  th e  r a b b i t  s im i l a r  to  Zenker*s de

g e n e ra t io n  o f  th e  s k e l e t a l  muscle,  inditced by a v i ta m in  E 

d e f i c i e n t  d i e t ,  and r e s p o n s i b l e  fo r  sudden dea th  due to  

myocardial  f a i l u r e  were f i r s t  r e p o r t e d  by Houchin and Smith 

(1944) .  These a u t h o r s  a l s o  observed an in c r e a s e d  s e n s i t i v i t y  

of  th e  d e p le te d  an im als  to  p i t r e s s i n ,  g r e a t e r  r e s i s t a n c e  to  

t o x i c  e f f e c t s  o f  c a rd i a c  g lu c o s id e s ,  c a rd i a c  d i l a t a t i o n  and 

an in c r e a s e d  oxygen consumption.
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G u l l ic k so n  and C a lv e r ley  (1946) s tu d ied  the  cause o f  

sudden dea th  of  c a t t l e  i n  the  f i e l d  and ca lv e s  on a v i ta m in  

E d e f i c i e n t  d i e t*  The e l e c t ro c a r d io g ra p h s  p repared  dur ing  

th e  p e r io d  of  d e f i c i e n c y  showed d e f i n i t e  changes in  the  

v a r io u s  i n t e r v a l s  and p o t e n t i a l s  w ith  i n c o n s i s t e n t  d e f l e c 

t io n s*  The h i s t o p a t h o l o g i c a l  exam ination  of the myocardium 

showed a t ro p h y  and s c a r r i n g  of the  c a rd iac  muscle f i b e r s  

and an in c re a s e d  c e l l u l a r  i n f i l t r a t i o n *  E le c t r o c a r d io g r a p h s  

of r a b b i t s  on v i tam in  E d e f i c i e n t  s y n t h e t i c  d i e t  s tu d i e d  by 

Bragdon and Levine (1949) showed some changes i n  waves* 

M icroscopic  exam ina t ion  of the myocardium r e v e a le d  fo c i  of  

n e c ro s i s  and an inflammatory r e a c t i o n .  The sequence of 

ev e n ts  was a c o a g u la t iv e  n e c ro s i s  of  sarcoplasm with  l o s s  

of  s t r i a t i o n ,  pyknos is  and k a ry o r rh e x is  of  muscle n u c l e i ,  

edema, hemorrhages and i n f i l t r a t i o n  of th e  a rea s  with mono

c y te s  and p o ly m o rp h o n u c le a r  l e u k o c y te s .  Some c a l c i f i c a t i o n  

was a l s o  obse rved .

Menschik et. a l . (1949) s tu d ie d  th e  d i s t r i b u t i o n  o f  f a t  

and f a t  changes in  mice on a d i e t  with and w ithou t  v i tam in  E* 

Animals on v i ta m in  E supplemented d i e t  in c re a s e d  the  amount 

o f  n e u t r a l  f a t  i n  the  body, in c re a s e d  the  amount of  ad ipose  

t i s s u e  and showed p h y s io lo g ic a l  f a t t y  i n f i l t r a t i o n  th rough

out the  body. Animals on a v i tam in  E d e f i c i e n t  d i e t  soon 

became l e a n ,  n e u t r a l  f a t  d isap p ea red  from the t i s s u e s  and was 

r e p la c e d  by a c id  f a s t  l i p o - p r o t e i c  m a te r i a l  composed of  un-
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s a t u r a t e d  f a t t y  a c i d s ,  p h o s p h o l ip id s ,  c h o l e s t e r o l  and p r o t e i n .  

The a u th o r s  sugges ted  t h a t  v i ta m in  E was invo lved  i n  f a t  

m etabol ism .

Tobin (1950) used 2, 10 and 20 per  cen t  o f  cod l i v e r  

o i l  i n  a d i e t  t o  produce v a r io u s  degrees  of  muscle degenera

t i o n  i n  mice. Animals on the  2 p e r  cen t  cod l i v e r  o i l  d i e t  

d id  n o t  show locomotor d i s t u rb a n c e s  or any o th e r  v i s i b l e  

symptoms of d e f i c i e n c y .  Only 15 p e r  cent o f  the  animals  

r e v e a le d  s l i g h t  h y a l in e  d eg e n e ra t io n  o f  in d iv id u a l  muscle 

f i b e r s  c h a r a c t e r i z e d  by c e n t r a l l y  lo c a t e d  n u c le i  or groups 

of n u c l e i  a r ran g ed  in  rows or columns. Animals on the  10 per  

c e n t  cod l i v e r  o i l  developed acu te  p a r a l y s i s  i n  16 to  30 days .  

M ic ro s c o p ic a l ly  the  muscles were n e c r o t i c ,  showed l o s s  of 

s t r i a t i o n ,  segm en ta t ion  and clumping of the  sa rcop lasm , 

c o l l a p s e  of  sarcolemraal s h e a t s ,  p resence  of g ia n t  c e l l s  and 

some c a l c i f i e d  a r e a s .  R eg en e ra t iv e  changes were c h a r a c t e r i z e d  

by p r o l i f e r a t i o n  of sarcolemmal n u c l e i ,  r e g e n e r a t io n  of  s a rc o 

plasm and renewed s t r i a t i o n .

Vitamin E d e f i c i e n c y  i n  ch icks  c h a r a c t e r i z e d  by c e r e 

b e l l a r  d i s o r d e r  (encephalom alac ia )  was produced and d e s c r ib e d  

by Pappenheimer and G oet tsch  (1931) and Jungherr  (1949).  

D ucklings  on th e  same high  f a t  v i ta m in  E d e f i c i e n t  d i e t  d ev e l 

oped dys t rophy  of t h e  s k e l e t a l  muscle (Pappenheimer and 

G o e t t sch  1934) while  tu rkeys  showed myopathy of th e  g izza rd  

( Jungherr  and Pappenheimer 1937) .
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S t i f f  Lamb Disease

The s o - c a l l e d  "S tiff-Lamb" d i s e a s e  was f i r s t  r e p o r te d  

and d e s c r ib e d  by Metzger and Hagan (1927).  The symptoms 

were a d i s t u rb a n c e  i n  locom otion ,  s t i f f n e s s  of  th e  h ind  and 

f o r e  l e g s ,  p a r a l y s i s  and death  by s t a r v a t i o n  due to  i n a b i l i t y  

of  th e  lamb to  fo l low  th e  mother. The gross  and m icroscopic  

l e s i o n s  of b o th  the s k e l e t a l  and c a rd i a c  muscles were d es 

c r ib e d  as  n o n in f e c t io u s  and noninflammatory i n  n a t u r e .

Jungherr  and Welch (1927) d e s c r ib e d  the  d eg en e ra t iv e  

changes i n  the  muscle as secondary  to  c o c c i d i o s i s .  I n  h i s  

n ex t  r e p o r t  on "S tif f-Lam b" d i s e a s e ,  Welch e t  a l .  (1929) 

s t a t e d  t h a t  lambs p r e v io u s ly  confined to  small pens when 

suddenly  pu t  on p a s tu re  were e s p e c i a l l y  s u s c e p t i b l e  to  the 

d i s e a s e .  Severe e x e rc i s e  in  p a s tu r e  was suggested as the 

cause of the  d i s e a s e .

Um bil ica l  i n f e c t i o n  as the  primary  cause of  " S t i f f -  

Lamb" o r  "White Muscle" d i s e a s e  was sugges ted  by Marsch (1929).

Willman ejb al_. (1931) produced " s t i f f  lambs" experimen

t a l l y  by f e e d in g  p regnan t  ewes a r a t i o n  c o n s i s t i n g  of  a g r a in  

mixture  high i n  p r o t e i n  and a l f a l f a  or c lo v e r  hay. A l a c k  

of  e x e r c i s e  was a l s o  co ns ide red  as a p o s s i b l e  e t i o l o g i c a l  

f a c t o r .

Marsch (1932) ex p la in e d  the  w h i t i s h  l e s i o n s  of  the  

muscles as  d e p o s i t s  o f  t r i c a l c i u m  phosphate caused by a d i s 

tu rbance  of  th e  calcium and phosphorus r a t i o  i n  the a f f e c t e d  

lamb.
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I n  1934 the  d i se a se  among lambs, ca lves  and h e i f e r s  

was r e p o r t e d  from Norway by S langsvo ld  and Lund-Larsen (1934).  

The d e g e n e ra t iv e  changes in  s k e l e t a l  and h e a r t  muscles were 

s i m i l a r  to  h y a l in e  d e g e n e ra t io n  w ith  in c re a se d  d e p o s i t i o n  

o f  ca lc ium .  A ba lanced  r a t i o n  with adequate amounts of  

m in e ra ls  and v i ta m in s  was sugges ted  as  a p re v e n t iv e  measure.

Willman et^ a l . (1934) summarized the four  yea r  s tudy  

on "S t i f f -Lam b"  d i s e a s e .  The a u th o rs  c o n s i s t e n t l y  were 

ab le  to  produce " s t i f f  lambs" from ewes fed a r a t i o n  con

s i s t i n g  of o a t s ,  b a r l e y ,  c u l l  beans and second c u t t i n g  

a l f a l f a  hay.  P re v io u s ly  suspec ted  causes of  the  co n d i t io n  

such as  e x e r c i s e  of  th e  ewes du r ing  pregnancy,  heavy f eed in g  

of c o n c e n t r a t e s  and creep  feed in g  of th e  lambs were d i s 

ca rd e d .

Willman et, al.. (1935) t r e a t e d  the " s t i f f  lambs" w ith  

v i t a m in  C w i th o u t  su c c e s s ,  and concluded t h a t  v i tam in  C was 

no t  r e l a t e d  to  th e  d i s e a s e .

Lee and S c r iv n e r  (1935) s tu d i e d  the h i s to p a th o lo g y  of 

th e  d i s e a s e  and found w h i t i s h  l e s i o n s  i n  th e  kidney s i m i l a r  

to  th o se  in  the  s k e l e t a l  and c a rd i a c  muscle.  The au th o rs  

rep roduced  the  c o n d i t io n  e x p e r im en ta l ly  in  lambs and r a b b i t s  

by i n o c u l a t i n g  those  animals  w i th  b a c t e r i a  i s o l a t e d  from th e  

h e a r t  of  a s t i f f  lamb. Chemical a n a l y s i s  o f  the  degenera ted  

t i s s u e s  showed in c r e a s e d  calcium and phosphorus.

To de te rm ine  i f  th e  c o n c e n t r a t e s  or the  hay was the
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"S t i f f -L am b"  produc ing  f a c t o r  in  th e  r a t i o n ,  Willman a t  a l . 

(1936) r e p la c e d  th e  a l f a l f a  hay by mixed c lover  and t im othy 

hay* Lambs became s t i f f  as  b e fo r e ,  p rov ing  t h a t  th e  g r a in  

m ix tu re  and not  the  hay was the  "Stiff-Lamb" f a c t o r .

S c h o f ie ld  and Bain (1939) s u c c e s s f u l l y  t r e a t e d  a num

b e r  of  " s t i f f  lambs" with  phosphoric  a c id  added to  milk* 

Phosphorus d e f i c i e n c y  as the cause of th e  c o n d i t io n  was sug

g e s te d  by Wawter and Records (1939).  Ewes fed a l f a l f a  hay 

a lo n e  produced " s t i f f  lambs". When r o l l e d  o a t s  were fed  

w i th  a l f a l f a  hay th e  d i s e a s e  was p re v en ted .

S h o l l  (1939) r e p o r t e d  "Stif f-Lamb" d ise a se  in  Michigan. 

The m o r t a l i t y  was up to  30 per  c e n t .  Blood a n a ly se s  showed 

ve ry  low c r e a t i n i n e  and high n o n - p ro te in  n i t r o g e n  v a lu e s .

Willman a t  a l . (1939) d isp roved  th e  phosphorus d e f i 

c iency  as  th e  cause of  the  c o n d i t io n .  Added phosphorus to  

th e  "S t i f f -Lam b" r a t i o n  f a i l e d  to  p reven t  the  development of 

symptoms.

Willman a t  al.. (1940) d e f i n i t e l y  proved and recogn ized  

the  d i s e a s e  as  n u t r i t i o n a l  i n  o r i g i n .  The cause was some

th i n g  o th e r  th a n  phosphorus and a s c o rb ic  a c id  d e f i c i e n c y .

The a u th o r s  observed t h a t  the  inc idence  of " s t i f f  lambs" 

was much lower  when wheat germ meal was added to  the " S t i f f -  

Lamb" r a t i o n .  The fo l lo w in g  y ea r  Willman a t  al_. (1941) sup

plemented th e  "S t i f f -Lam b" r a t i o n  w ith  u n e x t r a c te d  wheat germ 

meal .  None of  th e  lambs born from ewes on t h i s  r a t i o n  be

came s t i f f  while  e lev e n  out of  tw en ty -seven  lambs from the
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ewes w i th o u t  wheat germ meal developed the  d isease*

Thorp (1942) d e s c r ib e d  "S tiff-Lamb" d i s e a s e  and sug

g e s te d  p r e v e n t iv e  methods.

Willman et_ a l . (1944, 1945, 1946) suspected  v i ta m in  £ 

a s  a f a c t o r  r e s p o n s i b l e  fo r  "S tiff-Lamb" d i s e a s e .  The 

a u t h o r s  p re v en ted  the  c o n d i t io n  e i t h e r  by a d m i n i s t r a t i o n  

o f  an o i l  s o l u t i o n  o f  mixed to c o p h e ro ls  to  the  ewes b e fo re  

and to  t h e i r  lambs a f t e r  p a r t u r i t i o n  or by f e e d in g  an o i l  

s o l u t i o n  of  d-1 a lp h a - to c o p h e ro l  a c e t a t e  to  the  lambs im

m ed ia te ly  a f t e r  b i r t h .  S t i f f  lambs a l so  responded and were 

s u c c e s s f u l l y  t r e a t e d  by subcutaneous i n j e c t i o n  o f  a d i 

sodium s a l t  of  d-1 a lp h a - to c o p h e ro l  phosphor ic  a c id  e s t e r  in  

an aqueous* s o l u t i o n .

W h i t t in g  ejt al_. (1949),  u s in g  the  "Stiff-Lamb" producing  

r a t i o n  of  Willman e t  a l .  (1934),  compared the  tocophero l  

l e v e l s  of  blood plasma from ewes and lambs and a l s o  the  

co los trum  and milk tocophero l  l e v e l s  from the ewes w ith  a 

group of normal c o n t r o l s .  The r e s u l t s  i n d i c a t e d  a r e d u c t io n  

from 15 to  48 per  cent i n  the  tocophero l  l e v e l s  of  the blood 

plasm a,  milk and colostrum i n  t h e  ewes and lambs on the 

"S t i f f -L am b"  producing  r a t i o n .



EXPERIMENTAL PROCEDURE

Animals Used

Beginning w ith  the  f a l l  of  1950, 51 lambs 3-4 days o ld  

were used  fo r  t h i s  s tu d y .  Lambs of both  sexes of  the mutton 

and f i n e  wool type were o b ta in ed  from the  Experiment S t a t i o n  

f l o c k  a t  Michigan S ta te  College or purchased from farms in  

the  a r e a .  Purebred  or  c ro s s b re d ,  s i n g l e  or  twin lambs were 

used  and the  only  p r e r e q u i s i t e  was good h e a l t h  and normal 

c o n d i t i o n .  A l l  lambs r e c e iv e d  co lostrum  before  being taken  

from th e  ewes. E leven out of  th e  51 lambs d ied  e a r l y  i n  the  

exper im ent  due to  causes  not r e l a t e d  to  v i tam in  E d e f i c i e n c y  

and were d iagnosed  as o v e r e a t in g  (2 lam bs) ,  i n t e s t i n a l  ob

s t r u c t i o n  (2 lam bs) ,  c o c c i d i o s i s  (1 lamb) and pneumonia (3 

lam bs) .  The cause of dea th  i n  t h r e e  lambs was not i d e n t i f i e d .

Feeding and Care 

The com posi t ion  and th e  method of  p r e p a r a t i o n  of  the  

s y n t h e t i c  milk and th e  care of  the animals were d esc r ib ed  

in  d e t a i l  i n  P a r t  I  of  t h i s  t h e s i s .  A few m o d i f ic a t io n s  

were made however: the  lambs were changed from one pen to

a n o th e r  every  day i n s t e a d  of every  o th e r  day to  p rev en t  any 

o u t s i d e  d i s e a s e .  Ten pe r  cen t  of  l a c t o s e  was rep la ced  by 10 

p e r  c e n t  g lucose  to  e l im in a te  a p o s s ib le  s y n th e s i s  of  any 

v i t a m in  i n  th e  i n t e s t i n a l  t r a c t  o f  th e  lamb. The lambs were 

fed  fou r  t im es  a day i n s t e a d  of  f i v e .  The amount of milk
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each  lamb consumed pe r  f e e d in g  was reco rded  as well  as  a l l  

the  o b s e rv a t io n s  of  symptoms, h e a l t h ,  a p p e t i t e  and genera l  

b e h a v io r .  A l l  the lambs were weighed every fo u r  days.

The work r e p o r t e d  h e r e i n  c o n s i s t e d  of t h r e e  t r i a l s .

In  th e  f i r s t  t r i a l  were f iv e  p o s i t i v e  c o n t ro l  and t e n  e x p e r i 

mental lambs. The source of f a t  i n  the  p u r i f i e d  l i q u i d  d i e t  

was commercial l a r d  purchased  l o c a l l y .  A f t e r  40 days on 

t h i s  d i e t  two c o n t ro l  and th r e e  animals on supposedly v i t a 

min E low d i e t  were t r e a t e d  d a i l y  fo r  25 days w ith  3 ml. of  

f r e s h  cod l i v e r  o i l .  A l l  lambs were s a c r i f i c e d  when d e p le te d  

and showing symptoms.

The second t r i a l  c o n s i s te d  of  four  c o n t ro l  and s i x  

lambs on th e  d e f i c i e n t  d i e t .  The source of f a t  i n  t h i s  group 

was m olecu lar  d i s t i l l e d  l a r d  (low tocophero l  animal f a t ) # ,  

c o n t a in i n g  l e s s  than  f iv e  micrograms of to co p h e ro ls  p e r  gram, 

and e s p e c i a l l y  s u i t a b l e  f o r  exper im enta l  work with  v i tam in  E. 

Two lambs a f t e r  d e p l e t i o n  showed advanced symptoms o f  d e f i 

c iency  and were t r e a t e d  w ith  a lp h a - to c o p h e ro l .  The c o n t ro l  

and th e  o th e r  fo u r  d e f i c i e n t  lambs were nec rops ied  f o r  h i s t o -  

p a t h o l o g i c a l  s tudy .

The t h i r d  t r i a l  comprised th r e e  c o n t ro l  and twelve lambs 

on th e  s y n t h e t i c  milk w ith  d i s t i l l e d  l a r d  as the  source of 

f a t .  Four an im als  were d ep le te d  and s a c r i f i c e d  while th e  

o th e r  e i g h t  lambs were t r e a t e d  and cured a f t e r  showing symp-

# D i s t i l l a t i o n  P ro d u c ts ,  I n c . ,  R o c h e s te r ,  13, New York
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toms of  d e f i c i e n c y .

Blood S tu d ie s

The blood s t u d i e s  and th e  techn ique  of blood c o l l e c 

t i o n  were s i m i l a r  to  those d e s c r ib e d  i n  P a r t  I .  The lambs 

were b led  immediately when put on the  p u r i f i e d  d i e t  to  d e t e r 

mine the  i n i t i a l  blood p i c t u r e .  On a l t e r n a t e  weeks an a d d i 

t i o n a l  20 ml. of  blood was drawn fo r  a n a l y s i s  of  to c o p h e ro l s .  

The to c o p h e ro l  c o n te n t  of the  blood plasma was determined by 

th e  hydrogena t ion  method of Quife and B ie h le r  (1945).  The 

blood was c e n t r i f u g e d  immediately a f t e r  i t  was brought to  

th e  l a b o r a t o r y  and th e  tocophero l  d e te rm in a t io n  was made as 

soon as  p o s s i b l e .  At l e a s t  two d e te rm in a t io n s  were c a r r i e d  

out fo r  each sample.

Gross Pathology

Care was e x e rc i s e d  to  s a c r i f i c e  the  dep le ted  animals 

whenever p o s s i b l e  be fo re  dying ,  in  o rder  to  avo id  p o s s i b le  

p o s t  mortem changes.  However, i t  was d i f f i c u l t  to  p r e d i c t  

the  f i n a l  s t a g e s  of  d e f i c i e n c y ,  e s p e c i a l l y  i f  i t  was not  

com plica ted  w ith  pneumonia. In  a number o f  i n s t a n c e s  dea th  

was sudden and t h e  an im als  d i sp la y e d  no s e r io u s  s ig n s  o f  

i l l  h e a l t h  o th e r  than  symptoms of  v i tam in  E d e f i c i e n c y .  

Necropsy was performed as soon as  p o s s i b l e .

A l l  c o n t ro l  lambs were s a c r i f i c e d  by ex san g u in a t io n  

under  e th e r  a n e s t h e s i a .  The au topsy  techn ique  was d e s c r ib e d  

in  P a r t  I .  In  o rd e r  to  p re se rv e  th e  h e a r t  i n t a c t  f o r  g ross
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and m icroscop ic  s t u d i e s ,  the h e a r t  blood was not c u l t u r e d .

M icroscopic  S tu d ie s

T is su e s  f o r  h i s t o p a t h o l o g i c a l  s tudy were taken  from 

v a r io u s  muscles of  the  r e a r  and f r o n t  l e g s ,  from the  h e a r t ,  

from the  lo n g is s im u s  d o r s a l i s  and o c c a s io n a l ly  from the 

abdominal m usc les ,  diaphragm, tongue and m a sse te r .  The 

specimens were f ix e d  in  Z en k e r 's  f l u i d .  P a r a f f i n  s e c t io n s  

were cu t  seven micra t h i c k  and s t a in e d  w ith  h e m a to x y l in -eo s in .  

The t i s s u e s  from the  l i v e r ,  kidney and a d re n a ls  were f ix e d  

bo th  in  Z e n k e r ' s  f l u i d  and 10$ formol s a l i n e  and s ta ined»  

r e s p e c t i v e l y ,  w ith  h em a to x y l in -eo s in  and Sudan IV. Heart  

specimens were a l s o  f ix e d  in  fo rm a l in ,  cu t  f ro z en  and s t a in e d  

w ith  Sudan IV f o r  f a t .

E s t im a ted  A lpha- tocophero l  Requirement,
Treatment and Recovery

The p u r i f i e d  v i tam in  E low d i e t  of  the  IB c o n t ro l  lambs 

was supplemented w ith  100 mg. of  a lp h a - to c o p h e ro l  ad m in is te re d  

o r a l l y  on a l t e r n a t e  days .  A r a t h e r  h igh  l e v e l  of  a l p h a - to c o 

p h e ro l  was chosen to  e l im in a te  any p o s s ib le  doubt t h a t  l e s i o n s ,  

i f  found i n  the c o n t ro l  lambs, were due to  a border  l i n e  

l e v e l  of  the  v i ta m in .

A l to g e th e r  e i g h t  d e p le te d  lambs were t r e a t e d  with  

a l p h a - t o c o p h e r o l .  The animals  were d e p le te d  u n t i l  they showed 

p a r a l y s i s  and were unable to s t a n d .  I n  t h i s  c o n d i t io n  the 

e i g h t  an imals  were g iven  an i n i t i a l  dose o f  500 mg. of  a lp h a —
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to c o p h e ro l  fo l low ed  by 100 mg. every  o th e r  day. The v i tam in  

was d i l u t e d  in  f r e s h  corn o i l  and ad m in is te red  o r a l l y  by 

means of  a sy r in g e  f i t t e d  w ith  a rubber  hose .  The lambs 

were s a c r i f i c e d  a t  v a r io u s  i n t e r v a l s  of th e rap y  to  s tudy  th e  

p r o c e s s  of  muscle r e g e n e r a t i o n .



RESULTS

Growth and H ea l th  

I t  was unders tood  from the  work o f  Willman e t̂ a l .

(1945, 1946) and from th e  r e p o r t s  on " s t i f f  lambs" from th e  

f i e l d  t h a t  th e  a p p e t i t e  of  the  a f f e c t e d  lambs was not g r e a t l y  

d e p re s s e d ,  a t  l e a s t  i n  the  f i r s t  s t a g e s  of d e f i c i e n c y .  I t  

was th u s  f e l t  t h a t  th e  growth r a t e  would not  be a major 

c r i t e r i o n  of d e f i c i e n c y  and t h a t  f e ed in g  th e  lambs fou r  t im es 

a day in s t e a d  of  f iv e  t im es was j u s t i f i e d .  However, the  

milk  consumption p e r  f e e d in g  was recorded  and the  weights  

o f  th e  lambs were t a k e n  every  fou r  days .  Desp i te  t h i s  l i m i 

t a t i o n  i n  f e e d in g ,  th e  c o n t ro l  lambs on both commercial and 

d i s t i l l e d  l a r d  d i e t  grew norm ally ,  made moderate d a i l y  gains  

and s tayed  i n  good h e a l t h  and cond i t ion*  The average  d a i l y  

g a in  of  a l l  12 c o n t ro l  lambs was 0 .2 8  l b .  over p e r io d s  on 

th e  d i e t .  The c o n t ro l  lambs r e q u i r e d  an average of 1 .46  l b s .  

of  dry r a t i o n  to  produce a one pound ga in  i n  body weight .

T h is  r a t h e r  low d a i l y  ga in  of  the c o n t ro l  lambs i n d i c a t e d  

t h a t  f e e d in g  the  newborn lamb fo u r  t imes a day was inadequa te  

to  o b t a in  an optim al growth r a t e  (Kean _et al_. 1949) or a t  

l e a s t  gains  comparable to th o se  r e p o r te d  in  P a r t  I ,

The lambs on the  v i ta m in  E low d i e t  w i th  commercial 

and d i s t i l l e d  l a r d  grew norm ally ,  remained h e a l th y  and made 

g a in s  in  body weight s i m i l a r  to the c o n t r o l s  fo r  a p e r io d  of
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ab o u t  28 and 14 days r e s p e c t i v e l y .  A f t e r  t h i s  time a m a jo r i ty  

of  th e  d e f i c i e n t  lambs began to  show symptoms of  pneumonia 

which was a l s o  r e f l e c t e d  i n  an in c re a s e d  leu k o cy te  count#

The a f f e c t e d  lambs were t r e a t e d  with  100,000 u n i t s  of  p ro ca in e  

p e n i c i l l i n  i n j e c t e d  in t r a m u s c u l a r l y  in  the  neck r e g io n  every 

o th e r  day. None of the  lambs f u l l y  r eco v e red  and t h i s  th e ra p y  

had to  be con t inued  u n t i l  the end of  the experiment to keep 

the  an im als  a l i v e .  The o th e r  d e f i c i e n t  lambs w ith  no compli

c a t i o n s  of  pneumonia, d e s p i t e  the  e x i s t i n g  symptoms of  d e f i 

c i e n c y ,  r e t a i n e d  a very  good a p p e t i t e  and remained in  good 

c o n d i t i o n  u n t i l  they  d ie d  suddenly  due to  h e a r t  f a i l u r e  or  

were s a c r i f i c e d  fo r  f u r t h e r  s tudy .

Symptoms of  D ef ic iency

The f i r s t  n o t i c e a b l e  symptoms o f  v i tam in  E d e f i c i e n c y

i n  the  lambs on the  d i e t  c o n ta in in g  commercial l a r d  as the

source  o f  f a t  appeared in  fou r  to  s ix  weeks, while  the animals

on the m olecu lar  d i s t i l l e d  l a r d  d i e t  showed the  f i r s t  symptoms
t  hsi n  th re e  to  fou r  weeks a f t e r  be ing  p laced  on r e s p e c t i v e  r a t i o n s .  

The lambs became d u l l  and t i r e d  and p r e f e r r e d  to  remain in  a 

l a y i n g  p o s i t i o n .  They showed some d i f f i c u l t y  in  r i s i n g ,  were 

r e l u c t a n t  t o  walk and l a t e r  were r e l u c t a n t  to  c ro ss  small  

o b s t a c l e s .  This  was accomplished with d i f f i c u l t y  or  by f a l l i n g .  

S t i l l  l a t e r  a d e f i n i t e  s t i f f n e s s ,  e s p e c i a l l y  of  the h ind  l e g s ,  

was n o t i c e a b l e .  The animals were h a rd ly  ab le  to  get  up and 

walk. When a s s i s t e d  to  a s t a n d in g  p o s i t i o n ,  they  assumed a
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c h a r a c t e r i s t i c  a rched  back p o s i t i o n  (F ig .  8 ) .  A f t e r  s t a n d in g  

f o r  a s h o r t  time e q u i l ib r iu m  was l o s t  and th e  an im als  f e l l .  

The h ind  p a r t  of  the  body was u s u a l ly  th e  f i r s t  to  go down 

(F ig .  9 ) .  In  t h e  l a t e r  s t a g e s  the  lambs were p a ra ly ze d  in  

bo th  hind and f r o n t  l e g s  and were l a i d  p r o s t r a t e .  D i f f i c u l t y  

i n  swallowing the  l i q u i d  d i e t  was observed i n  two lambs. 

Twenty four  ou t  o f  28 d e f i c i e n t  lambs developed a r e s p i r a t o r y  

d i s t r e s s  which l a t e r  developed i n t o  pneumonia. These lambs 

were imm edia te ly  t r e a t e d  with  p e n i c i l l i n .  This  was the 

t y p i c a l  sequence of even ts  d u r in g  the  experim ent .

S evera l  an im als  showed only  a mild s t i f f n e s s  and did  

not develop the sequence of symptoms c h a r a c t e r i s t i c  o f  chronic  

d e f i c i e n c y .  These lambs d ied  suddenly  w i thou t  showing any 

sev e re  s t i f f n e s s  or p a r a l y s i s .  Pos t  mortem exam ination  

c l e a r l y  i n d i c a t e d  c a rd ia c  f a i l u r e  due to  e x te n s iv e  l e s i o n s  

i n  the  h e a r t .

The source of f a t  i n  th e  d i e t  of lambs in  th e  f i r s t  

t r i a l ,  a s  mentioned above, was commercial l a r d .  During th e  

experiment  i t  was ev id e n t  t h a t  the  amount of v i tam in  £ i n  

commercial l a r d  was s u f f i c i e n t  to g r e a t l y  de lay  th e  d e f i c i e n c y  

symptoms•

Madsen e t  a l .  (1935),  Pamukcu (1948) and o th e r s  p ro 

duced the  m uscular  dys trophy c h a r a c t e r i s t i c  o f  v i ta m in  E 

d e f i c i e n c y  i n  l a b o r a t o r y  animals by supplem enting  th e  d i e t  

w ith  cod l i v e r  o i l .  To check the p o s s i b i l i t y  of  induc ing
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th e  same muscular  dys t rophy  o r  speeding  up the  appearance 

of  v i ta m in  E d e f i c i e n c y  symptoms w ith  cod l i v e r  o i l  i n  lambs, 

two c o n t ro l  and th r e e  d e f i c i e n t  an im als  p r e v io u s ly  on commer

c i a l  l a r d  d i e t  f o r  40 days were t r e a t e d  d a i l y  f o r  25 days 

w i th  3 ml of  f r e s h  cod l i v e r  o i l .  There was no s i g n i f i c a n t  

d i f f e r e n c e  between th e  t r e a t e d  and n o n - t r e a t e d  lambs i n  r e 

gard to  the  time r e q u i r e d  to  produce the  symptoms or the  

s e v e r i t y  of  the muscular dys t rophy .  The amount of cod l i v e r  

o i l  a d m in is t e r e d  a p p a re n t ly  was too sm a l l .  The time r e q u i r e d  

to  produce symptoms o f  d e f i c i e n c y  on commercial and m olecular  

d i s t i l l e d  l a r d  d i e t s  and the  e f f e c t  of  cod l i v e r  o i l  i s  

i n d i c a t e d  i n  t a b l e  11.

Blood S tu d ie s  

The average  hemoglobin va lue  of a l l  51 lambs d e t e r 

mined w i th in  f i v e  days a f t e r  be ing  pu t  on the exper im en ta l  

d i e t s  was 12 .8  gm p e r  100 ml of  b lood.  The range was 10 .4  

to  15 .9  gm per  c e n t .  The average  hemoglobin value  o f  the  

10 c o n t r o l  lambs j u s t  be fo re  the  t e r m i n a t i o n  of the  e x p e r i 

ment d ec re a se d  s l i g h t l y  and was 12 .4  gm per  100 ml of  b lood .  

This  s l i g h t  d ec rease  o f  hemoglobin was not c o n s id e red  s i g n i 

f i c a n t .  The c o n t ro l  lambs th en  m a in ta ined  an approxim*- 

a t e l y  normal hemoglobin l e v e l  th roughout  the  exper im ent .  In  

eve ry  v i t a m in  E d e f i c i e n t  lamb t h e r e  was a g radual  drop of 

hemoglobin. The average  value c a l c u l a t e d  from th e  l a s t  va lues  

a v a i l a b l e  b e fo re  the  d e f i c i e n t  lamb d ie d  or was s a c r i f i c e d



-  91 -

TABLE 11

EFFECT OF COMMERCIAL AND MOLECULAR DISTILLED 
LARD AND COD LIVER OIL ON TIME REQUIRED 

TO PRODUCE SYMPTOMS OF VITAMIN E DEFICIENCY

T r i a l
No of
Lambs D ie t Lard  Used

Cod L iv e r  
Oil Therapy

Days to  Produce 
D ef ic iency

5 P o s i t i v e  
c o n t ro l

Commercial ---- No symptoms

10 E low Commercial - - - 30 -  80
i

2# P o s i t i v e  
c o n t ro l

Commercial 3 ml, d a i l y  No symptoms

3# E low Commercial 3 ml. d a i l y 62 -  74

2
and

7 P o s i t i v e  
c o n t ro l

Molecular
d i s t i l l e d

——— No symptoms

3 18 E d e f i 
c i e n t

Molecular
d i s t i l l e d

20 -  55

#  P r i o r  to  a d m i n i s t r a t i o n  o f  cod l i v e r  o i l  the  lambs

were on commercial l a r d  d i e t  fo r  40 days .
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was 1 0 .4  gm per  100 ml b lood ,  ex c lu d in g  th re e  lambs which 

developed anemia i n  the  f i n a l  s t a g e s  of  d e f i c i e n c y  and showed 

v a lu e s  o f  5 . 1 ,  5 .6  and 6 .5  gm of hemoglobin pe r  100 ml of  

b lo o d .  The average le u k o cy te  count of  a l l  lambs a t  the  

b eg in n in g  of  the  experiment was 8,100 per  mm3 of blood w ith  

t h e  average r a t i o  of  n e u t r o p h i l s  to  lymphocytes 55:43.  No 

s i g n i f i c a n t  p a t t e r n  was e x h i b i t e d  by th e  leukocy te  or d i f 

f e r e n t i a l  c o u n ts .  However, th e  leukocy te  count and th e  per  

cen t  of  n e u t r o p h i l s  were s i g n i f i c a n t l y  in c re a s e d  i f  th e  

d e f i c i e n c y  was com plica ted  w ith  pneumonia.

The i n i t i a l  l e v e l  of to c o p h e ro ls  i n  the blood plasma 

was de term ined  on 23 lambs. These d e te rm in a t io n s  were 

c a r r i e d  ou t  on blood drawn from 0-15 days a f t e r  th e  lambs 

were p la c ed  on th e  exper im en ta l  d i e t s .  The v a lu e s  ranged 

from 0 .040  to  0 .377  mg of  t o t a l  to c o p h e ro ls  per  100 ml of 

b lood with  an average  value  0 .179  mg. The r e s u l t s  of the  

b lood a n a l y s i s  f o r  t o t a l  toeo p h ero l  of lambs on the commer

c i a l  and d i s t i l l e d  l a r d  d i e t s  and lambs t r e a t e d  with cod 

l i v e r  o i l  and a l p h a - to c o p h e ro l  a r e  shown in  t a b l e s  12 and 13. 

In  every  case  the  v a lu e s  r e p r e s e n t  a t  l e a s t  two a n a ly s e s  fo r

each sample of b lood .

The to co p h e ro l  l e v e l  o f  blood plasma of the  c o n t ro l  

lambs on the  commercial l a r d  d i e t  supplemented w ith  100 mg 

of  a lp h a - to c o p h e ro l  every  o th e r  day s i g n i f i c a n t l y  in c re a s e d  

th roughou t  the  exper im en t ,  while  the  c o n t ro l  lambs on th e  

m o lecu la r  d i s t i l l e d  l a r d  t r e a t e d  s i m i l a r l y  showed a l e s s  p ro -
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TABLE 12

TOCOPHEROL CONTENT OF BLOOD PLASMA IN LAMBS 
ON COMMERCIAL LARD DIET AND THE EFFECT OF COD LIVER OIL 

ON THE LEVEL OF PLASMA TOCOPHEROLS

No of Cod L iv e r Da vs on Experiment
Lambs D ie t  Oil Therapy 0 - 1 5 30 -  45 60 -  70

mg/100 ml mg/loo ml mg/100 ml

4
P o s i t i v e

c o n t ro l
0 .372
0 .084

0 .228#

0.485
0.212
0.266
0.266

0 .307#

0.281 
s a c r i f i c e d  
cod l i v e r  o i l  
cod l i v e r  o i l

0.281

8
Vitamin E —- 

low

0.216
0.115
0.377
0 .244
0 .159
0.144
0.187

0 .206#

0.141
0.075
0.095
0.097
0.141
0.147
0.141
0.106

0 .118#

s a c r i f i c e d  
0 .069  
0 .119  

s a c r i f i c e d  
cod l i v e r  o i l  

0 .109 
s a c r i f i c e d  
cod l i v e r  o i l

0 .099#

2##
P o s i t i v e  

c o n t ro l  3 ml d a i ly

0.266
0.266

0 .266#

0.169
0.156

0 .162#

2**#
Vitamin E

low 3 ml d a i l y

0.147
0.141

0 .144#

0.072
0.072

0 .072#

#  Average

*#  P r i o r  to  a d m i n i s t r a t i o n  of cod l i v e r  o i l  the  lambs were

on commercial l a r d  d i e t  f o r  40 days.
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nounced in c r e a s e  of  blood plasma to c o p h e ro l .

D e f i c i e n t  lambs on the  commercial l a r d  d i e t  showed a 

g rad u a l  and c o n s i s t e n t  drop in  to c o p h e ro ls  co n ten t  of  blood 

plasma over  the  70 day exper im en ta l  p e r io d .  On the  d i e t  

c o n t a in in g  m olecu la r  d i s t i l l e d  l a r d ,  about the  same drop i n  

to c o p h e ro l  c o n te n t  o f  the plasma o ccu rred  in  30 to  35 days .

The average  tocophero l  l e v e l  of  the d e f i c i e n t  lambs which 

su rv iv ed  over 60 days on the  m olecu lar  d i s t i l l e d  d i e t  was 

0 .049  mg per  100 ml o f  blood w ith  two lambs showing a complete 

absence of  to c o p h e ro l  in  the blood.

D aily  a d m i n i s t r a t i o n  of 3 ml cod l i v e r  o i l  fo r  25 days 

to  two c o n t ro l  and t h r e e  d e f i c i e n t  lambs lowered the  average 

to co p h e ro l  c o n te n t  o f  blood plasma r e s p e c t i v e l y  from 0 .266  

to  0 .162  mg and from 0 .144  to  0 .072 mg.

Gross Pathology

Post  mortem exam inat ion  of  the c o n t ro l  lambs d id  not 

r e v e a l  s i g n i f i c a n t  changes.  Three out of  12 c o n t ro l  lambs 

developed s ig n s  of  pneumonia d u r in g  the experiment  and were 

t r e a t e d  w ith  p ro ca in e  p e n i c i l l i n .  The lungs  of th e se  t h r e e  

lambs showed u n i l a t e r a l  "cold  pneumonia" conf ined  to  the 

r i g h t  a p i c a l  lo b e .  Gross p a th o lo g ic a l  s t u d i e s  of  every 

v i ta m in  E d e f i c i e n t  lamb r e v e a le d  d e g e n e ra t io n  o f  s k e l e t a l  

and c a rd i a c  muscle accompanied by pneumonia or lung  conges

t i o n .  The d e g e n e ra t io n  of s k e l e t a l  muscles ranged from very 

mild to  severe  dys trophy  depending on the l e n g t h  of time the  

p a r t i c u l a r  lamb was on the d e f i c i e n t  d i e t .  I n  th e  e a r l y
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s t a g e s  of  d e f i c i e n c y  the  a f f e c t e d  muscles were p a le  and anemic. 

L a t e r , th e  l e s i o n s  in  th e  s k e l e t a l  muscles appeared  on the  

s u r f a c e  as g r a y i s h  or w h i t i s h  a r e a s  or s t r e a k s .  U sua l ly  

only  a p a r t  of  th e  muscle was a f f e c t e d .  On c ro s s  s e c t i o n  

the  w h i t i s h  or  g r a y i s h  a re a s  ag a in  i n d i c a t e d  t h a t  not a l l  of 

the  muscle f i b e r s  and bundles were inv o lv e d .  The a f f e c t e d  

muscles were moist and c h a r a c t e r i s t i c  yel low g ray ish  g e l a 

t i n o u s  m a te r i a l  was p r e s e n t  between th e  muscles and e s p e c i a l l y  

around the  s c i a t i c  and b r a c h i a l  n e rv e s .  I t  was observed t h a t  

the  muscles of  bo th  h ind  and fo re  l e g s  were a f f e c t e d  e a r l i e s t  

and showed much more severe  d e g e n e ra t io n  than the  muscles of  

the  s h o u ld e r ,  rump, l o i n  or  neck. In  f o u r  severe  c a s e s ,  

p r a c t i c a l l y  a l l  of  th e  m uscula ture  was a f f e c t e d  in c lu d in g  the  

diaphragm, i n t e r c o s t a l  muscles ,  m asse te r  and the  tongue .  

Examinations of th e  c a r c a s s e s  showed t h a t  both  s id e s  of  the  

body were abou t  e q u a l ly  a f f e c t e d .

The most s t r i k i n g  f e a t u r e  of  the d e f i c i e n t  lambs was 

th e  c h a r a c t e r i s t i c  l e s i o n s  in  th e  h e a r t  which, in  most i n s t a n c e s ,  

were con f ined  or were most pronounced w i th in  the r i g h t  v e n t r i 

c le  (F ig .  1 0 ) .  Again,  depending on the  l e n g t h  of time the  

animals  were on th e  d e f i c i e n t  d i e t ,  the  degree o f  d e g e n e ra t io n  

was v a r i a b l e .  The l e s i o n s  were u s u a l ly  i n  the  form of round 

p a t c h e s  r a n g in g  i n  s i z e  from p in  p o in t  up to  12 mm i n  d iam eter  

(F ig .  11) and occu rred  s i n g l y ,  i n  groups or were very  d i f f u s e  

and a f f e c t e d  most of  the  v e n t r i c l e .  The l e s i o n s  were of  

y e l lo w is h  o r  w h i t i s h  c o lo r  and th e  l i n e  of  dem arca t ion  between
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th e  d eg en e ra ted  and h e a l th y  a r e a  was very d i s t i n c t .  I n  the 

l a t e r  s t a g e s  of  d e f i c i e n c y  under the  s u p e r f i c i a l  ap p ea r in g  l e s 

io n s  o f  the  endocardium, d eg e n e ra t io n  o f  th e  myocardium was 

i n  p r o g re s s  and, i n  one extreme c a se ,  th e  d eg e n e ra t io n  of  the  

c a rd ia c  w al l  reached  th e  ep icardium (F ig .  1 2 ) .  In  t h i s  p a r t i 

c u l a r  case  th e  l e s i o n s  were found in  both  v e n t r i c l e s  and a t r i a  

i n c lu d in g  th e  a o r t a .  I n  fou r  o th e r  in s t a n c e s  the  l e s i o n s  

were observed i n  the l e f t  v e n t r i c l e  and a t r i a .  The h e a r t s  i n  

g en e ra l  were f lab b y  and the  amount of  f l u i d  in  the p e r i c a r d i a l  

sac was g r e a t l y  i n c r e a s e d .  D if fu se  s u b e p ic a rd ia l  hemorrhages 

were observed  i n  a few.

R e s p i r a to r y  d i s t r e s s  was one of  th e  e a r l i e s t  symptoms 

of  v i ta m in  E d e f i c i e n c y  and l a t e r  pneumonia was confirmed a t  

nec ropsy .  Twenty fo u r  ou t  of  t h i r t y  d e f i c i e n t  animals showed 

l o c a l i z e d  u n i l a t e r a l  or  b i l a t e r a l  pneumonia. I n  most i n s t a n c e s  

pneumonia was u n i l a t e r a l  and only the a p i c a l  and c a rd ia c  lo b e s  

were in v o lv e d .  In  o th e r  ca ses  the once a f f e c t e d  p a r t s  of th e  

lu n g  were c o n s o l id a t e d  and in  t h e  p ro cess  o f  h e a l i n g .

I n  on ly  t h r e e  lambs th e  pneumonia was a c t i v e ,  a f f e c t e d  

both  lungs  and was cons idered  a primary cause o f  dea th .  In  

a l l  t h r e e  lambs the  t h o r a c i c  c a v i ty  was f i l l e d  w ith  a l a r g e  

amount o f  f i b r i o u s  exudate which adhered to  the  w a l l s  of  the  

t h o r a c i c  c a v i t y .  The lungs  were imbedded i n  t h i s  exuda te .

In  12 c o n t ro l  lambs only two showed pneumonia a t  au topsy .

The lu n g s  o f  the  c o n t ro l  and d e f i c i e n t  lambs were c u l t u r e d
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on blood ag a r  p l a t e s  and i n  most i n s t a n c e s  gram n eg a t iv e

pleomorphic organisms re sem bl ing  P a s t e u r e l l a e  were i s o l a t e d  
a

a f t e r  two to  t h r e e  day pe r io d  of  in c u b a t io n .

The changes in  the  l i v e r  ranged from very mild f a t t y  

i n f i l t r a t i o n  to  fo c a l  n e c r o s i s .  The l i v e r  was p a le  and when 

cu t  appeared g rea s y .  In  most i n s t a n c e s  t h e r e  was genera l  

f a t t y  d e g e n e r a t io n .  In  th r e e  ca ses  f o c a l  n e c r o s i s  was ob

s e rv e d .

The k idneys  of  the  d e f i c i e n t  lambs showed gene ra l  f a t t y  

d e g e n e r a t io n  in v o lv in g  both th e  co r te x  and medulla .  In  a 

number o f  lambs the  d e g e n e ra t io n  was pronounced, e s p e c i a l l y  

i n  the  c o r t e x  which was y e l lo w ish  i n  c o lo r  w ith  white s t r e a k s  

ru n n in g  from the ca p su le  to  the  m edulla .

Most o f  the  a d r e n a l s  seemed to  be normal.  A few appeared 

to  be e n l a rg e d ,  showed numerous p e t i c h i a l  hemorrhages in  th e  

c o r t e x  and g e n e ra l  f a t t y  d e g e n e ra t io n .  I n  t h r e e  lambs which 

showed a c t i v e  bronchopneumonia and severe  muscular dys t rophy  

the  a d r e n a l s  were damaged to  th e  e x t e n t  t h a t  the  l i n e  of  

dem arca t ion  between th e  c o r t e x  and medulla had d is a p p e a re d .

Microscopic  Pathology 

Gross and m icroscop ic  s t u d i e s  of the muscle t i s s u e s  

from v a r io u s  p a r t s  of  the  body in d i c a t e d  t h a t  the  muscle de

g e n e ra t io n  was p ro g re s s in g  from the  h ind  p a r t  o f  the  body 

toward the  f o r e  p a r t .  Also th e  s e v e r i t y  of t h e  muscle dys

t rophy  and i t s  e x t e n t  over  v a r io u s  p a r t s  o f  th e  body was
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d i r e c t l y  c o r r e l a t e d  w ith  the l e n g th  of t ime the lamb was on 

the  d e f i c i e n t  d ie t*  However, the  na tu re  of  the myodegeneration 

was about th e  same i n  a l l  c a s e s .  The ch a in  of  even ts  was 

v i s u a l i z e d  as h y a l in e  d e g e n e ra t io n  of the sarcoplasm  followed 

by f r a g m e n ta t io n  of the  a f f e c t e d  muscle f i b e r s  and c o a g u la t io n  

n e c r o s i s  accompanied by c e l l u l a r  i n f i l t r a t i o n ,  p r o l i f e r a t i o n  

o f  muscle f i b e r  n u c le i  and f i b r o b l a s t s .  I n  t h e  e a r l y  s t a g e s  

o f  d e g e n e ra t i o n  only  a few muscle f i b e r s  were invo lved  while 

o t h e r s  in  the  same a r e a  were normal (F ig .  13 ) .  The a f f e c t e d  

muscle f i b e r s  f i r s t  appeared  to  be sw ollen  and l a t e r  became 

shrunken  i n  d iam ete r  and l e n g t h ,  assuming a wavy c h a ra c te r  and 

s t a i n e d  d a rk e r  w ith  Hematoxylin and Eos in  (F ig .  1 4 ) .  The 

i n t e r s t i c e s  of  th e  muscle f i b e r s  were f i l l e d  with  c e l l u l a r  

m a te r i a l  and f l u i d  (F ig .  1 5 ) .  The muscle f i b e r s  l o s t  the 

c r o s s  and l a t e r  the  l o n g i t u d i n a l  s t r i a t i o n ,  and became gran

u l a r  (F ig .  1 6 ) .  The g ra n u la r  sarcoplasm became a homogeneous 

mass i n s i d e  the  sarcolemma which was s t i l l  not a f f e c t e d .

F i n a l l y  the h y a l i n i z e d  sarcoplasm fragmented and vacuo les  

w i th in  th e  sarcolemma were observed (F ig .  1 7 ) .  The n u c le i  

of  the  muscle f i b e r s  e i t h e r  became p y k n o t ic ,  or had undergone 

k a r y o r rh e x i s  or k a r y o l y s i s .  A r a t h e r  mild i n f i l t r a t i o n  of 

the  n e c r o t i c  a r e a s  w ith  p o ly m o rp h o n u c lea r  l e u k o c y te s ,  lymph

o cy te s  and macrophages sugges ted  t h a t  the  i n j u r e d  muscle 

t i s s u e  was i n i t i a l l y  invo lved  i n  an inf lammatory p a t t e r n  

(F ig .  1 8 ) .  This  was be fo re  r e p a i r  and r e g e n e r a t io n  had com

menced. At the  same time numerous macrophages and g i a n t  c e l l s



-  100 -

invaded the  a r e a .  The r o l e  of  g ia n t  c e l l s  in  c l e a r i n g  the  

d e b r i s  was e v i d e n t  (F ig .  1 9 ) .  As the muscle f i b e r s  d i s a p 

pea red  they  were r e p la c e d  with very  r a p i d l y  p r o l i f e r a t i n g  

f i b r o b l a s t s .  Some a re a s  were com plete ly  devoid of  muscle 

f i b e r s  and a t y p i c a l  f i b r o s i s  w i th in  the  muscle was observed .  

However, t h e r e  was a l so  ample evidence to  show t h a t  s im u l

taneous  d e g e n e r a t io n  and r e g e n e ra t io n  of th e  muscle was t a k in g  

p l a c e .  New muscle f i b e r s  c h a r a c t e r i z e d  by f a i n t e r  s t a i n  and 

c e n t r a l l y  l o c a t e d  n u c l e i  a r ranged  in  rows were o f t e n  d e t e c t e d  

i n  th e  muscles of  bo th  the  d e f i c i e n t  and t r e a t e d  lambs (F ig .  20 ) .

The l e s i o n s  i n  the  ca rd iac  muscle were s im i l a r  t o  those  

i n  th e  s k e l e t a l  m u scu la tu re .  S t a r t i n g  w ith  the endocardium 

th e  d e g e n e ra t io n  p ro g re ssed  i n t o  the myocardium (Fig .  21 ) .

The l i n e  of  dem arcat ion  between the  n e c r o t i c  and normal 

a r e a s  was r a t h e r  sha rp .  The in d iv i d u a l  muscle f i b e r s  showed 

changes c h a r a c t e r i z e d  by h y a l in e  d e g e n e ra t io n ,  f ra g m en ta t io n  

and c o a g u la t io n  n e c r o s i s  fo llowed by p r o l i f e r a t i o n  of f i b r o 

b l a s t s  (F ig .  22 ) .  I n c re a s e d  a c t i v i t y  of  the  muscle n u c le i  

and in v a s io n  of the a r e a s  w ith  macrophages, n e u t r o p h i l s  and 

lymphocytes were a l s o  no ted .  The g ia n t  c e l l s  observed in  the  

d eg e n e ra te d  s k e l e t a l  muscle were absen t  i n  the  c a rd i a c  muscle .

I t  seemed t h a t  th e  p r o l i f e r a t i o n  of  f i b r o b l a s t s  i n  the  a r e a s  

of d e g e n e r a t io n  was more in t e n s e  than  i n  th e  s k e l e t a l  muscle .

Some a r e a s  were a lmost  com plete ly  composed of f i b r o b l a s t s  and 

connec t ive  t i s s u e  (F ig .  23 ) .  R epa ir  was a l s o  n o t ic e d  in  the  

lambs while  s t i l l  on the  d e f i c i e n t  d i e t .  On many occas ions
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s m a l l ,  young muscle f i b e r s  f a i n t l y  s t a i n e d  were d e t e c t e d  in  

the  a r e a s  of  f i b r o s i s  (F ig .  2 4 ) .  I t  seemed t h a t  these  new 

muscle f i b e r s  o r i g i n a t e d  from a d j o in in g  normal muscle and 

t h a t  r e g e n e r a t i o n  was p ro g re s s in g  from the myocardium toward 

the  endocardium. I t  was i n t e r e s t i n g  to no te  t h a t  the P u rk in je  

f i b e r s  appeared  to  be normal d e s p i t e  the  f a c t  t h a t  the  im

media te  a r e a s  were n e c r o t i c  (F ig .  2 3 ) .

The l i v e r  i n  most i n s t a n c e s  was congested  and showed 

changes ran g in g  from cloudy s w e l l in g  to  fo ca l  n e c r o s i s .

Frozen s e c t i o n s  s t a in e d  w ith  Sudan IV showed pronounced 

f a t t y  d e g e n e ra t io n  which was r a t h e r  d i f f u s e  a f f e c t i n g  a l l  of 

the  l i v e r .  The c e n t r a l  p a r t  of the  lo b u le  was u s u a l ly  f i l l e d  

w ith  f a t  g lo b u le s  to  a g r e a t e r  e x t e n t  th an  the  p e r ip h e ry .  

O cc a s io n a l ly  th e  co nges t ion  was very severe in  the c e n t r a l  

v e in s  and th e  a d j o in in g  s in u s o id s  were f i l l e d  and d is ten d ed  

w i th  b lood .

In  most a n im a ls ,  e s p e c i a l l y  in  those w i th  secondary 

pneumonia, th e  k idney was congested  and the  changes ranged 

from cloudy s w e l l in g  to  a pronounced f a t t y  d e g e n e ra t io n  

(F ig .  25 ) .  The proximal convolu ted  tu b u le s  were d i l a t e d ,  and 

f i l l e d  to  some e x t e n t  w i th  h y a l in e  m a t e r i a l .  The r e n a l  co r 

p u s c le s  appeared  to  be more or l e s s  normal.  The co n g es t io n  

was e s p e c i a l l y  seve re  in  the  medulla  and some hemorrhages were 

a l s o  noted (F ig .  2 6 ) .

M icroscop ic  s t u d i e s  of  the  a d re n a l s  d id  n o t  show con

s i s t e n t  changes .  In  most of  th e  i n s t a n c e s  the  a d re n a l s  were
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normal or  showed s l i g h t  f a t t y  i n f i l t r a t i o n .  In  two or  t h r e e  

lambs th e  a d r e n a l s  were com plete ly  d eg e n e ra ted .  The a r c h i t e c 

t u r e  was com ple te ly  l o s t  and the  whole ad ren a l  was a mass o f  

c o a g u la t i o n  n e c r o s i s .

Treatment and E s t im ated  A lph a- to co p h ero l  Requirement 

E ig h t  lambs from the  second and t h i r d  t r i a l s  showing 

advanced symptoms of d e f i c i e n c y  c h a r a c t e r i z e d  by i n a b i l i t y  to  

g e t  up were t r e a t e d  w ith  a lp h a - to c o p h e ro l .  The i n i t i a l  dose 

was 500 mg, fo l lowed by 100 mg every  o th e r  day a d m in is te red  

o r a l l y .  A d e f i n i t e  response  was n o t ic ed  i n  th ree  to  f iv e  

d ay s .  On th e  f o u r t h  and f i f t h  day the animals were ab le  to  

g e t  up and to  move to  some e x t e n t .  L a t e r  the  animals were 

ab le  to  move f r e e l y  and d id  not  show symptoms of d e f i c i e n c y .

The lambs were s a c r i f i c e d  a t  i n t e r v a l s  du r ing  the  a lpha -  

to c o p h e ro l  th e ra p y ,  namely over a p e r io d  o f  10 to  45 days .

This  was done to  s tudy the  p ro cess  of recovery  g ro s s ly  and 

th e  muscle r e g e n e r a t i o n  m ic ro s c o p ic a l ly .  The symptoms d i s 

appeared  com ple te ly  i n  15 to  20 days .  Pos t  mortem exam ina t ion  

of  the  lambs t r e a t e d  w ith  a lp h a - to co p h e ro l  up to  about 25 days 

r e v e a le d  s t i l l  v i s i b l e  d eg e n e ra t io n  of the s k e l e t a l  and c a r 

d ia c  muscle and some s l i g h t  changes in  the  l i v e r  and k idney .

I t  was observed ,  however, t h a t  e s p e c i a l l y  a f t e r  20 and 25 

days of th e ra p y  the  s k e l e t a l  muscle d e g e n e ra t io n  seemed to  be 

l e s s  marked. The h e a r t  l e s i o n s  were not as ex ten s iv e  and th e  

p a tc h e s  were sm a l le r  in  s iz e  and o f  g ra y i s h  c o lo r ,  l e s s  w h i t i s h



-  103 -

and ischem ic  than  i n  p ro g re s s iv e  d e g e n e ra t io n .  The b o rd e r s  

between the  normal and a f f e c t e d  a r e a s  were a l s o  l e s s  d i s t i n c t .

M icroscopic  examination  o f  the  t i s s u e s  from the  s k e l e t a l  

and c a rd ia c  muscles r e v e a le d  r e p a i r  of the n e c r o t i c  a r e a s  by 

very  a c t i v e  muscle r e g e n e r a t i o n  c h a r a c t e r i z e d  by in c re a s e d  

p r o l i f e r a t i o n  of  muscle f i b e r  n u c le i  and f i b r o b l a s t s  and by 

in c r e a s e d  numbers of macrophages and g ia n t  c e l l s  (F ig .  27 ) ,

This  was e s p e c i a l l y  t ru e  in  the lambs which had been on 

th e ra p y  10 and 15 days .  The r e g e n e r a t i o n  due to  th e rap y  seemed 

to  be the same as  t h a t  observed while  th e  d eg en e ra t io n  was 

s t i l l  i n  p r o g r e s s .  The new muscle f i b e r s  appeared to  be 

o r i g i n a t i n g  from the sarcolemma of th e  degenera ted  muscle or 

from the muscle f i b e r  n u c le i  which p r o l i f e r a t e d  e x t e n s i v e ly .

The new muscle f i b e r s  v a r ie d  i n  s i z e ,  s t a in e d  f a i n t l y  w ith  

h e m a to x y l in -e o s in ,  d i s p l a y e d  v a r io u s  deg rees  of c ro s s  or  l o n g i 

t u d i n a l  s t r i a t i o n  and one pole  te rm in a ted  in  a round p o in t  

which p robab ly  was the  a c t i v e  c e n te r  of growth (F ig .  28, 29, 3 0 ) .  

The nuclei ,  always numerous, were a r ranged  in  rows and were 

c e n t r a l l y  l o c a t e d  (F ig .  31 ) .  As the  the rapy  co n t in u ed ,  more 

and more new muscle f i b e r s  appeared and in  lambs t r e a t e d  f o r  

40 and 45 days the  r e g e n e r a t i o n  was a lmost complete except  

t h a t  th e  in c r e a s e d  number of muscle nu c le i  was s t i l l  noted 

(F ig .  3 2 ) .  The same p rocess  of  new muscle f i b e r  fo rm ation  

was observed i n  the ca rd ia c  muscle.  The two lambs t r e a t e d  fo r  

40 and 45 days d id  no t  show h e a r t  l e s i o n s  g r o s s ly  or s i g n i f i c a n t
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changes m ic ro s c o p ic a l l y .  T ransverse  and l o n g i t u d i n a l  s e c t i o n  

of s k e l e t a l  muscles from two p o s i t i v e  c o n t ro l  lambs were 

shown i n  F ig .  33 and 34.

U n fo r tu n a te ly  i t  was im poss ib le  in  t h i s  s tudy to  d e t e r 

mine the  ex ac t  q u a n t i t a t i v e  requ irem en t  of  the young lamb fo r  

v i t a m in  E ( a lp h a - to c o p h e r o l ) .  The 100 mg of a lp h a - to c o p h e ro l  

ad m in is t e r e d  o r a l l y  every o th e r  day was s e t  a r b i t r a r i l y  and 

appeared  to  be more th an  adequa te .  Evidence to s u b s t a n t i a t e  

t h i s  was a marked i n c r e a s e  of  the  blood tocophero l  l e v e l  in  

the c o n t ro l  lambs over the  i n i t i a l  l e v e l  which could be con

s i d e r e d  normal fo r  the young lamb. Fur therm ore ,  a r a t h e r  

remarkable  response  to  the  th e rap y  c o n s i s t i n g  of 500 mg a lp h a -  

to c o p h e ro l  as  an i n i t i a l  dose and 100 mg every  o th e r  day 

sugges ted  t h a t  100 mg o f  a lp h a - to c o p h e ro l  was enough to  a r r e s t  

th e  d eg e n e ra t iv e  changes i n  the  m uscu la tu re ,  to  c l e a r  up the 

symptoms, i n i t i a t e  muscle r e g e n e ra t io n  and support  normal 

b i o l o g i c a l  p ro c e s s e s  i n  the body,

"S tif f-Lam b" D isease  in  the  F i e ld

While t h e s e  experim en ta l  s t u d i e s  were i n  p r o g re s s ,  many 

ca s e s  of th e  s o - c a l l e d  "Stiff-Lamb" d isease  were r e p o r t e d  by 

fa rm ers  i n  Michigan. A number of  a f f e c t e d  lambs, dead or a l i v e ,  

were brought to  the  l a b o r a to r y  f o r  necropsy and p rov ided  an 

ample o p p o r tu n i ty  to s tudy and compare th e  g ross  and micro

scop ic  pa tho logy  of  both f i e l d  and exper im enta l  c a s e s .  F u r t h e r 

more, the  in c id en ce  of " s t i f f - l a m b s "  i n  the  sheep f lo c k  a t
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Michigan S t a t e  C ol lege  p e rm i t te d  o b s e rv a t io n  of the symptoms 

in  the  f i e l d  as well  as  th e  o p p o r tu n i ty  f o r  th e ra p y  w ith  

a lp h a - t o c o p h e r o l .  The symptoms, gross  and m icroscopic  de

g e n e ra t iv e  l e s i o n s  i n  the s k e l e t a l  and ca rd ia c  muscle (F ig .  35, 

36, 37,  38, 3 9 ) ,  and the response  to  th e rap y  were i d e n t i c a l  

w i th  those  produced e x p e r im e n ta l ly  u s in g  the  p u r i f i e d  v i tam in  

E d e f i c i e n t  d i e t .  The degree and e x te n t  of  muscle d eg e n e ra t io n  

was v a r i a b l e  but  in  every case both  s k e l e t a l  and c a rd ia c  muscles 

were in v o lv e d .  I t  was n o t i c e d ,  however, t h a t  d e g e n e ra t io n  of 

s k e l e t a l  muscles i n  the  lambs from the  f i e l d  was much more 

severe  and a f f e c t e d  l a r g e r  a r e a s  than  i n  the lambs on the  

expe r im en ta l  d i e t .

In  r e g a rd  to  h e a r t  l e s i o n s  no d i f f e r e n c e  was observed 

between the  exper im enta l  and f i e l d  ca ses .  Again the  h e a r t  

l e s i o n s  were found u s u a l l y  in  the  r i g h t  v e n t r i c l e  (F ig .  40 ) .  

However i n  one lamb both th e  r i g h t  and l e f t  h e a r t  was i n 

vo lved  (F ig .  4 1 ,4 2 ) .  Secondary pneumonia was n o t ic e d  in  

every  f i e l d  case which sugges ted  t h a t  r e s p i r a t o r y  d i s t r e s s  

and pneumonia a r e  c h a r a c t e r i s t i c  f e a t u r e s  of  n u t r i t i o n a l  

muscular  dys t rophy  o c c u r r in g  under f i e l d  c o n d i t i o n s .  As none 

of the  t r e a t e d  and recovered  " s t i f f  lambs" was s a c r i f i c e d ,  a 

d i r e c t  comparison of the  muscle r e g e n e r a t io n  was not a v a i l a b l e .  

Judging from th e  d isappearance  of the  symptoms and from th e  

complete reco v e ry  o f  th e  lambs i n  the  f i e l d ,  th e  p ro c e s s  of 

muscle r e g e n e r a t i o n  was no doubt th e  same.



DISCUSSION

U n t i l  1928 when Evans and Burr developed p a r a l y s i s  in  

young su c k l in g  r a t s  from mothers dep r ived  of v i tam in  E, t h i s  

v i t a m in  was thought to  be e n t i r e l y  concerned with r e p r o d u c t io n .  

Since th en  v i ta m in  E d e f i c i e n c y ,  c h a r a c t e r i z e d  g r o s s ly  by 

locomotor  d i s t u r b a n c e s  and m ic ro s c o p ic a l ly  by d e g e n e ra t io n  of 

the  s k e l e t a l  and c a rd ia c  muscles ,  has been e x p e r im en ta l ly  

produced and d e s c r ib ed  i n  guinea p ig s  and r a b b i t s  (G-oettsch 

and Pappenheimer 1931),  r a t s  .(Pappenheimer 1939) ,  dogs (Brink-  

house and Warner 1941) and in  mice (Pappenheimer 1942),  V i t a 

min E d e f i c i e n c y  in  c h ic k s ,  c h a r a c t e r i z e d  by en c ep h a lo m a lac ia , 

was d e s c r ib e d  by Pappenheimer (1931) and Jungherr  (1949).  

Ducklings  on the  same d i e t  developed a genera l  myopathy 

(Pappenheimer and G-oettsch 1934) while tu rk ey s  showed myopathy 

o f  the g iz z a rd  ( Jungherr  and Pappenheimer 1937) .

D egenera t ion  of  the  s k e l e t a l  and c a rd ia c  muscle i n  the  

lamb s i m i l a r  to  Z e n k e r ' s  d eg e n e ra t io n ,  produced e x p e r im en ta l ly  

in  l a b o r a t o r y  an im a ls ,  was f i r s t  d e s c r ib e d  by Metzger and 

Hagan (1927).  These a u th o r s  recogn ized  the d eg e n e ra t iv e  

changes i n  the muscles as  n o n in fe c t io u s  and noninflammatory 

in  n a t u r e .  Since then  many workers in  t h i s  country  and abroad 

have d e s c r ib e d  a s i m i l a r  c o n d i t io n  among lambs and p o s t u l a t e d  

v a r io u s  causes  r e s p o n s ib le  f o r  the  d i s e a s e  and sugges ted  a 

v a r i e t y  o f  p r e v e n t iv e  measures.
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Willman et^ a l . (1934) produced " s t i f f  lambs" from ewes 

kep t  on a s p e c i f i c  n a t u r a l  r a t i o n  and d e f i n i t e l y  proved the  

n u t r i t i o n a l  n a tu re  of  the  d i s e a se  (Willman et_ al_. 1940).

Morgulis  and Spencer (1936),  Shimotori  et. al_. (1940), 

MacKenzie and McCollum (1941) and Willman et. al_. (1941) 

r e p o r t e d  t h a t  wheat germ o i l ,  wheat germ meal,  wheat bran 

and a l p h a - to c o p h e ro l  p r o t e c t e d  guinea p i g s ,  r a b b i t s  and lambs 

from n u t r i t i o n a l  muscular dys t rophy .

Willman ert a l . (1945, 1946) p reven ted  and cured " s t i f f  

lambs" by a d m in i s t r a t i o n  o f  pure a lp h a - to c o p h e ro l  or i t s  

d e r i v a t i v e s  to  p regnan t  ewes or a f f e c t e d  lambs immediately 

a f t e r  b i r t h .

W h i t t in g  a t  a l . (1949) ana lyzed  the blood colostrum and 

m ilk  fo r  to c o p h e ro ls  from ewes on a v i ta m in  E d e f i c i e n t  d i e t  

and blood to c o p h e ro l  l e v e l  from a f f e c t e d  lambs. The v a lu e s  

were up to  48 per  cen t  lower when compared w ith  normal c o n t ro l  

ewes and lambs. In  view of th e se  f in d in g s  i t  was b e l ie v e d  

t h a t  n u t r i t i o n a l  muscular dys trophy d e s c r ib e d  as "Stiff-Lamb" 

d i s e a s e  was due to  v i tam in  E d e f i c i e n c y .

The r o l e  of  v i ta m in  E in  p r o t e c t i n g  the  normal s t r u c t u r e  

o f  the  muscle,  and th e  biochemical  changes in  reg a rd  to  the  

com posit ion  and physio logy  of the  muscle f i b e r  due to  v i ta m in  

E d e f i c i e n c y  are  unknown. There were, however, some f a c t s  

which p e rm i t te d  s p e c u la t i o n  on the  p o s s i b l e  r o l e  of  t h i s  

v i ta m in  in  r e g a rd  to  muscle dys t rophy .  The most s t r i k i n g  

c h a r a c t e r i s t i c  of  to c o p h e ro ls  i s  t h e i r  a n t i o x id a n t  a c t i v i t y .
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I f  to c o p h e ro l s  would r e t a i n  t h e i r  a n t i o x i d a n t  a c t i v i t y  in  

v ivo i t  could be r i g h t l y  thought t h a t  most of  t h e i r  b i o l o g i c a l  

f u n c t i o n s  would be c e n te re d  around t h i s  p r o p e r ty  in  the 

metabolism of  f a t .

Dam (1949) in  a s e r i e s  of  experim ents  dem onstra ted  th e  

p resence  of  p e ro x id e s  i n  the body f a t  of  ch icks  and r a t s  r e a r e d  

on a v i ta m in  E low d i e t  and supplemented w ith  5 per  cen t  cod 

l i v e r  o i l .  The c o n t ro l  an im als  on th e  same d i e t  supplemented 

w ith  2 .5  mg per  cen t  of  a lp h a - to c o p h e ro l  a c e t a t e  showed no 

perox ide  va lue  and absence of  the  d e f i c i e n c y  symptoms. He 

su gges ted  t h a t  d e g e n e ra t io n  of  the muscle was p r i m a r i l y  due 

to  some p ro d u c t  which r e s u l t e d  from the  p ro ces s  which the  

h ig h ly  u n s a t u r a t e d  f a t t y  a c id s  underwent i n  the  c e l l s  while  

v i t a m in  E was l a c k i n g .  F u r th e r  ev idence of  a n t i o x i d a n t  

a c t i v i t y  of  to c o p h e ro l s  I n  vivo was dem onstra ted  by H a r r i s  

e t  a l .  (1944).  Tocopherols  e x e r t e d  a pronounced s p a r in g  a c t i o n  

on v i ta m in  A i n  r a t s  fed  a v i ta m in  A low d i e t .  W h i t t in g  e_t a l . 

(1949) s tu d i e d  the e f f e c t  o f  to c o p h e r o l s  on th e  v i ta m in  A 

mammary and p l a c e n t a l  t r a n s f e r  i n  the sheep,  goat  and p ig .

The only  in c re a s e  o f  v i ta m in  A was noted i n  the  l i v e r  o f  th e  

newborn lamb.

H a r r i s  et_ a l . (1947) in c r e a s e d  b u t t e r  f a t  p r o d u c t io n  in  

d a i r y  cows by supplem ent ing  the  r a t i o n  w i th  500-1,000 mg of 

a l p h a - t o c o p h e r o l •

The s p a r in g  or p r o t e c t i v e  a c t io n  of to c o p h e ro l s  on f a t  

i t s e l f  was shown by Menschik e t  a l .  (1949).  Mice on a h ig h
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v i ta m in  E d i e t  made s u b s t a n t i a l  ga ins  i n  body weight i n  the 

form of  f a t ,  while  f a t  o f  th o se  on the  v i t a m in  E f r e e  d i e t  

was l o s t  and r e p la c e d  w ith  u n s a tu r a t e d  f a t t y  a c i d s ,  phospho

l i p i d s  and p r o t e i n .

Roderuck e t  a l . (1949) s tu d i e d  r a t h e r  e x t e n s iv e ly  the  

chemical  and enzymic a l t e r a t i o n s  i n  muscles a f f e c t e d  by 

ex p e r im en ta l  dys t rophy .  QOg v a lu es  of  muscles from v i ta m in  E 

d e f i c i e n t  r a b b i t s ,  guinea p ig s  and ham sters  were g r e a t l y  

i n c r e a s e d .  This  sugges ted  t h a t  a l p h a - to c o p h e ro l  was inv o lv ed  

i n  th e  o v e r a l l  c e l l u l a r  o x id a t io n .  The n a tu re  of  the  sub

s t r a t e  in  th e  muscle undergoing  in c re a s e d  combustion d u r in g  

v i t a m in  E d e f i c i e n c y  was unknown. However, dec reased  c r e a t i n e  

c o n te n t  of  the  muscle,  c r e a t i n u r i a  and in c re a s e d  c r e a t i n e  in  

th e  l i v e r ,  r e p o r t e d  a l s o  by G oet tsch  and Brown (1932) i n  

r a b b i t s ,  i n d i c a t e d  t h a t  p r o t e i n  metabolism was in v o lv ed .  

Analyses  o f  th e  muscle t i s s u e s  fo r  v a r io u s  amino a c id s  showed 

g lu tam ine  to  be e s p e c i a l l y  abundant i n  the  normal muscle as  

f r e e  amino a c id .  The g lu tam ine  co n ten t  of  d y s t ro p h ic  muscles 

was markedly low ered .  However, t h e  t o t a l  non-glu tam ine amino 

a c id  c o n te n t  seemed to  be unchanged. Roderuck p rov ided  f u r t h e r  

ev idence  in  suppor t  of  the  id e a  t h a t  p r o t e i n  r a t h e r  th an  f a t  

metabolism was invo lved  i n  the  p ro cess  of  muscle d e g e n e r a t io n .  

I t  i s  a w ell  known f a c t  t h a t  b i o t i n  i s  d e s t ro y e d  in  th e  p r e 

sence o f  a u t o - o x i d i z i n g  u n s a tu r a t e d  f a t s .  I f  to co p h e ro l  

a c te d  as  an a n t i o x i d a n t  in  v iv o ,  i t s  absence would promote 

a u t o - o x i d a t i o n  and p ro d u c t io n  of  u n s a t u r a t e d  f a t t y  a c id s  and
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p e ro x id e s  which would d e s t ro y  b i o t i n .  However, both  f r e e  and 

t o t a l  b i o t i n  v a lu e s  of  normal and d y s t ro p h ic  muscles from 

h a m s te r s ,  guinea p ig s  and r a b b i t s  v a r i e d  w i th in  th e  l i m i t s  o f  

e r r o r .  The a u th o rs  ad m it ted  t h a t  i f  f a t t y  a c id  p e ro x id e s  

were inv o lv e d  i n  muscle dys trophy  the  p e ro x id e s  f o r  some 

r e a s o n  d id  no t  d e s t ro y  b i o t i n  in  v iv o .  Roderuck, i n  th e  course  

of  th e se  s t u d i e s ,  a l s o  observed a marked dec rease  i n  the  

a c t i v i t y  of  the  s u c c in ic  dehydrogenase system. This  i n h i b i 

t i o n  was ex p la in ed  by Ames and R i s l e y  (1949).  A lp h a - to c o p h e ro l  

p r e c i p i t a t e d  i o n i c  ca lc ium which i s  an a c t i v a t o r  of  d iphospho-  

p y r id in e  n u c l e o t i d a s e .  I t  was i n t e r e s t i n g  to  note t h a t  a l l  

t h r e e  t o c o p h e r o l s ,  a lp h a ,  gamma and d e l t a  p h o sp h a te s ,  proved 

to  have the  same i n h i b i t o r y  e f f e c t  and an a d d i t i o n  of Ca io n s  

in c r e a s e d  the  a c t i v i t y  o f  the  system to  the  same e x t e n t .  The 

b i o l o g i c a l  a c t i v i t y  of  the v a r io u s  to c o p h e r o l s ,  however, was 

found to  be e n t i r e l y  d i f f e r e n t .

The b lood  s tu d i e s  o f  th e  v i ta m in  E d e f i c i e n t  lambs showed 

a d e f i n i t e  and c o n s i s t e n t  drop of the hemoglobin c o n c e n t r a t i o n  

th roughou t  the  exper im en ta l  p e r io d .  Three d e f i c i e n t  lambs 

developed anemia toward the end o f  the experiment with  v a lu es  

a l i t t l e  over  5 gms o f  hemoglobin per 100 ml b lood .  Gyorgy 

and Rose (1949) su gges ted  and s u b s t a n t i a t e d  by many exper im en ta l  

s t u d i e s  in .  vivo and in. v i t r o  a p r o t e c t i v e  a c t i o n  of  to co p h e ro l  

a g a i n s t  h em o ly s is .  Ra ts  on a to c o p h e ro l  d e f i c i e n t  d i e t  i n 

j e c t e d  w i th  160 mg p e r  kg of a l l o x a n  i n t r a p e r i t o n e a l l y
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developed a severe  hem oglob inur ia  and hemoglobinemia and d ied  

due to  a lm ost  complete hem olys is .  On au to p sy  th e  k idneys  were 

com ple te ly  f i l l e d  w ith  b lood .  Supp lem en ta t ion  w ith  to c o p h e ro l  

d ec re a se d  th e  m o r t a l i t y  and com ple te ly  p r o t e c t e d  a l l  an im als  

from h em o ly s is .  That a l l o x a n  as  such and a lone  was no t  r e s 

p o n s ib l e  f o r  th e  hem olysis  was ev id en t  from the  f a c t  t h a t  i t  

d isa p p ea re d  from the  blood s tream  i n  two to  t h r e e  m inu tes  a f t e r  

the  i n j e c t i o n .  A lloxan  was p o s s i b l y  conver ted  i n ° a  number of 

i n t e r m e d i a t e  compounds i n  the  absence of  to c o p h e r o l s .  These 

compounds t e s t e d  on v i ta m in  E d e f i c i e n t  r a t s  showed more or 

l e s s  th e  same hemolyzing a c t i v i t y .  Tocopherol ag a in  f u l l y  

p r o t e c t e d  the  animals  from h em o ly s is .  I t1 v i t r o , s t u d i e s  

showed t h a t  under a p p r o p r i a t e  c o n d i t io n s  blood c e l l s  from 

v i t a m in  £ d e f i c i e n t  animals  were com ple te ly  hemolyzed, while 

those  of  tocophero l  supplemented an im als  were no t  a f f e c t e d .

This experim ent f u r t h e r  demonstra ted t h a t  th e  p r o t e c t i o n  

a g a i n s t  hem olys is  was a f u n c t io n  of  the c e l l  and not  of  the  

body f l u i d .  The a u th o r s  s t a t e d  t h a t  anemia was not c h a r a c t e r 

i s t i c  of  v i ta m in  E d e f i c i e n c y  u n le s s  under ex trem ely  abnormal 

c o n d i t io n s  of  metabolism. From the  evidence i t  was concluded 

t h a t  to c o p h e ro l  was n e c e s s a ry  to  p r o t e c t  the  e r y t h r o c y te  

a g a i n s t  hem olys is  by i t s  a n t i o x i d a n t  e f f e c t .

A r a t h e r  s t r i k i n g  f e a t u r e  of  e x p e r im e n ta l ly  produced 

v i ta m in  E d e f i c i e n c y  was the  ex trem ely  h igh  in c id en ce  of 

pneumonia. In  p r a c t i c a l l y  every  r e p o r t  of  "S t i f f -Lam b" d i s e a s e  

encoun te red  i n  th e  f i e l d ,  pneumonia was mentioned as one of
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th e  symptoms or a s  a c o m p l ic a t io n  which r e s u l t e d  from the  

d i s e a s e .  A l l  the  " s t i f f  lambs" b rough t  to  th e  l a b o r a t o r y  

f o r  necropsy  showed a c t i v e  or p a s s iv e  pneumonia. I t  was 

e v id e n t  t h a t  a l a c k  of  v i ta m in  E in c r e a s e d  the s u s c e p t i b i l i t y  

f o r  r e s p i r a t o r y  i n f e c t i o n  which f i n a l l y  te rm in a te d  i n  pneu

monia. I t  was su g g es ted  i n  connec t ion  w ith  r i b o f l a v i n ,  t h a t  

the  organ  w i th  an e s p e c i a l l y  h ig h  requirem ent,  f o r  the  v i t a 

min was a f f e c t e d  f i r s t .  Evidence s u p p o r t in g  t h i s  was a v a i l 

a b l e  in  th e  h e a r t  l e s i o n s  bu t  no s t u d i e s  were done i n  reg a rd  

to  the  req u i rem en t  and s to rag e  o f  to c o p h e ro l s  i n  th e  lu n g .  

R e s p i r a t i o n  o f  b io p s i e d  s k e l e t a l  muscle t i s s u e s  from v i ta m in  

E d e p l e te d  an im als  was e x t e n s iv e ly  s tu d ie d  by Houchin (1942) 

and Houchin and M a t t i l l  (1942).  The oxygen consumption 

i n c r e a s e d  up to  250 per  c e n t .  Oral or  in t r a v e n o u s  adm in is 

t r a t i o n  of  a lp h a - to c o p h e ro l  c o n s id e r a b ly  d ec rease d  th e  oxygen 

consumption i n  one hour and an a lm ost  normal r e s p i r a t i o n  was 

r e s t o r e d  i n  22 h o u r s .  The oxygen consumption was a l s o  lowered  

by 40 per  c en t  when a lp h a - to c o p h e ro l  was added to  the  s a l i n e  

medium w i th  d y s t r o p h ic  muscle s l i c e s  from r a b b i t s  and h a m s te r s .

Kaunitz  and Pappenheimer (1943) measured th e  t o t a l  oxygen 

consumption o f  a  group of v i ta m in  E d e f i c i e n t  r a t s  and a group 

supplemented w i th  a lp h a - to c o p h e r o l .  The t o t a l  oxygen consump

t i o n  of  the  d e f i c i e n t  group was c o n s id e r a b ly  h i g h e r .  S ince  

s k e l e t a l  muscles account  f o r  n e a r ly  h a l f  of  th e  body w e ig h t ,  

i t  could  be p o s t u l a t e d  t h a t  d u r in g  v i ta m in  E d e f i c i e n c y  th e
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oxygen req u i rem en t  i s  in c r e a s e d  g r e a t l y .  T h is ,  no dou b t ,  

would r e s u l t  i n  an e x t r a o r d i n a r y  s t r e s s  on t h e  lu n g s  and 

h e a r t  and in c r e a s e  the  s u s c e p t i b i l i t y  to  a l t e r a t i o n .

The c h a r a c t e r i s t i c  l e s i o n s  i n  th e  h e a r t  were co n s id e red  

pathognomonic of  e x p e r im e n ta l ly  induced v i ta m in  E d e f i c i e n c y  

i n  the  lamb. This  was to  some e x t e n t  i n  c o n f l i c t  w ith  ob

s e r v a t i o n s  and r e p o r t s  on the d i s e a s e  o c c u r r in g  under  f i e l d  

c o n d i t i o n s .  Although observed and d e s c r i b e d ,  not  a l l  workers 

co n s id e red  d e g e n e ra t io n  of  h e a r t  muscle t y p i c a l  of  v i t a m in  E 

d e f i c i e n c y .  E i t h e r  the  l e s i o n s  were no t  r e p o r t e d  i n  some 

i n s t a n c e s  or were not p r e s e n t  a t  a l l .  I n  th e  course  o f  t h i s  

s tudy  i t  was observed t h a t  lambs from th e  f i e l d  a t  necropsy  

showed much more pronounced d eg e n e ra t io n  of the s k e l e t a l  

muscles and fewer and l e s s  d i s t i n c t  h e a r t  l e s i o n s  than  th e  

lambs d e p l e t e d  on to co p h e ro l  d e f i c i e n t  d i e t .  This  r e v e r s a l  

was ex p la in ed  by a l a c k  o f  e x e r c i s e  i n  lambs k ep t  i n  small 

pens under  l a b o r a t o r y  c o n d i t i o n  and the  ex c ess iv e  e x e r c i s e  of  

lambs runn ing  w ith  ewes. I t  was q u i t e  p o s s i b l e  t h a t  th e  

s k e l e t a l  muscles in  lambs runn ing  f r e e l y  on p a s tu re ,  due to  

in c r e a s e d  metabolism, were d e p le te d  sooner than  i n  the  lambs 

con f ined  to  small  pens .

Some e x p l a n a t io n  fo r  the delayed d e g e n e ra t io n  o f  the  

c a r d i a c  muscle as compared w ith  s k e l e t a l  muscle was r e p o r t e d  

by Mason (1942).  The a n a ly se s  o f  t h e  h e a r t  and v a r io u s  o rgans  

f o r  to co p h e ro l  showed t h a t  h e a r t  t i s s u e  from normal o r  d e f i 
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c i e n t  r a t s  conta ins  twice as  much o f  t h e  v i t a m in  as any o th e r  

t i s s u e  in c lu d in g  the  l i v e r .  The a u th o r  f u r t h e r  e x p la in e d  the  

p o s s i b l e  s t e p s  l e a d i n g  to  th e  h e a r t  l e s i o n s  and e v e n tu a l  

f a i l u r e .  The o v e r a l l  d e f i c i e n c y  g r e a t l y  in c r e a s e d  the demand 

f o r  oxygen and reduced the c a p a c i ty  to  work. T h is  co n seq u en t ly  

caused d i l a t a t i o n  and weakness of  th e  organ which i n c r e a s e d  

th e  s u s c e p t i b i l i t y  f o r  p a t h o l o g i c a l  changes .

I t  was of i n t e r e s t  to  no te  t h a t  l o s s  o f  a p p e t i t e ,  r e t a r d e d  

growth, d i a r r h e a  and em a c ia t io n ,  th e  symptoms of most o f  th e  

v i t a m in  d e f i c i e n c i e s ,  were no t  observed i n  v i t a m in  E d e f i c i e n c y  

produced e x p e r im e n ta l ly  or observed i n  the f i e l d .  This  s t r o n g l y  

sugges ted  t h a t  the  d e f i c i e n c y  d e s c r ib e d  was due to  l a c k  of  v i t a 

min E and v i t a m in  E a lo n e .



SUMMARY AND CONCLUSIONS

N u t r i t i o n a l  muscular  dys t ro p h y  i n  the  lamb was produced 

by u s in g  a l i q u i d ,  p u r i f i e d  v i t a m in  E d e f i c i e n t  d i e t .  The 

source  o f  f a t  i n  the d i e t  of th e  f i r s t  group was commercial 

l a r d  while  i n  the  second and t h i r d  groups m olecu lar  d i s t i l l e d  

l a r d ,  ve ry  low i n  v i ta m in  E, was u sed .

The symptoms o f  v i ta m in  E d e f i c i e n c y  were c h a r a c t e r i z e d  

by d i s t u r b a n c e s  in  locom otion ,  s t i f f n e s s ,  p a r a l y s i s ,  su scep 

t i b i l i t y  to  pneumonia and sudden d e a th .  Blood a n a l y s i s  showed 

lowered hemoglobin c o n c e n t r a t i o n  and low to c o p h e ro l  l e v e l s .

Post  mortem exam ina t ions  showed dys trophy  o f  s k e l e t a l  

and c a r d i a c  muscle and f a t t y  d e g e n e ra t io n  of the  l i v e r  and 

k idney .  The l e s i o n s  i n  the  h e a r t  were i n v a r i a b l y  most p ro 

nounced in  th e  r i g h t  v e n t r i c l e .

A d d i t io n  of  100 mg a lp h a - to c o p h e ro l  to  the  d i e t  every  

o th e r  day p r o t e c t e d  12 p o s i t i v e  c o n t ro l  lambs from muscular  

dys t rophy  and g r e a t l y  a l l e v i a t e d  the  symptoms of  d e p le te d  

an im als  in  t h r e e  to  f i v e  days .  M icroscopic  s t u d i e s  showed a l 

most complete r e g e n e r a t i o n  of t h e  muscle a f t e r  30 days of  

th e ra p y .

The symptoms, g ross  and m ic roscop ic  pa tho logy  o f  the  

m uscu la tu re  o f  lambs, a f f e c t e d  with  "S t i f f -Lam b"  d i s e a s e  under  

f i e l d  c o n d i t i o n s  were a l s o  s t u d i e d .  The symptomathology and
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l e s i o n s  of  " s t i f f  lambs" from th e  f i e l d  appeared  to  be i d e n t i  

ca l  i n  eve ry  r e s p e c t  w i th  the n u t r i t i o n a l  muscular  d y s t ro p h y  

produced on the  p u r i f i e d  v i ta m in  E d e f i c i e n t  d i e t .
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F i g .  8 .  Lamb No. 3 9 .

A t y p i c a l  s t a n c e  o f  th e  lamb i n  e a r l i e r  s t a g e s  

of  v i t a m i n  E d e f i c i e n c y .  Note t h e  a r c h e d  b a c k .
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F i g .  9 .  Lamb No. 3 4 .

L a t e r  s t a g e  o f  v i t a m i n  E d e f i c i e n c y .  The lamb 

l o s t  e q u i l i b r i u m  and f e l l .  The normal a p p e a ra n c e  

o f  t h e  head  s u g g e s t s  no p h y s i c a l  p a i n .
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F i g .  1 0 .  Lamb No. 1 2 .

L e s i o n s  w i t h i n  th e  r i g h t  v e n t r i c l e .  Note 

t h e  com ple te  d e g e n e r a t i o n  o f  t h e  w a l l .
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M E T R I C  I



F i g .  X I .  Lamb No. 2 4 .

R ig h t  v e n t r i c l e  showing e x t e n s i v e  Z e n k e r ' s  

d e g e n e r a t i o n .  The d i a m e t e r  o f  th e  l e s i o n  

a t  the  apex o f  th e  h e a r t  was a p p r o x im a te l y  

12 mm.
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F i g .  1 2 ,  Lamb Mo. 1 2 .

The d e g e n e r a t i o n  i n v o l v e d  th e  whole c a r d i a c  

w a l l .  Note t h e  w h i t i s h  l e s i o n s  on t h e  

s u r f a c e .
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M E T R I C  I



F i g .  1 3 .  Lamb No. 1 4 .

L o ss  o f  s t r i a t i o n  and e x t e n s i v e  c e l l u l a r  

i n f i l t r a t i o n  w i t h i n  d e g e n e r a t e d  muscle 

f i b e r s .  P a r t s  o f  t h e  m u s c le s  a r e  i n t a c t .  

H em a to x y l in  and E o s in  s t a i n  x 1150





F i g .  1 4 .  Lamb No. 6 .

The d i s a p p e a r i n g  m uscle  f i b e r s  and p r o l i f e r a t i o n  

o f  c o n n e c t i v e  t i s s u e .

H em a to x y l in  and E o s in  s t a i n  x 170
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F i g .  1 5 .  Lamb No. 1 8 .

I n t e r s t i t i a l  edema i n  t h e  s k e l e t a l  m u sc le .  

F r a g m e n ta t io n  o f  th e  muscle f i b e r s  i s  i n  

p r o g r e s s .

H em a to x y l in  and E o s in  s t a i n  x 170
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F i g .  16* Lamb No. 2 6 .

Beginning of muscle degeneration. Note the 

increased granularity  of the muscle f ib e r s .  

Hematoxylin and Eosin s ta in  x 750
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F i g .  1 7 .  Lamb No. 1 1 .

Vacuolization  of the a f fe c te d  muscle f ib e r .  

Hematoxylin and Eosin s ta in  x 1150
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F i g .  1 8 .  Lamb No.  1 4 .

H is t io c y t i c  i n f i l t r a t i o n  in  an area of  

degeneration and n ecr o s is .

Hematoxylin and Eosin s ta in  x 750
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F i g .  1 9 .  Lamb No. 8 .

H is t io c y te s  and giant c e l l  in  the area of 

degeneration.

Hematoxylin and Eosin s ta in  x 1150
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F i g .  2 0 .  Lamb No. 1 7 .

Young muscle f ib ers  showing longitud inal  

s t r i a t i o n .  The nuclei  are located  centra l ly  

and at the end of the muscle f ib e r .  The 

lamb was not trea ted .

Hematoxylin and Eosin s ta in  x 750
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F i g .  2 1 .  Lamb No. 1 2 .

Degeneration and necrosis  extending from 

the endocardium into  myocardium. 

Hematoxylin and Eosin s ta in  x 50
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F i g .  2 2 .  Lamb No. 1 9 .

Heart muscle showing fragmentation of the 

f ib e r s  and presence of h i s t i o c y t e s .  The 

adjoin ing  blood v e s se l  i s  congested.  

Hematoxylin and Eosin s ta in  x 750
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F i g .  2 3 .  Lamb N o .  1 2 .

Cardiac muscle showing degeneration and 

n e c r o s is .  The Purkinje f ib e r s  seem to 

be normal.

Hematoxylin and Eosin s ta in  x 170
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F i g .  2 4 .  Lamb N o.  4 7 .

D e g e n e r a t i n g  c a r d i a c  m u sc le .  These young 

m usc le  s t r a n d s  a r e  s i m i l a r  i n  a p p e a ra n c e  

t o  c a p i l l a r i e s  b u t  t h e  p r o to p la s m  i s  con

t i n u o u s  w i th  th e  m usc le  f i b e r s .  

H em a to x y l in  and E o s in  s t a i n  x  750
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F i g .  2 5 .  Lamb No. 4 3 .

F a t t y  d e g e n e r a t i o n  o f  th e  k id n e y .  C e l l s  

o f  t h e  c o n v o l u t e d  t u b u l e s  a r e  f i l l e d  w i th  

f a t  d r o p l e t s .

F ro z en  s e c t i o n  Sudan IV s t a i n  x 170
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F i g .  2 6 .  Lamb No. 2 7 .

M ed u l la  o f  th e  k id n e y  showing i n t e r s t i t i a l  

edema and c o n g e s t i o n  o f  b lo o d  v e s s e l s .  

H em a to x y l in  and E o s i n  s t a i n  x 600
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F i g .  2 7 .  Lamb No. 3 9 .

G ia n t  c e l l s  w i th  e n g u l f e d  d e b r i s .  I n t e n s i v e  

c e l l u l a r  i n f i l t r a t i o n  i s  a l s o  n o t e d .  

H em a to x y l in  and E o s i n  s t a i n  x  750
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F i g .  2 8 .  Lamb No. 3 4 .

Young m uscle  f i b e r s  b e g i n n i n g  t o  show c r o s s  

s t r i a t i o n .

H em a to x y l in  and E o s in  s t a i n  x  750
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F i g .  2 9 .  Lamb No. 4 3 .

More m a tu re  muscle  f i b e r s  showing c r o s s  

s t r i a t i o n .  Note t h e  n u c l e i  a t  th e  t i p  o f  

th e  young muscle f i b e r s .  The n u c l e i  a r e  

c e n t r a l l y  l o c a t e d .

H em z to x y l in  and E o s in  s t a i n  x 750
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F i g .  3 0 .  Lamb No.  5 0 .

Fully  regenerated muscle f ib ers  are character

ized  by pronounced cross  s t r i a t io n .  

Hematoxylin and Eosin s ta in  x 750
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F i g .  3 1 .  Lamb No. 4 2 .

Regenerating muscle with numerous nuclei  

arranged in  a row in  the center of the 

muscle f ib e r .

Hematoxylin and Eosin s ta in  x 1150
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F i g .  3 2 .  Lamb No. 4 2 .

Almost f u l l y  regenerated muscle from a 

lamb treated  with alpha-toeopherol for  

40 days. Note the increased number of 

muscle n u c le i .

Hematoxylin and Eosin s ta in  x 600
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F i g .  3 3 .  Lamb No. 1 3 .

Transversal sec t io n  of the s k e le ta l  muscle 

from a p o s i t iv e  control lamb.

Hematoxylin and Eosin s ta in  x 170
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F i g .  3 4 .  Lamb No. 4 0 .

Longitudinal sec t io n  of the s k e le ta l  muscle 

from a p o s i t iv e  control lamb.

Hematoxylin and Eosin s ta in  x 170
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F i g .  3 5 .  F i e l d  C a se .

Z e n k e r ' s  d e g e n e r a t i o n  of  the  s k e l e t a l  

m u sc le .  The a r e a  i s  i n f i l t r a t e d  w i th  

p h a g o c y t i c  c e l l s .

H em atoxy l in  and E o s in  s t a i n  x  170
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F i g .  3 6 .  F i e l d  C a se .

L o s s  o f  s t r i a t i o n ,  f r a g m e n t a t i o n  and c e l l u l a r  

i n f i l t r a t i o n  o f  t h e  m usc le  f i b e r s .  Some 

m usc le  f i b e r s  i n  the  a r e a  a r e  n o rm a l .  

H em ato x y l in  and E o s in  s t a i n  x 1150
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F i g .  3 7 .  F i e l d  C a se .

R e g e n e r a t i o n  o f  m uscle  f i b e r  i n  t h e  a r e a  

o f  d e g e n e r a t i o n .

H em atoxy l in  and E o s in  s t a i n  x 1150
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F i g .  3 8 .  F i e l d  C a se .

H e a r t  m u sc le .  D e g e n e r a t i o n  o f  t h e  muscle 

f i b e r s .  Note i n c r e a s e d  c e l l u l a r  a c t i v i t y  

and n o rm a l ly  a p p e a r i n g  P u r k i n j e  f i b e r s .  

H em atoxy l in  and E o s in  s t a i n  x 170
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F i g .  3 9 .  F i e l d  C a se .

C a r d i a c  muscle r e g e n e r a t i o n .  New muscle 

f i b e r s  a r e  growing i n  th e  a r e a  o f  

d e g e n e r a t i o n .

H em atoxy l in  and E o s i n  s t a i n  x  750
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F i g .  4 0 .  F i e l d  C a s e .

E x t e n s i v e  l e s i o n s  i n  th e  endocard ium  and 

myocardium from a lamb a f f e c t e d  w i th  

" S t i f f - L a m b "  d i s e a s e .
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F i g .  4 1 .  F i e l d  C a se .

W h i t i s h  l e s i o n s  a f f e c t i n g  most o f  th e  

r i g h t  v e n t r i c l e .
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F i g .  4 2 .  F i e l d  C a s e ,  (same a s  F i g .  to--).

D i f f u s e  in v o lv em en t  o f  t h e  l e f t  v e n t r i c l e  

and a t r i u m  c h a r a c t e r i z e d  by w h i t i s h  a r e a s .  

Note t h e  l e s i o n s  t h r o u g h o u t  t h e  c a r d i a c  

w a l l .
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