
Dietary Production of Parathyroid Cysts * 1
HANS SELYE, MANUEL ROJO ORTEGA a n d  BEATRIZ TUCHWEBER 
Institut de Médecine et de Chirurgie expérim entales , Université de 
Montréal, Montreal,  Canada

ABSTRACT  Dietary supplem ents of dihydrotachysterol (D H T ) and calcium  ace
tate transform  the parathyroids of the rat into sponge-like cystic organs. This lesion  
presum ably represents “retention cyst” form ation. It is tentatively ascribed to a 
selective blockade of the discharge of parathyroid secretion into the blood, without 
suppression of its form ation w ithin the gland. The advantages of the nutritional 
technique for the production of parathyroid cysts are discussed.

In  th e  co u rse  of o u r w ork  on  ca lc iphy- 
lax is  ( 1 ) i t  w as n o ticed  ac c id e n ta lly  th a t , 
fo flow ing  s im u lta n e o u s  tre a tm e n t w ith  d i
h y d ro ta c h y s te ro l ( D H T ) 2 a n d  c a lc iu m  ace 
ta te , r a ts  re g u la r ly  develop cystic  p a ra th y 
ro id s, a sso c ia ted  w ith  a  s in g u la r  fo rm  of 
m u sc u la r  d y s tro p h y  ( 2 ) .  E sse n tia lly  s im i
la r  re su lts  w ere  o b ta in e d  in  a n im a ls  w h ich  
rece ived  v ita m in  D 2, v ita m in  D :i o r p a ra 
th y ro id  h o rm o n e  in s te a d  of D H T. H ow 
ever, c a lc iu m  a c e ta te  co u ld  n o t be re p la c e d  
by a n  a m o u n t of d ib asic  so d iu m  p h o sp h a te  
w h ich  w as eq u a lly  e ffective  in  a u g m e n tin g  
th e  g e n e ra lized  so ft-tissu e  ca lc in o sis  n o r 
m a lly  e lic ited  by  overdosage  w ith  v ita m in  
D co m p o u n d s  or p a ra th y ro id  e x tra c t ( 3 ) .

In  a ll th e se  e x p e rim e n ts , D H T, v ita m in  
D 2 a n d  c a lc iu m  a c e ta te  w ere  g iven  by 
s to m a c h  tu b e , w h e re a s  p a ra th y ro id  e x tra c t 
a n d  v ita m in  D 3 w ere  in je c te d  s u b c u ta n e 
ously. T h e  q u e s tio n  aro se  w h e th e r  f u r 
th e r  s tu d ie s  on  the  m e c h a n ism  o f th is  
s in g u la r  p a ra th y ro id  re a c tio n  co u ld  be 
fa c ili ta te d  by a  m o re  c o n tin u o u s  a d m in is 
tra tio n  of th e  ac tive  ag e n ts  (v ita m in  D 
c o m p o u n d s  a n d  c a lc iu m )  as d ie ta ry  su p 
p le m e n ts .

EXPERIMENTAL

F o rty  fe m a le  S prague-D aw ley  ra ts  o f th e  
H o ltz m a n  s tra in  w ith  a m e a n  in itia l  body 
w e ig h t o f 101 g ( ra n g e  100 to  105 g )  w ere  
sub d iv id ed  in to  4 e q u a l g roups, all o f w h ich  
w ere  fed  exc lu sive ly  w ith  g ro u n d  c o m m e r
c ia l la b o ra to ry  ch o w 3 to w h ich  w e add ed  
su p p le m e n ts  o f D H T  a n d  ca lc iu m  a c e ta te .4 
G roup  1 rece iv ed  a d ie t c o n ta in in g  75 ug 
of D H T  a n d  200  m g  of c a lc iu m  a c e ta te  in  
e ach  5 g of th e  chow , w h ile  th e  re m a in in g  
3 g roups rece iv ed  th e  sam e  a m o u n t o f D H T 
a n d  ca lc iu m  a c e ta te  in  10, 20  a n d  50 g of

th e  chow , respec tive ly . T h e  D H T  w as d is
solved in  a  few  d rops of e th a n o l, m ixed  
w ith  th e  ca lc iu m  a c e ta te  p o w d er a n d  
g ra d u a lly  ad d ed  to  th e  chow  d ie t in  a 
b le n d e r, to  fa c ilita te  eq u a l d is tr ib u tio n . 
T h u s , th e  4 d ie ts  c o n ta in e d  e q u a l p ro p o r
tio n s o f D H T a n d  c a lc iu m  a c e ta te  b u t  in  
d iffe re n t c o n c e n tra tio n s .

T he  r a ts  w ere  m a in ta in e d  exc lusive ly  
w ith  th ese  d ie ts  a n d  ta p  w a te r  ad  lib itu m  
fo r  21 days a f te r  w h ich  p erio d  a ll su rv iv o rs  
w ere  k illed  w ith  ch lo ro fo rm . A t au to p sy , 
th e  th y ro -p a ra th y ro id  a p p a ra tu s  a n d  th e  
sk e le ta l m u sc u la tu re  w ere  e x a m in e d  w ith  
a b in o c u la r  loupe  a n d  sp ec im en s  o f th e m  
w ere  fixed in  B o u in ’s so lu tio n  fo r  su b se 
q u e n t e m b ed d in g  in  p a ra ffin  a n d  s ta in in g  
w ith  h em a to x y lin  p h lo x in e  a n d  th e  p e r i
odic ac id  Schiff (P A S ) p ro ced u re .

RESULTS
T he  m o rta lity  in  g roup  1 (w h ic h  re 

ceived  th e  h ig h e s t c o n c e n tra tio n  o f D H T 
p lu s  c a lc iu m  a c e ta te )  w as 60%  , w ith  a 
m e a n  su rv iv a l tim e  o f 17 days, a n d  in  
g roup  2, 4 0 % , w ith  a  m e a n  su rv iv a l tim e  
o f 19 days. T h e  ra ts  o f g ro u p s 3 a n d  4 
(g iv e n  th e  low est c o n c e n tra tio n s  o f th e  
d ie ta ry  su p p le m e n ts )  a ll su rv ived .

In  co m p a riso n  w ith  e a r lie r  o b se rv a tio n s  
on  th e  e x p e r im e n ta l p ro d u c tio n  of p a r a 
th y ro id  cysts  w ith  d iffe re n t te c h n iq u e s , 
th e  m o st s tr ik in g  fin d in g  a t  au to p sy  w as  
th e  v ir tu a lly  com ple te  ab sen ce  o f m u sc le  
le s io n s, a  fa c t  su b se q u e n tly  co n firm ed  by
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Fig. 1 Top left: Advanced cystic degeneration of the parathyroids in  a rat of group 1 w hich re
ceived the largest supplem ents of dihydrotachysterol (D H T ) plus calcium  acetate. The cysts have 
perforated into each other so that only crests rem ain to indicate where the walls of individual fo lli
cles were. The number of epithelial cells is dim inished and these form only a flat lin ing around the 
proliferating sclerotic connective-tissue stroma (hem atoxylin  phloxine, X 120). Top right: E ssentially  
norm al parathyroid of a rat from group 3 which received an ineffective dose of DHT plus calcium  
acetate. The solid structure of the parathyroid is preserved (hem atoxylin phloxine, X 120). Bottom  
left: Higher m agnification of a region from  the picture above (hem atoxylin phloxine, X 4 6 0 ). Bot
tom right: Higher m agnification from the picture above (hem atoxylin phloxine, X 4 6 0 ).
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h isto log ic  e x a m in a tio n . By m acro sco p ic  or 
ev en  loupe  in sp e c tio n , p a ra th y ro id  cysts  
a re  n o t d e tec tab le  as su c h  in  th e  r a t ,  b u t 
in  g roups 1 a n d  2 the  p a ra th y ro id s  w ere 
n o ticeab ly  e n la rg e d  a n d  o f a  tra n s lu c e n t 
w a te ry  aspec t.

U pon h isto log ic  e x a m in a tio n , no  cysts  
w ere  d e m o n s tra b le  in  g ro u p s 3 a n d  4, b u t 
in te n se  cyst fo rm a tio n  w as e v id e n t in  all 
th e  ra ts  o f g ro u p s 1 a n d  2, in c lu d in g  those  
th a t  d ied  p rio r  to th e  te rm in a tio n  of the  
ex p e rim e n t. T he  cysts  d iffe red  fro m  those  
p rev iously  d esc rib ed , m a in ly  in  th a t  they  
w ere la rg e r, m o re  re g u la r  a n d  m o re  n u m e r
ous. P re su m a b ly , cy st fo rm a tio n  w as fa c il
i ta te d  b e cau se  th e  d ie ta ry  a d m in is tra tio n  
of*D H T  a n d  ca lc iu m  a c e ta te  is c o m p a ra 
tively  w ell to le ra te d  a n d , h e n c e , m a n y  of 
the  ra ts  su rv iv ed  u p  to  3 w eeks, w h ereas  
p rev io u sly  w e w ere  u n a b le  to  c o n tin u e  
su ch  e x p e r im e n ts  fo r m ore  th a n  16 days. 
As a  c o n se q u en ce  o f th is  in c re a se d  s u r 
v ival, m o st o f th e  cy sts  b ecam e so la rg e  
th a t  th ey  p e rfo ra te d  in to  ea c h  o th e r, le av 
in g  m ere  c re s ts  o f s tro m a  covered  by 
a tro p h ic  e p ith e lia l cells in  w h a t ap p e a re d  
to be a s ing le , co m p lex  in te rc o m m u n ic a t
in g  cav ity . T h e  flu id  w ith in  th is  sp o n g e 
like s tru c tu re  w as la rg e ly  w a sh e d  ou t 
d u r in g  s ta in in g , b u t  w h a te v e r w as le f t c o n 
sis ted  of a  g ra n u la r , s ligh tly  b aso p h ilic  
m a te r ia l  w h ic h  in  p a r t  also  s ta in e d  w ith  
th e  PAS p ro ced u re . S ince w e h a d  p re 
p a re d  s tep  se ries  th ro u g h  d iffe re n t levels 
o f e a c h  p a ra th y ro id , it w as  possib le  to  
co m p a re  sec tio n s go ing  th ro u g h  th e  w id est 
p a r ts  o f th e  cystic  (g ro u p s  1 a n d  2 )  a n d  
non -cystic  (g ro u p s  3 a n d  4 )  p a ra th y ro id s . 
S uch  c o m p a riso n s  c lea rly  in d ic a te  n o t only  
a n  a tro p h y  b u t a  g re a t re d u c tio n  in  the  
n u m b e r  o f th e  re m a in in g  ep ith e lia l cells 
w ith in  th e  cysts , w h e re a s  th e  co n n ec tiv e  
tis su e  of th e  s tro m a  p ro life ra te s . In  co n 
tra s t  w ith  th ese  severe  s tru c tu ra l  a l te ra 
tio n s  in  th e  p a ra th y ro id s , th e  a d ja c e n t th y 
ro id  tissu e  w as com ple te ly  u n a ffe c ted
(fig- 1)-

I t re m a in s  to  be seen  w h e th e r  fu r th e r  
im p ro v e m e n t o f o u r te c h n iq u e , p e rm ittin g  
still m o re  p ro lo n g ed  su rv iv a l, w o u ld  re su lt  
in  a  “c h e m ic a l p a ra th y ro id e c to m y ” ow ing  
to co m p le te  d e s tru c tio n  o f th e  ep ith e lia l 
e le m e n ts  w ith  sc lerosis , b u t  ev id en tly  even  
3 w eeks of su rv iv a l suffices to  c a rry  th is  
p rocess to  a very  ad v a n c e d  degree.

DISCUSSION

O ur o b se rv a tio n s  d e m o n s tra te  th e  pos
sib ility  of p ro d u c in g  ex ten siv e  cystic  
d e s tru c tio n  o f th e  p a ra th y ro id s  by p u re ly  
d ie ta ry  m e a n s . A p p a ren tly , th e  m ore  co n 
tin u o u s  overdosage  w ith  D H T a n d  c a lc iu m  
th a t  is in d u c e d  w h en  th ese  c o m p o u n d s  
w ere  a d d ed  to th e  food, is a t  le a s t eq u a lly  
e ffective  in  th is  re sp e c t, a n d  ye t less toxic, 
th a n  th e  re p e a te d  acu te  overdosage  th a t  
re su lts  fro m  daily  in je c tio n s  or gavages.

T he w id esp read  lesions in  the  sk e le ta l 
m u sc u la tu re  th a t  w ere  e lic ited  by th e  la t 
te r  p ro ced u res  in  o u r e a rlie r  w ork  w ere  
also  m iss in g  in  th e  p re se n t se ries  o f e x p e r i
m e n ts . A lth o u g h  the  re a so n  fo r  th is  d if 
fe re n c e  is n o t yet c lea r, th e  ab sen ce  of a 
severe  m u sc u la r  d y s tro p h y  w as p ro b ab ly  
one of th e  fa c to rs  e n su r in g  lo n g e r s u r 
vival.

It w o u ld  be h a z a rd o u s  a t th is  tim e  to 
e n te r  in to  fa r- re a c h in g  sp e c u la tio n s  c o n 
c e rn in g  th e  possib le  p a th o g e n e s is  o f th e  
e x p e rim e n ta lly  p ro d u c e d  p a ra th y ro id  cysts. 
S eria l e x a m in a tio n s  of th e  p a ra th y ro id s  in  
d iffe re n t s tag es o f cy s t d ev e lo p m en t (n o t  
re p o rte d  h e re  in  d e ta il ) gave little  a d d i
tio n a l in fo rm a tio n  a p a r t  fro m  sh o w in g  th a t  
th e  first h is to lo g ica lly  d e tec tab le  tra c e s  of 
in te rc e llu la r  flu id  a c c u m u la tio n  a p p e a r 
b e tw een  th e  sev en th  a n d  te n th  day , th e  
p rocess  re a c h in g  its  m a x im u m  to w ard s  th e  
e n d  o f th e  th ird  w eek. I t is te m p tin g  to  
a ssu m e  th a t  w e are  d e a lin g  w ith  “r e te n 
tio n  c y s t” fo rm a tio n , p re su m a b ly  ow in g  to  
a  se lec tive  b lockade  o f th e  d isc h a rg e  o f 
p a ra th y ro id  h o rm o n e  se c re tio n  in to  th e  
b lood, w ith o u t su p p re ss io n  o f its  fo rm a 
tio n  w ith in  th e  g lan d . H ow ever, on ly  fu 
tu re  s tu d ie s  —  p e rh a p s  w ith  th e  sen s itiv e  
im m u n o c h e m ic a l te c h n iq u e s  th a t  a re  n o w  
av a ilab le  —  w ill be ab le to p rove w ith  c e r
ta in ty  th a t  th e  a c c u m u la te d  flu id  ac tu a lly  
c o n ta in s  p a ra th y ro id  h o rm o n e  or th e  m ore  
re c e n tly  p o s tu la te d  c a lc ito n in .
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Influence of Artificial Diet on Weight Gain and Body 
Composition of the Neonatal R at* 1
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ABSTRACT  Following an extensive analysis of rat’s m ilk, a basal diet based upon 
non-fat dry cow’s m ilk was developed for the artificial feeding by intubation of 
neonatal rats from birth to w eaning at 23 days. Since this diet did not support 
optim al growth, it was supplem ented w ith 1, 5, and 10% rat’s milk. W ith the 5% 
rat’s m ilk supplem ent, weight gains were improved to the point where they were 
equivalent to those of control rats raised by lactating mothers. However, carcasses of 
pups artificially fed this diet contained 35% more fat than the mother-raised controls. 
Conversely, rats intubated w ith the basal diet plus zero, 1, and 10% rat’s m ilk supple
m ents gained less weight than the mother-reared controls but had body com positions 
sim ilar to those of mother-reared rats. These data indicate that weight gain alone is 
an inadequate index for evaluation of early diets. Lean body m ass and body com po
sition, expressed on an absolute basis appears to be more satisfactory. It is suggested  
that the technique used in  this investigation is suitable for study of the effects of 
early nutrition on later life.

A dvances in  e x p e r im e n ta l te c h n iq u e s  
a re  now  m a k in g  it  possib le  to  u n d e r ta k e  
c a re fu lly  co n tro lled , d e ta iled  s tu d ie s  on  
th e  n u tr i t io n  of a rtific ia lly  fe d  h u m a n  
in fa n ts  ( 1 - 3 )  a n d  som e n e w b o rn  a n im a ls
( 4 ) .  W ith  th e  r a t ,  how ever, s tu d ie s  d u r 
in g  th e  p re w e a n in g  p erio d  hav e  b een  lim 
ite d  to e ffec ts  o f v a ry in g  th e  m ilk  supp ly  
o ffered  to  n a tu ra lly  su c k lin g  r a t  pu p s. 
W iddow son  a n d  M cC ance  ( 5 ) ,  D ick en so n  
a n d  W iddow son  ( 6 ) ,  W iddow son  a n d  K en
n ed y  ( 7 )  a n d  H eggeness  e t al. ( 8 )  h av e  
re p o rte d  th a t  th e  q u a n tity  o f m ilk  ob
ta in e d  by th e  r a t  d u r in g  th e  su ck lin g  
p erio d  p ro fo u n d ly  in flu e n c e d  ra te  of 
g ro w th  a n d  body d ev e lo p m en t. O ne of 
th e  above s tu d ie s  ( 7 )  w as e x te n d e d  to 
in c lu d e  life -sp an  effects.

R ecen tly , M iller a n d  D ym sza  ( 9 )  d is 
cu sse d  th e  h is to ry  o f a rtif ic ia l feed in g  of 
la b o ra to ry  a n im a ls  a n d  d esc rib ed  a te c h 
n iq u e  fo r  th e  a r tif ic ia l feed in g  a n d  re a r in g  
o f n e o n a ta l  ra ts . T h e  p re se n t p a p e r  r e 
p o rts  on  a  c o n tin u a tio n  of th ese  s tud ies . 
T h e  d ev e lo p m en t o f a d ie t cap ab le  o f p ro 
m o tin g  w e ig h t g a in s  in  p re w e a n in g  r a t  
p u p s  is  desc ribed . D a ta  a re  a lso  p re se n te d  
to show  th e  in flu en ce  o f d ie t a n d  su p p le 
m e n ts  on  body  co m p o sitio n  o f th e  a r tif i
c ia lly  fe d  ra ts  a t  w e a n in g  age.

EXPERIMENTAL

To p rov ide  a b as is  fo r  fo rm u la tio n  o f a 
d ie t, a  co m p o site  sam p le  of r a t ’s m ilk  w as 
an a ly zed  fo r th e  m a jo r  c o n s titu e n ts  lis ted  
in  tab le  1. T h e  m ilk  w as o b ta in e d  fro m  
30 fe m a le s  d u r in g  th e ir  2- to  7-day la c ta 
tion  p e rio d  by a p rev iously  d esc rib ed  te c h 
n iq u e  ( 9 ) .  B ased  u p o n  th is  a n a ly s is , a 
n u m b e r  o f d ie ts , com posed  of v a rio u s  
n a tu ra l  a n d  p u rified  in g re d ie n ts , w ere  fo r
m u la te d . T hese  d ie ts  w ere  te s te d  fo r  s u i t 
ab le  p h y sica l p ro p e rtie s  su ch  as so lub ility  
a n d  ab ility  to p a ss  th ro u g h  a 24-gauge 
in tu b a tio n  need le . P ro m is in g  fo rm u la tio n s  
w ere  th e n  test-fed  to  sm a ll g ro u p s of 
in fa n t  ra ts .

As a re su lt  o f th e  p re lim in a ry  fe e d in g  
tr ia ls , it w as dec ided  to in itia te  s tu d ie s  on  
th e  re la tiv e ly  sim ple  d ie t b a sed  u p o n  dry  
n o n -fa t cow ’s m ilk  show n  in  tab le  2. A l
th o u g h  th is  fo rm u la tio n  d id  n o t ex ac tly  
s im u la te  r a t ’s m ilk , i t  w as c a p a b le  of 
su p p o rtin g  g row th , b u t n o t a t  a n  o p tim a l 
level ( 9 ) .  S ince i t  a p p e a re d  th a t  c e r ta in  
fa c to rs  fo u n d  in  r a t ’s m ilk  m ay  h av e  been

R eceived  fo r  P u b lic a tio n  M arch  25, 1964.
1 C o n tr ib u tio n  no. 608 fro m  th e  D e p a r tm e n t o f N u 

tr i t io n  a n d  Food Sc ience, M a s sa c h u se tts  In s t i tu te  o f 
T echno logy , C am b rid g e  39, M assa c h u se tts . S u p p o r ted  
in  p a r t  by g ra n t no . 615899 fro m  th e  N a tio n a l  S c ience  
F o u n d a tio n .
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T A B LE 1

Composition of composite  sam ple  of ra t’s m ilk

Per 100 ml 
milk

Moisture, g 74
Kilocalories, total, calculated 159
Protein Cal., % 23
Fat Cal., % 69
Carbohydrate Cal., % 8
Protein, g 9.2
As casein , % 73
As whey, % 10
As peptones and proteoses, % 17
L ip id ,g 12.3
Carbohydrate, g 3
Ash, g 1.5
Calcium , m g 620
Phosphorus, m g 229
Iron, m g 0.61
Copper, m g 0.43
Potassium , m g 140
Sodium, m g 66
Chlorine, m g 176
Fluorine, m g 0.05
Iodine, m g 0.10
Cobalt, Mg 1
M agnesium , m g 0.01
Zinc, m g 1
Vitam in A, IU 70
T hiam ine, m g 0.11
Riboflavin, m g 0.89
N iacin , m g 2.2
Ascorbic acid, m g 5.3
Pyridoxine, Mg 75.6
Vitam in B i2, Mg 2.5
Folic acid, Mg 2.5
Biotin, Mg 7.5
Pantothenic acid, m g 0.84
p-Aminobenzoic acid, Mg 10
Inositol, m g 62
Choline, m g 82

la c k in g  o r n o t  in  p ro p e r  b a la n c e , 2 e x p e ri
m e n ts , h e re in  d e sc rib ed , w ere  c o n d u c te d  
in  w h ic h  th e  b a sa l cow ’s m ilk  d ie t w as fed  
a t  zero , 1, 5 a n d  10%  levels o f f re s h  r a t ’s 
m ilk  su p p le m e n ts .

D ie ts  w ere  p re p a re d  every  2 d ay s  by 
m ix in g  a ll o f th e  co m p o n e n ts  in  a  W a rin g  
B lendo r. U n u se d  p o rtio n s  o f d ie t w ere  
s to red  in  a  re f r ig e ra to r . B efore e a c h  fe e d 
in g , th e  re q u ire d  a m o u n t o f d ie t w as 
w a rm e d  to  a b o u t 32°. A ll d ie ts  w ere  fe d  
by  in tu b a tio n  ac c o rd in g  to  th e  te c h n iq u e  
a n d  sc h ed u le  p rev io u sly  p u b lish e d  ( 9 ) .  
In  e a c h  e x p e r im e n t, a ll a n im a ls  rece iv ed  
th e  sa m e  n u m b e r  o f  fe e d in g s  a n d  w ere  
in tu b a te d  w ith  a  m a x im a l a m o u n t o f d ie t 
c o m m e n su ra te  w ith  s to m a c h  cap ac ity .

D ay-old  u n se x e d  p u p s  of th e  C h a rle s  
R iver C.D. s tra in  w e ig h in g  6 to  7 g ea c h  
w ere  u sed . In  bo th  e x p e r im e n ts , th e  p u p s  
w ere  d e riv ed  fro m  4 l i t te rs  a n d  ra n d o m ly  
a ss ig n e d  to  e x p e rie n c ed  n o n la c ta t in g  fo s 
te r  m o th e rs  in  g ro u p s  of 8 o r 10 p u p s . 
In d iv id u a l g ro u p s  o f a n im a ls  a n d  th e ir  
fo s te r  m o th e r  w ere  m a in ta in e d  to g e th e r  
on  sh a v in g s  in  p la s tic  tu b s  covered  w ith  
a  w ire -m esh  top  w h ic h  c o n ta in e d  feed  
a n d  w a te r  fo r  th e  fo s te r  m o th e r . T h e  r a t  
p u p s  w ere  in d iv id u a lly  w e ig h ed  d a ily  or 
every  2 days. A ll a n im a ls  w ere  k e p t u n d e r  
s tr ic t  s a n ita ry  a n d  iso la tio n  c o n d itio n s  in  
a  te m p e ra tu re -  a n d  h u m id ity -c o n tro lle d  
room .

E x p e rim e n t 1 w as  te rm in a te d  a t  8 days 
b e c a u se  o f th e  o n se t o f a  re sp ira to ry  in fe c 
tio n  in  th e  in f a n t  ra ts . E x c e p t fo r  m in o r  
d ie ta ry  m o d ifica tio n s , e x p e r im e n t 2 w as  a

TA B LE 2

Composition of diets artificially fed  to in fan t  rats

B asa l B a s a l + 1% B asa l + 5% B asa l + 10%
r a t ’s m ilk r a t ’s m ilk r a t ’s m ilk

E xp . 1 E x p . 2 E xp . 1 E xp . 2 E x p . 1 E xp . 2 E xp . 1 E x p . 2

% % % % % % % %
Non-fat dry m ilk 15.0 15.0 15.0 15.0 13.5 13.5 12.0 12.0
Lactose 2.0 — 2.0 — 2.0 — 2.0 —

Corn oil 10.0 10.0 10.0 10.0 9.5 9.5 9.0 9.0
Vitam in m ixture 1 3.0 2.0 3.0 2.0 3.0 2.0 3.0 2.0
Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Calcium  carbonate 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Water 69.0 72.0 68.0 71.0 66.0 69.0 63.0 66.0
Rat’s m ilk * — — 1.0 1.0 5.0 5.0 10.0 10.0

1 T h e  v ita m in  m ix tu re  w as  co m p o sed  o f th e  fo llo w in g : ( i n  g ra m s )  v i ta m in  A a c e ta te  a n d  v i ta m in  Da 
m ix tu re  (325 ,000  IU  A /3 2 ,5 0 0  D ) ,  0 .6000; v i ta m in  E  a ce ta te  ( 2 5 % ) ,  8 .0000; v ita m in  K (2 -m e th y l-n a p h th o 
q u in o n e ) ,  0 .0100; th iam in e-H C 1 , 0 .1060; rib o f la v in , 0 .8850; n ia c in a m id e , 2 .2000; a sco rb ic  a c id , 5 .2500; p y ri- 
d o x in e -H C l 0 .0756; p -a m in o b en zo ic  a c id , 0 .0100; b io tin ,  0 .0076; C a p a n to th e n a te ,  0 .8360; fo lic  a c id , 0 .0025; 
in o s ito l, 62 .3000; v i ta m in  Biz ( 0 .1 % ) ,  2 .4800; a n d  g lucose , 917.2373. I n  e x p e r im e n t 1, la c to se  w as  u sed  in 
s te a d  o f g lucose  a s  th e  d ilu e n t,  a n d  th e  m ix tu r e  c o n ta in e d  o n e -h a lf  o f th e  a m o u n t o f  v ita m in s  A a n d  D.

2 Two- to  7-day m ilk .
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re p lic a te  o f e x p e r im e n t 1. A t th e  te rm in a 
tio n  o f e x p e r im e n t 2 a f te r  23 days, th e  
a n im a ls  w ere  k illed , se lec ted  o rg a n s  
w e ig h ed  a n d  c a rc a sse s  an a ly z e d  fo r  m o is 
tu re , p ro te in , f a t  a n d  ash .

RESULTS

E ig h t-d ay  (e x p . 1 )  a n d  23-day  (e x p . 2 )  
g ro w th  cu rv e s  fo r  g ro u p s fe d  th e  b a sa l 
cow ’s m ilk  d ie t a lone  a n d  su p p le m e n te d  
w ith  1, 5 a n d  10%  o f 2- to  7-day r a t ’s m ilk  
a re  sh o w n  in  figu re  1. In  th is  figure  re su lts  
fro m  b o th  e x p e r im e n ts  1 a n d  2 a re  c o m 
p a re d  w ith  a  la b o ra to ry  c o n tro l cu rv e  c o n 
s is tin g  o f av erag e  w e ig h ts  o f 15 to  96 p u p s  
p e r  p o in t fe d  by la c ta t in g  m o th e rs .

A co m p a riso n  o f th e  w e ig h t g a in s  in  fig
u re  1 in d ic a te s  th a t  o p tim a l g ro w th , as 
c o m p a re d  w ith  la c ta t in g  m o th e r-m a in 
ta in e d  co n tro ls  re su lte d  on ly  w h e n  the  
b a sa l d ie t w as  su p p le m e n te d  w ith  5%  
r a t ’s m ilk . U sing  23-day  w e ig h t g a in s , 
r a ts  in  e x p e r im e n t 2 , re ce iv in g  th e  5%  
r a t ’s m ilk  su p p le m e n t, g a in e d  a n  av erag e  
2 .7  g /d a y  as  co m p a re d  w ith  1.3, 1.2, a n d
1.1 g g a in  in  body w e ig h t p e r  day  fo r  ra ts

fe d  th e  b a sa l, b a sa l p lu s  1%  r a t ’s m ilk  
a n d  th e  b a sa l p lu s  10%  r a t ’s m ilk  d ie ts , 
re sp ec tiv e ly . M o th e r-ra ised  c o n tro l ra ts  
g a in e d  2 .3  g /d a y .

T ab le  3 show s n u tr ie n t  in ta k e  a n d  effi
c iency  o f n u tr ie n t  u tiliz a tio n  o f r a ts  in  e x 
p e r im e n t 2 f ro m  zero  to  13 days o f age. 
D a ta  a re  lim ite d  to  th is  p e rio d  b e c a u se  
a f te r  13 days o f age, th e  r a ts  a re  ab le  to 
see a n d  s ta r t  to  c o n su m e  a sm a ll a m o u n t 
o f th e  fo s te r  m o th e r’s d ie t. As sh o w n  in  
tab le  3, food , p ro te in  a n d  ca lo ric  in ta k e  
w as  r a th e r  s im ila r  in  a ll g roups. H ow ever, 
a n im a ls  th a t  w ere  in tu b a te d  w ith  th e  b a sa l 
p lu s  5%  r a t ’s m ilk  d ie t g a in e d  a p p ro x i
m a te ly  3 tim e s  m o re  body  w e ig h t a n d  
w ere  a p p ro x im a te ly  3 tim e s  m o re  effic ien t 
in  food, p ro te in  a n d  ca lo ric  efficiency th a n  
r a ts  rec e iv in g  th e  b a sa l d ie t a lone  or su p 
p le m e n te d  w ith  1 or 10%  r a t ’s m ilk . W ith  
th e  b a sa l d ie t, 13-day old ra ts  g a in e d  8 .3  g 
a t  a food  efficiency of 22%  . In  c o m p a ri
son , th e  r a ts  th a t  rece iv ed  th e  b a sa l p lu s  
5%  r a t ’s m ilk  g a in e d  24 .2  g a t  a food  c o n 
v ers io n  of 6 6 % .

D A YS  O F A G E  A N D  D A YS  ON T E S T
Fig. 1 Comparative growth curves of neonatal rats raised w ith lactating m others and 

artificially fed rat pups intubated w ith a non-fat cow’s m ilk basal diet supplem ented w ith  
zero, 1, 5 and 10% rat’s milk.
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In  g en e ra l, o rg a n  w e ig h t, as  e x p ressed  
on  a  p e rc e n ta g e  of body  w e ig h t b a s is , v a r 
ied  a m o n g  th e  d iffe re n t e x p e r im e n ta l 
g ro u p s ( ta b le  4 ) .  A lth o u g h  th ese  d iffe r
en ces w ere  g e n e ra lly  s ta tis tic a lly  sign ifi
c a n t , th e ir  m a g n itu d e  w as  u su a lly  sm all. 
W ith  th e  ex c e p tio n  o f th e  sp leen , p u p s  in 
tu b a te d  w ith  th e  b a sa l d ie t su p p le m e n te d  
w ith  5%  r a t ’s m ilk  h a d  o rg a n  w e ig h ts  m o s t 
s im ila r  to  th a t  o f th e  co n tro ls . In  th e  case

of th e  sp leen , th e re  a p p e a re d  to  be a  re la 
tio n sh ip  b e tw e e n  sp leen  size a n d  feed in g  
by in tu b a tio n .

C arcass  co m p o sitio n  o f one-day-old  a n d  
23-day  o ld  r a ts  in  e x p e r im e n t 2 is  sh o w n  in  
tab le  5. F ro m  zero  d ay  to  23 days, a ll g roups 
ex h ib ite d  c h a n g e s  ty p ica l o f m a tu ra tio n , 
c h a ra c te r iz e d  by d ec rease  in  m o is tu re  co n 
te n t  a n d  in c re a se s  in  th e  p e rc e n ta g e s  of 
p ro te in , f a t  a n d  ash . T h e  m o s t s tr ik in g

TA BLE 3

W eight gain, nu trient intake and efficiency of nu trient utilization of 13-day old artificially fed rats
in  experim ent 2 1

No. of Wt Nutrient intake 2 Nutrient efficiency 2*3
rats gain Food Protein Calories Food 4 Protein 5 Calories 6

Basal 8
9

8.3
9

38.3
9

1.89
k c a l
57.5 21.7 5.39

k c a l

14.4

Basal
+ 1  % rat’s m ilk 10 9.4 39.4 1.95 59.1 23.9 4.82 15.9

Basal
+  5% rat’s m ilk 8 24.2 36.5 1.80 54.8 66.3 13.44 44.2

Basal
+  10% rat’s m ilk 8 8.1 39.5 1.93 59.3 20.5 4.20 13.7

1 C a lc u la tio n s  b a se d  on  a  13-day p e rio d  p r io r  to  ey e-open ing  a n d  b e fo re  a n y  a p p re c iab le  ad  l ib itu m  food  
c o n su m p tio n  c o u ld  ta k e  p lace .

2 W et b a sis .
3 See tex t.
4 G ram s g a in  o f body w e ig h t /100 g d ie t  in tu b a te d .
5 G ram s g a in  o f body  w e ig h t p e r  g ra m  p ro te in  in ta k e .
6 G ram s g a in  o f body w e ig h t /100 k c a l co n su m ed .

TA B LE 4

Body w e igh t and  w e igh t of  selected organs a t  birth and 23 days of age of experim ent 2 pups

Diet No. of Body Percentage of body weight
rats wt Liver Kidneys Heart Spleen Adrenals

9
Zero-day-old rats

10 1 6 .2 ± 0 .1  2 4.4 ± 0 .2 4 0.94 ± 0 .0 3 0.46 ± 0 .0 2 0.17 ± 0 .0 1 —

23-Day-old rats
Control3-4 22 62 ± 3 5.1 ±  0.12 1.2 ± 0 .0 8 0.44 ± 0 .0 3 0.4 ± 0 .0 7 0.029 ±  0.001

B asa l5 2 38 ± 6 6 .2 ±  0.10 1.6 ± 0 .0 2 0.67 ± 0 .0 0 1.1 ± 0 .0 4 0.035 ± 0 .0 0 9

B asa l+  1% 
rat’s m ilk 6 6 35 ± 3 5.8 ±  0.71 1.5 ± 0 .0 8 0.58 ± 0 .0 3 1.0 ± 0 .2 2 0.020 ± 0 .0 0 2

Basal +  5% 
rat’s m ilk 7 8 71 ± 4 5.1 ± 0 .6 4 1.2 ± 0 .0 8 0.50 ± 0 .0 7 1.1 ± 0 .2 2 0.019 ± 0 .0 0 4

B asal+10%  
rat’s m ilk 8 3 33 ± 3 6.6 ± 0 .5 9 1.7 ± 0 .1 3 0.62 ±  0.01 1.2 ± 0 .1 5 0.030 ± 0 .0 0 4

1 Seven  fe m a le s  a n d  3 m a le s .
2 SE.
3 A n im a ls  ra is e d  by  la c ta t in g  m o th e r.
4 F if te e n  fe m a le s  a n d  6 m a le s , 
s O ne m a le  a n d  one  fe m a le .
6 F ive fe m a le s  a n d  one m a le .
7 F ive  fe m a le s  a n d  3 m a le s .
8 T h ree  fem a le s .
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d iffe ren ces  in  body c o m p o sitio n  a t  23  days 
a p p e a re d  in  th e  b a sa l p lu s  5%  r a t ’s m ilk  
g roup . T h e  c a rc a sse s  o f th e se  r a ts  c o n 
ta in e d  s ig n ifican tly  m o re  f a t  ( P  =  0 .0 1 )  
a n d  s ig n ifican tly  less m o is tu re  (P  =  0 .0 5 )  
th a n  observed  in  m o th e r-re a re d  co n tro ls  
o r th e  o th e r  e x p e r im e n ta l g roups. In  a d d i
tio n , th e  c a rc a sse s  of p u p s  o f th is  g ro u p  
c o n ta in e d  slig h tly  b u t  s ig n ifican tly  m o re  
p ro te in  ( P  =  0 .0 5 ) . F u r th e rm o re , th e  le a n  
body  m a ss  of th e  ra ts ,  e x p ressed  as  a  p e r 
c e n ta g e  of body  w e ig h t, w as s lig h tly  ye t 
s ig n ifican tly  less (P  =  0 .0 5 )  th a n  th a t  o f 
th e  co n tro ls . A lth o u g h  o th e r  d iffe ren ces  in  
c a rc a ss  co m p o sitio n  w ere  observed , th ese  
a p p e a r  to  be  g en e ra lly  less d is tin c tiv e .

DISCUSSION

D ev e lo p m en t o f a  d ie t su ita b le  fo r  th e  
a rtif ic ia l fe e d in g  o f n e o n a ta l  r a ts  b e g a n  
w ith  a n a ly s is  o f r a t ’s m ilk  b e c a u se  o f th e  
a s su m p tio n  th a t  a  c o rre la tio n  m u s t  e x is t 
b e tw e e n  m ilk  co m p o sitio n  a n d  n u tr i t iv e  
re q u ire m e n ts  o f th e  y o u n g  o f a  p a r t ic u la r  
species. A nalyses of th e  poo led  sa m p le  of 
r a t ’s m ilk  w ere  in  g e n e ra l a g re e m e n t w ith  
th e  v a lu es  re p o rte d  by o th e r  w o rk e rs  w h ic h  
in c lu d e  Cox a n d  M uelle r (1 0 , 1 1 ) , L uckey  
e t  al. ( 1 2 )  H o u s to n  a n d  K on ( 1 3 ) ,  a n d  
G lass.2

In  a c tu a l  p ra c tic e , th e  fo rm u la tio n  o f a 
d ie t w ith  su ita b le  c h e m ic a l, p h y s ic a l a n d  
p h y sio lo g ica l p ro p e rtie s  p ro v ed  to  be  diffi
cu lt. C o m m on  sy m p to m s observed  in  in 
f a n t  r a ts  in tu b a te d  w ith  u n su c c e s s fu l d ie ts  
in c lu d e d  fa ilu re  to  g row , de layed  s to m a c h  
em p ty in g , d ia r rh e a , a n d  d e h y d ra tio n . T h e  
e x tre m e  re sp o n se  o f th e  in f a n t  r a t  to  its  
d ie t m a y  be a  re s u lt  o f th e  im m a tu r i ty  a n d  
sem i-em b ry o n ic  s ta te  o f th e  r a t  a t  b ir th . 
M cC ance a n d  o th e rs  ( 1 4 )  a n d  L e e m a n  3 
h a v e  c a lled  a t te n tio n  to  th e  im m a tu re  a d 
re n a l, g u t a n d  k id n ey  fu n c tio n  o f th e  n e o 
n a ta l  ra t.

T h e  b a sa l d ie t u se d  in  th ese  e x p e r im e n ts  
re p re se n te d  a  co m p ro m ise  b e tw e e n  m a n y  
d es irab le  c h a ra c te r is tic s . F o r e x a m p le , th e  
d ie t su p p o rte d  a  f a ir  r a te  o f g ro w th  b u t  
co u ld  n o t c o n ta in  a level of p ro te in  g re a te r  
th a n  5 % . H ig h e r c o n c e n tra tio n s  o f p ro 
te in  w h ic h  a p p ro a c h e d  th e  9 .3%  p ro te in

2 G lass , R . L . 1956 C h em ica l, p h y s ic a l  a n d  bio
lo g ic a l s tu d ie s  o f  r a t ’s m ilk  a n d  i ts  c o m p o n e n ts . 
Ph .D . T h e s is , U n iv e rs ity  o f  M in n eso ta , M in n ea p o lis .

3 L ee m a n , S. E . 1963 D e lay  in  m a tu r a t io n  o f th e  
s tre ss  re sp o n se  in  n e w b o rn  r a ts .  F e d e ra tio n  P ro c ., 
12: 165 ( a b s t r a c t -).
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of r a t ’s m ilk  re su lte d  in  d e c re a sed  s to m a c h  
e m p ty in g  tim e , a n d  sev ere ly  c u r ta ile d  th e  
n u m b e r  o f possib le  in tu b a tio n s . H ow ever, 
im p ro v e m e n t in  w e ig h t g a in s  u p  to  th e  
p o in t o f  su rp a s s in g  th o se  o f  m o th e r-re a re d  
co n tro ls  o c c u rre d  w h e n  th e  b a sa l d ie t w as  
su p p le m e n te d  w ith  5%  r a t ’s m ilk  a lth o u g h  
i ts  p ro te in  lev e l w a s  le ss  th a n  th a t  o f r a t ’s 
m ilk . S ince a  1%  r a t ’s m ilk  su p p le m e n t 
w as n o t su ffic ien t a n d  10%  r a t ’s m ilk  w as 
excessive , a n d , s in ce  i t  is  obv ious th a t  r a t ’s 
m ilk  its e lf  su p p o rts  a d e q u a te  w e ig h t g a in , 
it m u s t  be a ssu m e d  th a t  a t  som e p o in t, in 
c re a se d  a d d itio n s  o f r a t ’s  m ilk  g re a te r  th a n  
10%  w o u ld  a g a in  b r in g  th e  d ie t in to  n u 
tr it io n a l b a la n c e .

T h e  effec t o f r a t ’s m ilk  su p p le m e n ta tio n  
is  a p ro d u c t o f a  co m p lex  in te rre la tio n sh ip . 
To e x p la in  th is  e ffec t on  th e  b as is  o f a  
s im p le  d efic iency  o f som e e sse n tia l fa c to r  
is  n o t p o ssib le  w h e n  th e  o p p o sin g  r e 
sp o n ses to  5 a n d  10%  s u p p le m e n ta tio n  
w ith  r a t ’s m ilk  a re  co n sid ered .

In  a n  e ffo rt to  o b ta in  som e know ledge  
o f th e  n a tu re  o f th is  e ffec t, p re lim in a ry  
s tu d ie s  h a v e  b e e n  m a d e  w ith  r a t  y-globu- 
lin  a n d  n u c le o tid e  su p p le m e n ta tio n . U n 
p u b lish e d  o b se rv a tio n s  in  th is  la b o ra to ry  
h av e  sh o w n  th a t  r a t  y -g lobulin  h a d  n o  
effec t, w h e re a s  s u p p le m e n ta tio n  w ith  a d e n 
o s ine-3 ',5 '-cyclic  p h o sp h o ric  ac id  (cy c lic  
A M P ) g en e ra lly , b u t  n o t  a lw ays, re su lte d  
in  som e im p ro v e m e n t in  w e ig h t g a in .

N u c leo tid es  w ere  in c lu d e d  in  th e se  s tu d 
ies b e c a u se  th e y  a re  p re s e n t  in  re la tiv e ly  
h ig h  c o n c e n tra tio n s  in  ea rly  m ilk  a n d  b e 
c a u se  th e  co m p o sitio n  o f th e  n u c le o tid e  
f ra c tio n  is  s ig n ifican tly  d iffe re n t a m o n g  
d iffe re n t spec ies  (1 5 , 1 6 ) . C yclic AM P 
w as se lec ted  as  th e  n u c le o tid e  fo r  th ese  
s tu d ie s  b e c a u se  it  h a s  b e e n  sh o w n  to p lay  
a  s ig n if ic a n t in d e p e n d e n t ro le  in  m e ta b o 
lism  (1 7 , 1 8 ) . H ow ever, th e se  o b se rv a 
tio n s , a lo n e , do n o t p ro v id e  a  b a s is  fo r  e x 
p la in in g  th e  u n u s u a l  e ffec t o f  r a t ’s m ilk  
su p p le m e n ts .

As re p o rte d  by  H eg g en ess  e t a l. ( 8 ) ,  th e  
n u tr i t io n a l  s ta te  o f th e  a n im a ls  d id  n o t  
in flu e n c e  th e  ra te  o f o b servab le  p h y s ic a l 
m a tu ra t io n  a s  m e a s u re d  by  ey e-open ing  
a n d  h a i r  a p p e a ra n c e . I t  w as  observed , 
how ev er, th a t  11-day-old p u p s  f ro m  e x p e r i
m e n t 1 h a d  a n  eye c o n d itio n  w h ic h  a p 
p e a re d  to  be  c a ta ra c ts . A s a  re su lt , a ll 
possib le  lac to se  in  th e  d ie t w as  e lim in a te d

a n d  th e  level o f v i ta m in  A in  th e  d ie t in 
c reased . T h e  eye c o n d itio n  w as  n o t  ob
se rv ed  in  th e  p u p s  in  e x p e r im e n t 2.

W h e n  c o m p a re d  w ith  th e  b a s a l  a n d  o th e r  
e x p e r im e n ta l d ie ts , th e  b en efic ia l e ffec ts  
o f  th e  5%  r a t ’s m ilk  s u p p le m e n t a re  b e s t 
d e m o n s tra te d  by th e  th re e fo ld  im p ro v e 
m e n t in  w e ig h t g a in  a n d  food , p ro te in  a n d  
ca lo ric  efficiency. A lso, th e  13-day P E R  of 
13 .44  o b ta in e d  w ith  th e  5%  r a t ’s m ilk  
a d d itio n  in d ic a te s  th a t  th e  in te rp re ta t io n  
o f PE R , a s  g e n e ra lly  u se d  a n d  a c cep ted , 
w ou ld  h a v e  to  be  m od ified  fo r  u se  a s  a 
m e a su re  o f p ro te in  u ltiliz a tio n  in  th e  p re 
w e a n in g  ra t.

T h e  d a ta  o b ta in e d  a lso  d e m o n s tra te  th a t  
w e ig h t g a in  a lo n e  is  n o t  a  good in d e x  of 
d ie t ad eq u acy . In  e x p e r im e n t 2 , w e ig h t 
g a in s  over th e  23-day  e x p e r im e n ta l p e rio d  
w ere  s ta tis tic a lly  th e  sam e  fo r  m o th e r-  
re a re d  c o n tro l r a ts  a n d  th o se  in tu b a te d  
w ith  th e  b a sa l d ie t su p p le m e n te d  w ith  5%  
r a t ’s m ilk . H ow ever, a t  2 3  d ay s  o f  ag e  th e  
a rtif ic ia lly  fe d  a n im a ls  re c e iv in g  th e  b a sa l 
p lu s  5%  r a t ’s m ilk  h a d  35%  m o re  body  
f a t  th a n  th e  co n tro ls . C onversely , g ro u p s  
o f r a ts  fed  th e  3 o th e r  in tu b a te d  d ie ts , a n d  
w h ic h  g a in e d  m u c h  le ss  w e ig h t th a n  th e  
m o th e r-re a re d  co n tro ls , h a d  a  body  co m 
p o s itio n  o n  a  p e rc e n ta g e  b a s is  s im ila r  to  
th a t  o f ra ts  ra is e d  w ith  a  la c ta t in g  m o th e r. 
I t  a p p e a rs  th a t  th e  m o s t v a lu a b le  in d e x  of 
th e  a d e q u a c y  o f  a  d ie t in  th e  p re w e a n in g  
r a t  is  p ro b ab ly  le a n  body  m a ss  a n d  p ro x i
m a te  bo d y  a n a ly s is  e x p re sse d  in  ab so lu te  
te rm s. Som e su p p o rt fo r  th is  c o n te n tio n  
c a n  be fo u n d  in  th e  w o rk  o f  S h e rm a n  a n d  
B ooher ( 1 9 ) ,  W illiam s e t al. ( 2 0 ) ,  W allace  
e t  a l. ( 2 1 ) ,  F ile r  e t a l. ( 4 )  a n d  H eg g en ess  
e t  al. ( 8 )  w h o  d e m o n s tra te d  th a t  a lth o u g h  
f a t  a n d  c e r ta in  m in e ra l  c o m p o n e n ts  o f th e  
body  c a n  be  c h a n g e d  by  d ie t, g ro ss  body  
c o m p o sitio n  on  a  fa t-fre e  lean -body  b a s is  
u su a lly  re m a in s  r a th e r  c o n s ta n t.

S ince th e  a n im a ls  p o ssessed  a  h ig h  d e
gree  o f g en e tic  h o m o g en ic ity , i t  m a y  be a s 
su m e d  th a t  th e  n e o n a ta l  d ie t w a s  th e  m a 
jo r  in flu e n c e  in  th e  d iffe ren ces  o b ta in e d  
in  w e ig h t g a in  a n d  body  co m p o sitio n . T h e  
m e a n in g  o f  th e se  d iffe ren ces  in  th e  devel
o p m e n t o f th e  n e o n a ta l  r a t  is  u n k n o w n . 
F o r  e x a m p le , w ere  th e  f a t te r  r a t s  fe d  th e  
b a sa l d ie t su p p le m e n te d  w ith  5%  r a t ’s 
m ilk  a n y  less  “h e a lth y ” th a n  p u p s  fe d  by 
la c ta t in g  m o th e rs  ev en  th o u g h  b o th  g roups
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w ere  s im ila r  in  body  w e ig h t?  O n th e  o th e r 
h a n d , w ere  th e  a n im a ls  fe d  th e  b a sa l d ie t 
o r th e  d ie ts  su p p le m e n te d  w ith  1 a n d  10%  
r a t ’s m ilk , a n d  w h ic h  g a in e d  less w e ig h t 
b u t  w ere  r a th e r  s im ila r  to  m o th e r-ra ise d  
co n tro ls  in  body  co m p o sitio n , as  “h e a lth y ” 
as  th e  la rg e r  a n im a ls?

S ince th ese  e x p e r im e n ts  w ere  te rm in 
a te d  a t  w e a n in g , i t  is  n o t  possib le  to  a t 
te m p t to  a n sw e r th e  above q u e s tio n s  o r to 
c o rre la te  c h a n g e s  in d u c e d  by  th e  n e o n a ta l 
d ie t w ith  a n y  p o s tw e a n in g  effec ts . H ow 
ever, th e  te c h n iq u e s  u se d  in  th e se  s tu d ie s  
a re  su ita b le  fo r  su ch  in v e s tig a tio n s .
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Reproduction and Lactation in Rats 
Fed Excessive Iodine 1,2
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R. L. SHIRLEY a n d  G. K. DAVIS
D epartm en t of A nim al Science and Departm ent of Pathology,
University  of Florida, Gainesville, Florida

ABSTRACT  In a series of experim ents adult fem ale rats were fed  zero to 2500 ppm  
supplem ental iodine from  zero to approxim ately 35 days prepartum. Fem ales were 
perm itted to litter norm ally and the survival of the young w as observed. Other fem ales 
were killed either betw een 17 and 19 days of pregnancy or between 24 and 48 hours 
postpartum  to observe ovulation rate, im plantation rate, developm ent of norm al fetuses  
and histology of m am m ary tissue. Increasing m ortality of young after birth occurred 
w ith  increasing levels of iodine. Most young fa iled  to survive for 24 hours and those 
that survived 48 to 72 hours postpartum  usually survived until w eaning. Those fa iling  
to survive had essentia lly  no m ilk present in  the stom ach. Visual observation and 
histological exam ination of m am m ary tissue from  fem ales fed iodine revealed that 
secretion w as absent or m arkedly dim inished.

T h e  ro le  o f io d in e  in  th y ro id  fu n c tio n  
a n d  th e  m a n ife s ta t io n s  o f io d in e  defic iency  
in  v a rio u s  spec ies  h a v e  b e e n  w ell e s ta b 
lish e d  a n d  h a v e  b e e n  rev iew ed  by R iggs
( 1 )  a n d  B e rso n  ( 2 ) .  T h e  effec t o f ex ces
sive io d in e , h o w ev er, is  less c lea rly  defined . 
M orrison  ( 3 )  re p o r te d  th a t  excessive  in 
ta k e  of io d in e  is  in ju r io u s  to  a n im a ls  b u t  
d id  n o t  d esc rib e  th e  e ffec ts , in d ic a te  th e  
levels o f io d in e  re q u ire d , o r c ite  th e  e x 
p e r im e n ta l ev idence . M a la n  e t  al. (4 , 5 )  
re p o rte d  th a t  200  m g  KI d a ily  h a d  d e tr i
m e n ta l  e ffec ts  o n  re p ro d u c tio n  in  sheep ; 
how ev er, th e  a u th o rs  s ta te d  th a t  th e  co n d i
tio n s u n d e r  w h ic h  re p ro d u c tiv e  fa ilu re  
o c c u rre d  in vo lved  n o t on ly  h ig h  leve ls  o f 
iod ine  b u t  d é fic iences of b o th  p h o sp h o ru s  
a n d  v ita m in  A. O th e r e ffec ts  o f excessive  
io d in e  on  re p ro d u c tio n  h a v e  n o t b e e n  re 
p o rted , a lth o u g h  re p ro d u c tiv e  a b n o rm a li
tie s  h a v e  b e e n  a ttr ib u te d  to  io d in e  defi
c ien c ies  (6 , 7 ) .

T h e  p re s e n t  s tu d ie s  w ere  c o n d u c te d  to 
d e te rm in e  th e  e ffec ts  o f v a rio u s  levels of 
d ie ta ry  io d in e  u p o n  re p ro d u c tio n  a n d  la c ta 
tio n  o f ra ts .

PROCEDURE

A series  o f 5 e x p e r im e n ts  w as  c o n d u c te d  
in  w h ic h  sex u a lly  m a tu re , n o n p a ro u s  fe 
m a le , ho o d ed  r a ts  o f th e  L on g -E v an s s tra in  
w ere  fe d  v a rio u s  levels o f su p p le m e n ta l 
iod ine  fo r  in te rv a ls  o f tim e  b efo re  l i t te r in g  
a n d  d u r in g  la c ta tio n . All fe m a le s  w ere

b re d  to n o rm a l m a le s  o f th e  sam e  s tra in . 
A g ro u n d  s to ck  d i e t 3 served  as  th e  b a sa l 
r a t io n  a n d  p o ta ss iu m  iod ide w as  ad d ed  to  
y ie ld  th e  d es ired  levels o f d ie ta ry  iod ine. 
P o ta ss iu m  c a rb o n a te  w as  ad d ed  to  th e  co n 
tro l ra t io n  to  p rov ide  a  level o f p o ta ss iu m  
e q u iv a le n t to  th e  h ig h e s t level fe d  in  th e  
e x p e r im e n ta l ra tio n s . T h e  r a ts  w ere  h o u sed  
in  in d iv id u a l m e ta l cages w ith  sc re e n  b o t
tom s in  a n  a ir-co n d itio n ed  ro o m  m a in 
ta in e d  a t  2 6 ° . F e m a le s  w ere  p e rm itte d  to 
l i t te r  n o rm a lly  a n d  o b se rv a tio n s  w ere  
m a d e  a t l i t te r in g  of n u m b e r  of y o u n g  b o rn  
a n d  th o se  b o rn  dead . P erio d ic  o b se rv a tio n s  
w ere  m a d e  fo r  ev id en ce  of n u rs in g , m o th 
e r in g  in s t in c t  a n d  su rv iv a l of young .

T h e  su rv iv a l d a ta  w ere  tre a te d  s ta t is t i 
ca lly  by  c h i-sq u a re  te c h n iq u e  a n d  th e  r e 
m a in in g  d a ta  by  an a ly s is  o f v a r ia n c e  ( 8 ) .

RESULTS

Experiments 1 and 2. T h e  re su lts  of 
fe e d in g  s u p p le m e n ta ry  io d in e  f ro m  zero 
to  2500  p p m  are  sh o w n  in  tab le  1 and  
figu re  1. In  b o th  e x p e rim e n ts , th e  fem a le  
r a ts  w ere  fe d  su p p le m e n ta l io d in e  b e g in 
n in g  12 days b e fo re  c o h a b ita tio n  w ith  
m a le s  a n d  c o n tin u in g  u n ti l  th e  y o u n g  died

R ece ived  fo r  p u b lic a tio n  M ay  18, 1964.
1 F lo r id a  A g ric u ltu ra l  E x p e r im e n t S ta tio n s , Jo u rn a l 

S eries  no . 1888.
2 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  bv  th< 

M o o rm an  M a n u fa c tu r in g  C o m p an y , Q u in cy , I ll in o is  
a n d  th e  N a tio n a l F eed  In g re d ie n ts  A sso c ia tio n , Dei 
M oines, Iow a.

3 R a ls to n  P u r in a  C o m p an y , S t L ouis.
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o r w ere  w ean ed . In  e x p e r im e n t 1, w h ic h  
c o m p a re d  25 0 0  p p m  io d in e  w ith  n o  su p p le 
m e n ta l  io d in e , th e  fe m a le  r a t s  re c e iv in g  
th e  io d in e  c o n su m e d  s lig h tly  le ss  fe e d  a n d  
g a in e d  s lig h tly  le ss  body  w e ig h t d u r in g  th e  
f irs t 12 d ay s  o f th e  tr ia l. A ll 10 r a ts  l i t te re d  
w ith  a n  av e rag e  o f 10.0 a n d  8 .8 / l i t t e r  fo r  
th e  c o n tro l a n d  25 0 0  p p m  io d in e  g ro u p , 
resp ec tiv e ly . T w e n ty -fo u r h o u rs  a f te r  b ir th ,
2  co m p le te  l i t te rs  f ro m  h ig h -io d in e  d a m s  
w ere  d e a d  a n d  by 48  h o u rs  a f te r  b ir th  
th e re  w a s  on ly  o ne  su rv iv in g  l i t te r  w ith
3 y o u n g  (7 %  o f to ta l)  in  th e  h ig h -io d in e  
g roup . T h e  3 y o u n g  su rv iv ed  th e  18-day 
p erio d  a n d  th is  n u m b e r  m a y  be c o m p a re d  
w ith  5 li t te rs  w ith  a  to ta l o f  45  y o u n g  
w h ic h  su rv iv ed  (9 0 %  o f to ta l)  in  th e  cfon- 
tro l g roup .

In  e x p e r im e n t 2 , fe m a le  r a ts  w ere  fe d  
zero , 500 , 1000 , 1500 a n d  20 0 0  p p m  
io d in e . A lth o u g h  n o t s ig n if ic a n tly  d if fe r
e n t, le ss  fe e d  w a s  c o n su m e d  a n d  a  g re a te r  
w e ig h t lo ss o c c u rre d  in  th e  r a t s  re c e iv in g  
th e  h ig h e r  leve ls  o f io d in e  d u r in g  th e  f irs t 
12 days. T h e  n u m b e r  o f fu ll- te rm  p re g 
n a n c ie s  p e r  g ro u p  a n d  th e  le n g th  of tim e  
fro m  c o h a b ita tio n  w ith  m a le s  to  tim e  o f 
l i t te r in g , a lth o u g h  v a ry in g  f ro m  a n  a v e r
age o f 2 4 .0  d ay s fo r  th e  co n tro l g ro u p  to  
2 6 .2  d ay s fo r  th e  g ro u p  re c e iv in g  20 0 0  
p p m  io d in e , w e re  n o t  s ig n ifican tly  a ffec ted  
lay tre a tm e n t. T h e  d a ta  sh o w n  in  ta b le  1 
a n d  il lu s tra te d  in  figu re  1 sh o w  a n  in c re a s-

DAYS POSTPARTUM
Fig. 1 Survival of young from  fem ales fed  at 

various levels of dietary iodine (exp . 2 ) .
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in g  m o rta lity  o f th e  n e w b o rn  r a ts  w ith  in 
c re a s in g  levels o f iod ine . S ig n ifican t d if 
fe re n c es  in  su rv iv a l ra te  w ere  e v id e n t 
w ith in  24 h o u rs  p o s tp a r tu m  a n d  th o se  
th a t  su rv iv ed  48  to  72 h o u rs  p o s tp a r tu m  
u su a lly  su rv iv ed  u n t i l  w e a n in g . W h e n  th e  
d a ta  w ere  an a ly z e d  by th e  c h i-sq u a re  te c h 
n iq u e , m o s t of th e  v a r ia n c e  ex cep t fo r  
e rro r  v a r ia n c e  w a s  a c c o u n te d  fo r  b o th  a t 
1 a n d  5 days by  l in e a r  tre n d . A t th e  2000  
p p m  level o f io d in e , a ll y o u n g  fro m  5 of 
th e  6 li t te rs  w ere  d ead  w ith in  72 h o u rs . 
T h e  9 y o u n g  in  th e  re m a in in g  l i t te r  su r 
v ived  th e  e n tire  18-day period .

N e ith e r  th e  b ir th  w e ig h ts  n o r  th e  18-day 
body  w e ig h ts  o f su rv iv in g  r a ts  w ere  a f 
fe c te d  by tr e a tm e n t  ( ta b le  2 ) .  T h e  y o u n g  
th a t  d ied  w ith in  th e  firs t few  days a f te r

b ir th  w e ig h ed  less  th a n  a t  b ir th  an d  
show ed  no  ev id en ce  o f h a v in g  n u rse d  as 
d e te rm in e d  by  e x a m in a tio n  of th e  s to m ach  
fo r  th e  p re se n c e  of m ilk .

Experiment 3. T h e  effec t o f fe e d in g  
25 0 0  p p m  io d in e  on  o v u la tio n  r a te , im 
p la n ta t io n  ra te  a n d  d e v e lo p m en t o f n o rm a l 
fe tu se s  is  sh o w n  in  tab le  3. T w e n ty  fe 
m a le s  e a c h  w ere  fe d  e i th e r  th e  c o n tro l 
d ie t, 2500  p p m  co n tin u o u s ly  b e g in n in g  
12 days p r io r  to  m a tin g , o r 25 0 0  p p m  
io d in e  fo r  12 days p r io r  to  m a tin g  a n d  
a g a in  fo llo w in g  th e  10-day m a tin g  p erio d  
w ith  io d in e  fe e d in g  c o n tin u e d  u n t i l  th e  
e n d  of th e  e x p e rim e n t. T h u s  in  th e  la s t 
t re a tm e n t  th e  m a le s  w ere  n o t  fo rced  to 
c o n su m e  th e  h ig h -io d in e  d iet. F eed  c o n 
su m p tio n  w as  e q u a lized  w ith in  tr io s  ex-

TA B LE 2

Average body w e igh t  of young from  females fed  iodine (exp. 2)

Treatment
Birth At death 1 18 Days

No. Weight No. Weight No. Weight

9 9 9
Control 84 5.5 2 4.6 68 23.4
Iodine, 500 ppm 62 5.7 4 4.0 48 24.2
Iodine, 1000 ppm 50 5.3 7 5.1 33 25.9
Iodine, 1500 ppm 56 5.4 27 4.8 17 26.3
Iodine, 2000 ppm 57 5.2 28 4.3 9 22.3

1 Weights obtained on those young dying within 48 hours after birth which were found intact.

TA B LE 3

Corpora lutea and implantation  rates for females fed 2500 p p m  iodine and killed either be tw een  17 
and 19 days of pregnancy or be tw een 24 and  48 hours postpartum  (exp. 3)

Treatment No.
rats

No.
litters

Avg no. 
corpora 

lutea

Implantation 
sites as 

% of 
corpora 

lutea

% corpora lutea 
represented by :

Normal Regressed
fe ™es sì tes or retuses fetuses

Young 
alive at 
killing

17-19  days of pregnancy  
Control 10 7 10.9 74 64 10

%

Iodine, 2500 ppm  
( continuous ) 10 6 11.5 67 57 10 —

Iodine, 2500 ppm  
(interrupted) 10 7 11.4 87 82 5 —

24^48 hours postpartum  
Control 10 8 13.2 61 43 18 87 1

Iodine, 2500 ppm  
(continuous) 10 7 12.7 80 65 15 35

Iodine, 2500 ppm  
(interrupted) 10 7 11.6 70 63 7 37

1 Significant at the 1%  level.
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c e p t d u r in g  th e  m a tin g  p eriod . T h e  p re g 
n a n t  fe m a le s  w ere  k illed  e i th e r  b e tw e e n  
17 a n d  19 days of p re g n a n c y  or b e tw een  
24  a n d  48 h o u rs  p o s tp a r tu m  fo r  e x a m in a 
tio n  o f th e  re p ro d u c tiv e  o rg a n s  a n d  to 
o b ta in  m a m m a ry  tis su e  fo r  h is to lo g ica l 
e x a m in a tio n .

T h e  av e rag e  n u m b e r  o f c o rp o ra  lú te a  
p e r  d a m  v a rie d  by tre a tm e n t  fro m  10.9 to
13.2 a n d  th e  im p la n ta tio n  r a te  fro m  61 to  
87%  w ith  n o  su g g e s tio n  of a  tr e a tm e n t 
e ffec t ( ta b le  3 ) .  A lth o u g h  la rg e  v a r ia tio n s  
a m o n g  tre a tm e n t  m e a n s  w ere  observed  in  
th e  p e rc e n ta g e  of c o rp o ra  lú te a  re p re 
se n te d  by  n o rm a l fe tu se s  o r live y o u n g  
(4 3  to  8 2 )  o r by re g re sse d  s ite s  (5  to  18 ) 
th e  v a ria b ility  o c c u rrin g  w ith in  tre a tm e n t 
w as  su c h  th a t  s ta tis tic a l d iffe ren ces  w ere  
n o t ev id en t. E ig h ty -sev en  p e r  c e n t o f th e  
y o u n g  fro m  co n tro l d a m s  w ere  alive w h en  
k illed  24  to 48 h o u rs  p o s tp a r tu m  c o m p ared  
w ith  35 a n d  37%  (P  <  0 .0 1 )  fo r  th e  d am s 
re c e iv in g  io d in e  e i th e r  co n tin u o u s ly  o r on  
a n  in te r ru p te d  basis . T h e  av e rag e  body 
w e ig h t g a in  fo r  th e  su rv iv in g  y o u n g  w as  
0 .6 0  g fo r  th e  co n tro ls  a n d  —0.60  g an d  
—0.25  g fo r  th o se  fro m  d a m s  fed  iod ine  
( ta b le  4 )  a n d  w as  s ig n ifican tly  a ffec ted  
by tre a tm e n t  ( P < 0 . 0 1 ) .  T h e  s to m a c h s , 
w ith  c o n te n ts , of y o u n g  w hose  d a m s  r e 
ceived  io d in e  av e rag ed  206  m g  in  w e ig h t 
co m p a re d  w ith  336  m g  fo r  th e  s to m a c h s  
of y o u n g  fro m  c o n tro l d a m s ( P < 0 . 0 1 ) .  
H isto log ica l e x a m in a tio n  o f m a m m a ry  t is 
su e  fro m  fe m a le s  fe d  io d in e  re v ea led  e p i
th e lia l d ev e lo p m en t co m p a ra b le  to  co n tro l 
ra ts . M a m m a ry  sec re tio n , how ever, w as  
a b se n t o r m a rk e d ly  d im in ish e d  in  th e  
io d in e  tre a te d  g roup .

Experiment 4. T h ir ty -th re e  fe m a le  r a ts  
w ere  fed  25 0 0  p p m  io d in e  f ro m  zero  to  8 
days p re p a r tu m  to d e te rm in e  th e  le n g th  of 
fe e d in g  tim e  re q u ire d  to  adverse ly  affect

la c ta tio n . S u rv iv a l o f y o u n g  fro m  fe m a le s  
fe d  su p p le m e n ta ry  io d in e  fo r  3 to  4 days 
p re p a r tu m  o r lo n g e r w a s  s im ila r  to  th a t  
sh o w n  fo r  h ig h  levels o f io d in e  in  fig u re  1. 
D e a th  of m o s t of th e  y o u n g  o c c u rre d  w ith 
in  24  h o u rs  p o s tp a r tu m  w ith  on ly  lim ite d  
c h a n g e  in  su rv iv a l a f te r  th is  period . W h e n  
th e  fe m a le s  h a d  rece iv ed  iod ine  on ly  1 to  2 
days p re p a r tu m , th e re  a p p e a re d  to  be  a  
de lay  in  d e a th  u n t i l  a b o u t 3 days p o s t
p a r tu m . S even ty  p e r  c e n t o f th e  y o u n g  
w ere  alive th ro u g h  th e  th ird  d ay  b u t w ith in  
th e  n e x t 2 days su rv iv a l d ro p p ed  to  42  a n d  
2 3 % , respec tive ly .

Experiment 5. T w e n ty -fo u r fe m a le s , 
av e ra g in g  2 1 6  g body w e ig h t, w ere  r a n 
dom ly  a ss ig n e d  to  2 g ro u p s of 12 e a c h  a n d  
fed  e ith e r  th e  co n tro l ra t io n  or 2500  p p m  
iod ine  r a t io n  b e g in n in g  12 days b e fo re  co
h a b ita t io n  w ith  m a le s . O n e -h a lf  o f e a c h  
l i t te r  f ro m  7 h ig h  io d in e  d a m s w as  t r a n s 
fe rre d  to  7 co n tro l d a m s  w ith in  a  few  
h o u rs  a f te r  b ir th . L ikew ise , o n e -h a lf  o f th e  
co n tro l d a m ’s l i t te r  w as  t ra n s fe r re d  to  a n  
io d in e  d am . T h e  co n tro l l i t te rs  w ere  o lder 
a t  tim e  of tr a n s fe r  a n d  v a rie d  f ro m  a  few  
h o u rs  to  24  h o u rs .

D u rin g  th e  12 d ay s  p r io r  to  m a tin g , th e  
co n tro l fe m a le s  co n su m e d  a n  av e rag e  of 
167 g of fe e d  co m p a re d  w ith  133 g fo r  th e  
io d in e  g roup  ( P < 0 . 0 1 )  a n d  g a in e d  an  
av erag e  of 10.4 g body w e ig h t c o m p ared  
w ith  3 .0  g fo r  th e  io d in e  g ro u p s  (P  <  0 .01). 
T h e  av erag e  le n g th  o f tim e  fro m  c o h a b ita 
tio n  w ith  m a le s  u n ti l  p a r tu r i t io n  w as  2 4 .5  
d ay s fo r  th e  co n tro l g ro u p  a n d  26 .3  days 
fo r  th e  io d in e  g roup  (P  <  0 .0 1 ) . T h e  la t te r  
d a ta  a re  s im ila r  to  th o se  o b ta in e d  in  e x 
p e r im e n t 2 a n d  su g g est th a t  io d in e  a t h ig h  
levels p ro lo n g ed  g esta tio n .

T w en ty -o n e  p e r  c e n t o f th e  y o u n g  fro m  
iod ine-fed  d a m s  su rv iv ed  u n ti l  10 days o f 
age w h e n  le f t  w ith  th e ir  d am s. T h is  c a n

TA B LE 4

Average body weigh ts  and  stomach weights for young surviv ing  24 -4 8  hours 
from  females fed  iodine (exp. 3)

Treatment
Body wt

Gain Stomach 
w t1Birth 24-48 hr

9 9 9 m g
Control 5.46 6.06 0.60 2 336 2
Iodine, 2500 ppm  (continuous) 5.71 5.11 - 0 .6 0 207
Iodine, 2500 ppm  (interrupted) 5.73 5.48 - 0 .2 5 205

1 W e ig h t o f s to m a ch  p lu s  c o n te n ts .
2 S ig n ific an t a t  th e  1%  level.
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TABLE 5
Effect of  exchanging young between control dams and dams receiving 2500 p p m  iodine

on survival of young (exp. 5)

Y oung
G e sta tio n  

t r e a tm e n t1
No.

li t te r s
No.

y o u n g
L a c ta tio n  

t re a tm e n t  2 In i t ia l S u rv iv in g  10 d ay s
no. No.

%

I o d in e 7 58 io d in e
c o n t r o l

28
3 0

6
10

2 1 .4
3 3 .3

C o n tr o l 7 64 io d in e
c o n t r o l

3 2
3 2

2 1
3 0

6 5 .6
9 3 .8

1 G es ta tio n  t re a tm e n t  s ig n if ic a n t a t  th e  1%  level.
2 L a c ta tio n  t re a tm e n t  s ig n if ic a n t a t  th e  5%  level.

be c o m p a re d  w ith  33%  su rv iv a l of th e  
y o u n g  w h e n  tr a n s fe r re d  to  co n tro l d a m s 
( ta b le  5 ) .  N in e ty -fo u r p e r  c e n t of th e  co n 
tro ls  su rv iv ed  to  10 d ay s of age w h e n  
le f t w ith  th e ir  d a m s  a n d  66%  su rv iv ed  
w h e n  tra n s fe r re d  to  io d in e  d am s. T h e  
effec t o f tr e a tm e n t  o f fe m a le s  d u r in g  g e s ta 
tio n  a n d  la c ta t io n  w as  s ig n if ic a n t a t  th e  
1 a n d  5%  level, re sp ec tiv e ly . A verage 
body w e ig h ts  fo r  su rv iv in g  y o u n g  a t  10 
days of age w ere  c o m p a ra b le  fo r  a ll g roups. 
M any  of th e  co n tro ls  w ere  sev era l h o u rs  
o lder a n d  h a d  v isib le  m ilk  c u rd s  in  th e ir  
s to m a c h s  a t th e  tim e  o f t r a n s fe r ,  w h e re a s  
th e re  w a s  e sse n tia lly  n o  ev id en ce  of th e  
io d in e  y o u n g  h a v in g  n u rs e d  p r io r  to  t r a n s 
fe r. T h u s  th e  c o n tro l y o u n g  m a y  h av e  
b e e n  s tro n g e r  a n d  th is  p e rh a p s  in flu en ced  
th e  su rv iv a l o f th o se  fro m  io d in e  m o th e rs  
w h e th e r  n u rs in g  co n tro l fe m a le s  o r th e ir  
ow n  io d in e  d am . T h e  a d d itio n a l n u rs in g  
e ffo rts  o f th e  s tro n g e r  co n tro ls  m a y  h av e  
s tim u la te d  g re a te r  m ilk  flow  in  th e  m o th e rs  
fed  h ig h  io d in e  th a n  h a d  o c cu rred  in  o th e r  
ex p e rim e n ts .

DISCUSSION

T h e  m o rta lity  r a te  o f y o u n g  ra ts  fro m  
fe m a le s  fe d  io d in e  b e g in n in g  12 days p rio r  
to  c o h a b ita tio n  w ith  m a le s  w as  in c re a s 
ing ly  g re a te r  w ith  in c re a se d  levels o f su p 
p le m e n ta l io d in e  fro m  zero  to  2500  ppm . 
In  a  f u r th e r  s tu d y , h ig h  m o rta lity  o f th e  
y o u n g  o c c u rre d  w h e n  2 5 0 0  p p m  io d in e  
w ere  fe d  fro m  on ly  1 to  2 days p re p a ra tu m . 
E x a m in a tio n  of th e  s to m a c h s  of th e  you n g  
th a t  d ied  w ith in  th e  f irs t few  days p o s t
p a r tu m  in d ic a te d  n o  m ilk  to  be p re se n t, 
an d  th e  s to m a c h  c o n te n ts  o f th o se  y o u n g  
w h ich  su rv iv ed  24  to  48 h o u rs  w ere  s ign ifi
c a n tly  less th a n  th e  c o n te n ts  o f y o u n g

fro m  co n tro l d am s. H isto lo g ica l e x a m in a 
tio n  o f m a m m a ry  g la n d  tis su e  fro m  fe 
m a le s  fe d  io d in e  in d ic a te d  th a t  m ilk  se c re 
tio n  w a s  a b se n t o r m a rk e d ly  d im in ish ed . 
M a m m a ry  g la n d s  of co n tro l r a ts  a t  th e  
sam e  s tag e  fo llo w in g  p a r tu r i t io n  c o n ta in e d  
m ilk  w h ic h  w as  re a d ily  observed  u p o n  
in c is io n . O n th e  b a s is  o f th e se  o b se rv a 
tio n s , th e  m o rta lity  o f th e  y o u n g  w as 
a ttr ib u te d  to  la c ta t io n  fa ilu re  of th e  dam .

T h e  m e c h a n ism  by w h ic h  h ig h  levels 
o f d ie ta ry  io d in e  m a y  in h ib it  la c ta t io n  is 
n o t k n o w n ; ho w ev er, i t  m a y  be re la te d  in  
som e w ay  to  th y ro id  activ ity . Io d in e  a d 
m in is te re d  in  sin g le  la rg e  doses to  r a ts
( 9 ) ,  o r tre a tm e n t  o f ra ts  w ith  h ig h  doses 
fo r e x te n d e d  p erio d s (1 0 , 1 1 ) , h a s  b een  
sh o w n  to p ro d u c e  te m p o ra ry  in h ib itio n  of 
th e  o rg a n ic  b in d in g  o f io d in e  by th e  th y 
roid . F o llow ing  th e  te m p o ra ry  in h ib itio n , 
a d e q u a te  a m o u n ts  o f th y ro id  h o rm o n e  
w ere  p ro d u c e d  in  sp ite  o f c o n tin u e d  h ig h  
leve l fe e d in g  of io d in e  ( 1 0 - 1 2 ) ;  how ever, 
G a lto n  a n d  P itt-R ivers  ( 1 0 )  fo u n d  the  
io d in e  b in d in g  c a p a c ity  so m e w h a t low  
ev en  a f te r  7 w eeks. T h e  im p o rta n c e  of 
a  n o rm a lly  fu n c tio n in g  th y ro id  g la n d  in  
la c ta t io n  is n o t c lear. K on a n d  Cow ie
( 1 3 ) ,  in  re v ie w in g  d a ta  o b ta in e d  w ith  
sev e ra l spec ies , su g g ested  th a t  th e  th y ro id  
g la n d  is n o t e sse n tia l fo r  m ilk  sec re tio n , 
b u t  th a t  in  its  a b sen ce  th e  in te n s ity  a n d  
d u ra tio n  o f m ilk  sec re tio n  is red u ced . In  
th e  p re s e n t  s tu d ie s  e i th e r  th e  th y ro id  or 
o th e r  en d o c rin e  g la n d ( s )  m a y  h a v e  been  
a ffec ted  w h ic h  in  tu rn  in h ib ite d  m ilk  se c re 
tio n  b u t n o t th e  d e v e lo p m en t o f m a m m a ry  
tissue .

N o  ad v erse  effec ts  on  rep ro d u c tiv e  p e r 
fo rm a n c e  w ere  observed  in  m a le  ra ts  fed  
iod ine . F o u r  m a le s  fro m  a d a m  rece iv in g
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2500 p p m  io d in e  c o n tin u e d  to  be  fe d  the  
h ig h  io d in e  r a t io n  u n ti l  th e y  w ere  ab o u t 
200  days of age. A t th is  age, w h ile  rece iv 
in g  th e  h ig h  io d in e  ra tio n , e a c h  m a le  w as 
p roved  fe rtile  by  su c c e ss fu l m a tin g  w ith  
2 co n tro l fem ales .
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Effects of High Levels of Dietary Vitamin A Acetate on 
Tissue Tocopherol and Some Related 
Analytical Observations 1,2

W. J. PUDELKIEWICZ, LORNA WEBSTER a n d  L. D. MATTERSON
Poultry Science Department,  Storrs Agricultural Experiment Station,  
University  of Connecticut, Storrs, Connecticut

ABSTRACT  The total tocopherol content of liver tissue and plasm a was deter
m ined after 2-week-old vitam in A-depleted chicks had received 0.5, 5, 50, 500, and 
5,000 m g of vitam in A acetate/kg of diet for 5, 10, and 20 days. The tocopherol con
tent in  the tissues w as markedly depressed especially at the highest levels of vitam in  
A intake. The depletion of tocopherol from the tissues at the highet levels of vitam in  
A intake was sim ilar to that previously encountered by feeding a vitam in E-low basal 
diet. Decreasing liver tocopherol values w ith t ime  at a dietary level of 17.6 m g of 
dl, a-tocopheryl acetate/kg m ay be indicative o f a gradually increasing tocopherol re
quirem ent of the rapidly growing chick. Florex chromatography was unsatisfactory in  
rem oving the large am ounts of vitam in A in  the liver. Hydrogenation of the vitam in A 
followed by chromatography through Florex proved to be satisfactory.

T h a t v ita m in  A h a s  a  d e tr im e n ta l in f lu 
ence  on  th e  to co p h ero l c o n te n t of a n im a l 
tissu e  h a s  b een  su g g ested  by  th e  w ork  of 
Irv in g  a n d  B und tz-O lsen  ( 1 )  a n d  Irv in g
( 2 ) .  T h e se  w o rk ers  p re se n te d  ev idence  
o f th e  in te r re la tio n sh ip  b e tw een  v ita m in  A 
a n d  a -tocophery l a c e ta te  w h e n  th ey  ob
served  th a t  th e  p ro tec tiv e  ac tio n  of th e  to 
co p h ero l u p o n  th e  in c is a l e n a m e l o rg an  
a n d  too th  co lo r o f ra ts  fe d  v ita m in  E -free 
d ie ts  w as e lim in a te d  w h e n  e ith e r  a h ig h  
p o ten cy  v ita m in  A h a k e  liv e r oil o r 15 ,000 
u n its  o f a v ita m in  A c o n c e n tra te  fro m  fish 
oil w as fed . T h ese  o b se rv a tio n s  w ere  
sh o w n  to be u n re la te d  to  u n s a tu ra t io n  of 
the  fish oil. T h e  h ig h  in ta k e  o f v ita m in  A 
also  c a u se d  the  d ia lu ric  ac id  hem o ly sis  te s t 
to  becom e positive , w h ich  is g e n e ra lly  in 
d ica tive  of a low  toco p h ero l s ta tu s . D icks 
e t al. ( 3 )  observed  a s ig n if ic a n t d ecrease  in  
liver a n d  p la sm a  to co p h ero l c o n c e n tra tio n  
in  ca lves as th e  v ita m in  A in ta k e  w as  in 
c re a se d  fro m  0.01 to  1 m g /4 5 4  g live 
w e ig h t p e r  day . M ore re c e n tly , E d w in  e t 
al. ( 4 )  show ed  a  s im ila r  tr e n d  o f liver, 
h e a r t ,  a n d  k id n ey  to co p h ero l w ith  ra ts  
w h ich  w ere  dosed  w ith  v ita m in  A.

L iver tis su e  w h ich  w as av a ilab le  fro m  a 
p rev io u s s tu d y  ( 5 )  in  w h ic h  v ita m in  A 
a c e ta te  w as  fe d  to  ch ick s  a t  levels w h ich  
ra n g e d  fro m  zero  to  0 .5%  of th e  d ie t, w as 
an a ly zed  fo r  to ta l to co p h ero l in  o rd e r  to 
s tu d y  fu r th e r  th e  v ita m in  A in h ib ito ry  e f 

fe c t on  tissu e  tocophero l over a w ide ra n g e  
o f v ita m in  A in ta k e s . W h e n  it  w as  ob
served  in  th e  an a ly s is  fo r  to co p h ero l th a t  
c h ro m a to g ra p h y  w as u n sa tis fa c to ry  in  r e 
m o v in g  th e  in te rfe re n c e , p re su m a b ly  du e  
to  th e  m ass iv e  a m o u n ts  o f v ita m in  A in  
liv e r tissu e  a t  th e  h ig h  levels o f v ita m in  
A in ta k e , som e m o d ifica tio n s  in  th e  m e th o d  
fo r  toco p h ero l an a ly s is  w ere  m a d e  a n d  
a re  re p o rte d  in  th e  p re se n t p u b lic a tio n .

EXPERIMENTAL

V ita m in  A -depleted  ch ick s, 2 w eeks of 
age, w ere  fe d  a  v ita m in  A-low d ie t w h ic h  
c o n ta in e d  p e r  k g : 17 .6  m g  o f dl, a-tocoph- 
ery l a c e ta te  a n d  w as  su p p le m e n te d  w ith  
zero, 0 .5 , 5, 50, 500, a n d  5 ,000  m g  o f v ita 
m in  A a c e ta te /k g  of d ie t. O th e r d e ta ils  of 
th e  e x p e r im e n ta l p ro c e d u re s , su ch  as  b leed 
in g , ra n d o m iz in g  o f e x p e r im e n ta l g ro u p s , 
feed  in ta k e s , body w e ig h ts , a n d  o th e rs , 
w ere  d esc rib ed  p rev io u sly  ( 5 ) .

Apparatus. A sem i-m icro  h y d ro g e n a 
tio n  a p p a ra tu s  as d esc rib ed  by Q u a ife  a n d  
B ieh le r ( 6 )  w as u se d  fo r  th e  e lim in a tio n  
of in te r fe re n c e  d ue  to  v ita m in  A w ith  th e  
E m m erie -E n g e l re a c tio n .

R ece iv ed  fo r  p u b lic a tio n  M ay  20, 1964.
1 S c ien tific  C o n tr ib u tio n  n o . 83, S to rrs  A g r ic u ltu ra l 

E x p e r im e n t S ta tio n , U n iv e rs ity  o f  C o n n ec tic u t, S to rrs .
2 S u p p o r ted  in  p a r t  by  g ra n ts  fro m  th e  Y a n tic  G ra in  

a n d  P ro d u c ts  C o m p an y , N o rw ic h , C o n n ec tic u t, a n d  
A m e ric a n  D e h y d ra to rs  A sso c ia tio n , K a n sa s  C ity , M is
souri.
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Procedure. D e ta ils  o f th e  p ro c e d u re  fo r 
th e  d e te rm in a tio n  o f toco p h ero l in  tissu e  
w ere  d esc rib ed  p rev io u sly  ( 7 ) .  T he  p ro c e 
d u re  invo lves a h o t e th a n o l e x tra c tio n  of 
th e  tissu e , m o le c u la r  d is tilla tio n , a n d  c h ro 
m a to g ra p h y  th ro u g h  F lo rex  XXS ( re c e n tly  
d e s ig n a te d  as F lo rex  AA R V M ). T h e  Em - 
m erie -E n g e l co lo rim e tric  re a c tio n  w as u sed  
to  d e te rm in e  th e  toco p h ero l c o n te n t o f th e  
effluent. V itam in  A w as d e te rm in e d  by u se  
o f th e  C arr-P rice  co lo rim e tric  re a g e n t 
w h ich  w as  p re p a re d  as d esc rib ed  by  the  
AOAC ( 8 ) .

RESULTS AND DISCUSSION

T ab le  1 show s th e  a p p a re n t  tocophero l 
v a lu es  w h e n  th e  ro u tin e  p ro c e d u re  is  u sed  
fo r  liv e r toco p h ero l an a ly sis . T h e  d e te r
m in a tio n  of all liver sam p les  fo r  a p p a re n t 
toco p h ero l w as n o t m a d e  a t  th is  tim e  b e
c a u se  o f a n  obvious in te r fe re n c e  sh o w n  by 
ra p id ly  d r if tin g  re a d in g s  of th e  E m m erie - 
E n g e l color. A n o th e r m o re  obv ious re a so n  
fo r  su sp e c tin g  in te r fe re n c e  w as  th a t  th e  
sm a ll b a n d  of b lu e  co lo r n o rm a lly  ob
se rv ed  on  th e  top  of F lo rex  co lu m n s  fro m  
liv e r e x tra c ts  w h ere  a d e q u a te  a m o u n ts  o f 
v ita m in  A w ere  fed , h a d  sp re a d  over the  
e n tire  le n g th  of th e  c o lu m n  w h e n  liv e r ex 
tra c ts  fro m  ch ick s  fe d  h ig h  levels o f v ita 
m in  A w ere  ch ro m a to g ra p h ed . T h e  c a p a c 
ity  o f th e se  co lu m n s  to  adso rb  v ita m in  A 
h a d  b e e n  su rp a sse d . B ecau se  v ita m in  A 
w as  p a ss in g  th ro u g h  th e  co lu m n  a n d  b e in g  
re a d  as in c re a se d  E m m erie -E n g e l color, i t  
w o u ld  be in te rp re te d  in c o rrec tly , fro m  the  
v a lu e s  lis ted  in  tab le  1, th a t  h ig h  v ita m in  
A in ta k e s  re su lte d  in  a n  in c re a se  o f liver 
tocophero l. W h en  th e  e lu a te  fro m  th e  first 
ad so rp tio n  co lu m n  w a s  c o n c e n tra te d  a n d  
p a sse d  th ro u g h  a second  c o lu m n , a d e 
c re a se  in  th e  a m o u n t o f co lo r developed  by 
th e  E m m erie -E n g e l re a c tio n  re su lte d . It 
w as  th o u g h t, th e re fo re , th a t  a  m o re  d e 
ta ile d  s tu d y  of th e  a n a ly tic a l p ro ced u re

w as  d esirab le . A n a liq u o t o f th e  m o le c u la r  
d is tilla te  w as  c h ro m a to g ra p h e d  th ro u g h  a 
series o f F lo rex  c o lu m n s u n ti l  n o  v ita m in  
A cou ld  be de tec ted . T h e  C arr-P rice  a n d  
E m m erie -E n g e l re a c tio n s  w ere  u se d  to d e 
te rm in e  th e  a m o u n t o f v ita m in  A a n d  to 
co phero l in  th e  e lu a te s  fro m  e a c h  c o lu m n . 
A n o th e r  a liq u o t o f th e  m o le c u la r  d is tilla te  
w as h y d ro g e n a te d  in  ab so lu te  e th a n o l a t  a 
p re ssu re  of 1 k g /c m 2 (1 5  p s i)  fo r  one 
m in u te , u s in g  5%  p a lla d iu m  on  c a lc iu m  
c a rb o n a te  as  a  c a ta ly s t ( 6 ) .  V itam in  A 
w as  d e te rm in e d  im m e d ia te ly  a f te r  h y d ro 
g en a tio n ; tocophero l w as d e te rm in e d  a f te r  
a n  a d d itio n a l p u rif ic a tio n  step  th ro u g h  
F lorex .

T ab le  2 show s th e  re su lts  fro m  3 s a m 
p les o f liv e r tissu e  c o n ta in in g  1195 , 47 9 5 , 
a n d  4896  ug o f v ita m in  A /g  w h ic h  w ere  
u sed  to  co m p a re  h y d ro g e n a tio n  w ith  c h ro 
m a to g ra p h y  as te c h n iq u e s  fo r  th e  re m o v a l 
o f in te r fe re n c e  du e  to  excessive  a m o u n ts  
o f v ita m in  A w h e n  a n a ly z in g  fo r  to ta l 
tocophero l. T h e  2 te c h n iq u e s  h a v e  o fte n  
b een  u sed  to e lim in a te  th e  in te r fe re n c e  due 
to sm a ll a m o u n ts  o f v ita m in  A. S am p le  1, 
w h ich  h a d  a n  in itia l  a p p a re n t  toco p h ero l of
11.1 u g /g  d e c reased  to  5 .7  u g /g  o f tis su e  
a f te r  successive ly  c h ro m a to g ra p h in g  a li
q uo ts  of th e  m o le c u la r  d is tilla te  th ro u g h  4 
co lu m n s  of a d so rb en t. H y d ro g en a tio n  
a lone , a lth o u g h  e lim in a tin g  a ll C arr-P rice  
re a c ta n ts ,  re q u ire d  a fu r th e r  c h ro m a to g 
ra p h y  step  to rem ove  e x tra n e o u s  E m m erie - 
E n g e l re a c tin g  m a te r ia l. T h e  v a lu e  o f 6 .8  
Ug/g a f te r  h y d ro g e n a tio n  co m p a re s  r e a 
son ab ly  w ell w ith  5 .7  u g /g  o b ta in e d  a f te r  
th e  sam p le  w as c h ro m a to g ra p h e d  4 tim es . 
S am p les  2 a n d  3 c o n ta in e d  m a ss iv e  
a m o u n ts  o f v ita m in  A in  th e  tissu e . S a m 
ple  3 w as a liv e r sam p le  ta k e n  fro m  ch ick s  
fed  a d ie t w h ich  c o n ta in e d  500 m g  o f v ita 
m in  A a c e ta te  p e r  kg. T h is  d ie t c o n ta in e d
17.6 m g  of ad d ed  dl, a -tocophery l a c e ta te /  
kg. S am p le  2 re p re se n ts  ch ick s fed  a  sim i-

T A B L E  1

Apparent tocopherol in liver tissue from chicks fed at increasing levels of dietary v itam in  A

Days fed Milligrams vitamin A acetate/kg diet
supplement ~ 0 0 5  5 OT 500 ^

M / 9  M l B  l i g / g  l i g / g  u g / g  u g / g

5 13.5 11.6 13.4 12.0 15.0 27.0
10 9.0 9.7 9.8 9.4 52.3 22.6
20 Not determined due to obvious interference
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TABLE 2

Comparison be tw een  Florex chromatography  
and hydrogenation in  removing excessive v itam in  
A and other reducing substances w hich  react w ith  
the Emmerie-Engel reagents

No. of 
Florex 
XXS 

columns

Vitamin A in liver samples, fig/g 1
Sample 

no. 1
Sample 

no. 2
Sample 

no. 3
1195 4795 4896

i 2
ßg apparent tocopherol/g 
— —  52.3

i n . i 58.6 —
2 9.8 36.0 21.3
3 8.2 10.5 6.4
4 5.7 10.1 3.8
5 — 9.7 —

Hydrogenation 13.0 14.9 —
Hydrogenation + 1  

Florex colum n 6.8 9.5 3.9

1 Chicks of samples no. 1 and 3 received 17.6 mg 
of dl,a-tocopheryl acetate and of sample no. 2, 216 
mg/kg of diet.

2 Contained approximately 8 g of Florex XXS. All 
other columns contained approximately 4 g.

la r  d ie t, b u t  one to  w h ic h  216  m g  o f dl, 
a-tocophery l a c e ta te  w ere  added . T h e  a p 
p a re n t  to co p h ero l o f sam p le  2 a p p e a rs  to 
h av e  s tab ilized  a t  a p p ro x im a te ly  10 u g /g  of 
tissu e  a f te r  p assa g e  th ro u g h  4 c o lu m n s  of 
ad so rb e n t, a  figure  w h ic h  ag rees  w ell w ith  
th e  9 .5  u g /g  o b ta in e d  a f te r  h y d ro g e n a tio n  
a n d  c h ro m a to g ra p h y . E x c e lle n t a g re e m e n t 
is a lso  ach iev ed  fo r sam p le  3 w h e n  s im ila r  
c o m p a riso n s  a re  m a d e . E v en  th o u g h  th e  
d ie t re p re se n tin g  sam p le  2 h a d  a p p ro x i
m a te ly  12 tim es  th e  to co p h ero l o f sam p le  
3, th e  liv e r to co p h ero l w as n o t  ap p rec iab ly  
in c re a se d . E x p e rie n c e  h a d  in d ic a te d  th a t  
th e  liv e r to co p h ero l sh o u ld  h a v e  b een  ab o u t 
6 tim e s  th a t  sh o w n . I t w as observed  th a t  
c h ro m a to g ra p h y  th ro u g h  one co lu m n  
w h ic h  c o n ta in e d  8 g of th e  a d so rb e n t w as 
n o t as effic ien t in  re m o v in g  v ita m in  A as 
w ere  tw o 4-g c o lu m n s. E lu a te s  fro m  the  
firs t co lu m n  o f e a c h  of th e  3 sam p les  
show ed  th e  ty p ica l b lu e  co lo r w ith  the  
C a rr-P rice  re a c tio n , co n firm in g  th a t  th e  
ca p a c ity  o f th e  co lu m n  to ad so rb  v ita m in  
A w as su rp a sse d . T h e  q u a lity  o f th e  b lue  
co lo r fo rm e d  fro m  th e  e lu a te s  o f th e  second  
co lu m n  w as  q u e s tio n a b le , w h e re a s  e lu a te s  
f ro m  th e  3 su b se q u e n t co lu m n s  p ro d u c e d  
a d r if tin g  ye llow ish -b row n co lor a n d  n o t 
th e  ty p ica l C arr-P rice  b lue . T h is  m u d d y  
co lor w as increasing in  a b so rb an ce  in 
s tead  o f decreasing as  does th e  ty p ica l 
C arr-P rice  b lue .

R esu lts  o f th e  effec t o f e x tra c tio n , m o lec
u la r  d is tilla tio n , c h ro m a to g ra p h y , a n d  h y 
d ro g e n a tio n  u p o n  th e  e ffec tiv en ess  of re 
m o v in g  v ita m in  A a re  p re se n te d  in  tab le  3. 
A p p ro x im ate ly  40%  o f th e  v ita m in  A w as 
e x tra c te d  fro m  th e  tissue . T h e  re m a in in g  
60%  w as e ith e r  n o t e x tra c te d  d u r in g  the  
2 0 -h o u r  e x tra c tio n  w ith  h o t ab so lu te  
e th a n o l o r w as possib ly  a lte re d  in  s tru c 
tu re  so as n o t to  give a  C arr-P rice  re a c tio n . 
A p p ro x im ate ly  67%  of th e  C arr-P rice  r e 
a c tin g  m a te r ia ls , w h ich  w ere  e x tra c te d  
fro m  liver tissu e , w ere  d is tilled  by m o le c u 
la r  d is tilla tio n  a long  w ith  th e  to cophero l, 
w h ic h  is k n o w n  to d is till q u a n tita tiv e ly . 
O f th e  C arr-P rice  re a c tin g  m a te r ia ls  th a t  
w ere  p laced  on  th e  first co lu m n  of F lo rex , 
a p p ro x im a te ly  90%  w ere  adso rbed . I t w as 
be lieved  th a t  th e  second  c o lu m n  sh o u ld  
h av e  ad so rb ed  th e  re m a in d e r  o f th e  v ita 
m in  A. H ow ever, th e  h ig h  a p p a re n t  v ita 
m in  A w h ic h  e lu ted  fro m  th e  second  a n d  
su b se q u e n t co lu m n s  m ig h t h av e  b een  d ue  
to b rea k d o w n  p ro d u c ts  o f v ita m in  A th a t  
o c cu rred  e ith e r  in  vivo or d u r in g  th e  e x 
tra c tio n  or p u rif ic a tio n  p ro ced u res . I t w as 
observed  th a t  th e  a b so rb an ce  a t  620  m u  of 
th e  C arr-P rice  co lo r o f th e  yellow -brow n 
e lu a te s  fro m  co lu m n s  3 a n d  4 in c re a se d  
b u t th e n  d e c reased  a g a in  w ith  th e  e lu a te s  
fro m  co lu m n  5. A lso, d u r in g  ro u tin e  a n a l
ysis o f liv e r fo r  toco p h ero l th e  top  c e n ti
m e te r  of th e  F lo rex  a d so rb e n t is b lu e  a n d  
is k n o w n  to be p ro d u c e d  by v ita m in  A, c a ro 
te n e , x a n th o p h y lls , a n d  N , N '-d ipheny l-p - 
p h e n y le n e d ia m in e  (D P P D ). In  th e  series 
of c o lu m n s  w h ic h  h a d  th e  h ig h  v ita m in  A 
e x tra c ts , c o lu m n  1 w as a ll b lu e , co lu m n  2 
w as p a rtia lly  b lue , o ccasio n a lly  th e  top

TABLE 3

Effect of extraction, molecular distil lation, and  
chromatography on the v i tam in  A extracted  

from liver tissue

Vitamin A (Carr-Price) Sample 1 Sample 2

In tissue (u g /g ) 1195 4795
Extracted ( % )

(20  hr, hot ethanol) 36.9 42.9
M olecularly distilled ( % ) 65.9 68.7
Placed on colum n 1 (u g ) 1095 8070
Eluted from colum n 1 (¿¿g) 61 865
Adsorbed on colum n 1 ( % ) 94 89
Placed on colum n 2 ( yg) 24 346
Eluted from colum n 2 (¿¿g) 9 152
To be hydrogenated (/¿g) 711 3497
After hydrogenation (ug) 0 0
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p o rtio n  of c o lu m n  3 a n d  u su a lly  th e  top  
p o rtio n  o f c o lu m n  4 w ere  first a  ru s ty  red . 
A fte r sev era l m in u te s  o f e lu tio n , i t  tu rn e d  
b ro w n  a n d , fina lly  b u t  n o t a lw ays, b lue . 
A t tim es  it  w as observed  th a t  on ly  a re d 
d ish -b row n  co lo r w ou ld  fo rm  a n d  d isa p 
p e a r  w ith  n o  b lue  in  ev idence . N o e x p la n 
a tio n  is o ffered  fo r  th ese  o b se rv a tio n s  
w ith o u t fu r th e r  s tudy . H ow ever, fro m  th e  
o vera ll o b se rv a tio n s  th e  in d ic a tio n  is  th a t  
e i th e r  b a n d s  o f b re a k d o w n  p ro d u c ts  of 
v ita m in  A d ue  to  th e  e ffec t o f th e  ad so r
b e n t o r th e  o th e r  e x tra c tio n  p ro c e d u re s , o r 
m etab o lic  p ro d u c ts  d u e  to  th e  excessive  
v ita m in  A in ta k e  a re  e lu tin g  fro m  th e  co l
u m n s  a n d  a re  c a u s in g  th e  n o n ty p ic a l C arr- 
P rice  re a c tio n .

A n a tte m p t w as  m a d e  to  c o rre c t fo r  th e  
v ita m in  A re m a in in g  in  th e  fin a l e x tra c t 
by first d e te rm in in g  th e  to co p h ero l eq u iv a 
le n ts  o f th e  v ita m in  A p re s e n t  a n d  su b 
tra c tin g  th is  v a lu e  fro m  th e  to ta l a p p a re n t 
tocophero l in  th e  liver. By re a c tin g  p u re  
v ita m in  A a lcohol w ith  th e  E m m erie -E n g el 
re a g e n ts , it w as fo u n d  th a t  1 ug of v ita m in  
A a lcohol w as e q u iv a le n t to 0 .01 ug of a-to- 
cophero l. T he  co rre c tio n  to  th e  a p p a re n t 
liv e r to co p h ero l v a lu es  sh o w n  in  tab le  1 
w as fo u n d  to  be  so in s ig n if ic a n t th a t  the  
p re se n c e  of o th e r  re d u c in g  su b s ta n c e s  w as 
obvious.

I t w as fo u n d  n e c e ssa ry  to  d e te rm in e  
w h e th e r  a  s ta n d a rd  sam p le  of tocophero l 
co u ld  be reco v ered  a f te r  p a s s in g  i t  th ro u g h  
6 successive  F lo rex  co lu m n s. To m ak e  th is  
te s t, 120 ug of p u re  d ,a -tocophero l w as 
tre a te d  as th e  o th e r  e x tra c ts , a liq u o ts  
ta k e n , a n d  reco v eries  c a lc u la te d  a f te r  e lu 
tion  of th e  s ta n d a rd  th ro u g h  e a c h  co lu m n .

T h e  p e rc e n ta g e  o f reco v eries  f ro m  th e  6 
c o lu m n s  ra n g e d  fro m  98 to  102. To te s t 
th e  effec t o f th e  so lven t, a n  a m o u n t o f 
b en zen e  e q u iv a le n t to  th e  a m o u n t c o n 
c e n tra te d  a f te r  p assa g e  th ro u g h  6 co lu m n s  
o f F lo rex  w as  ev a p o ra te d  to  d ry n ess . T he  
E m m erie -E n g e l co lor d e te rm in e d  w as  n e g 
ligible.

T ab le  4 lis ts  th e  re su lts  o f to co p h ero l d e 
te rm in a tio n s  m a d e  o n  liver tissu e  w h ere  
th e  m o le c u la r  d is tilla te  w as h y d ro g e n a te d  
a n d  th e n  p asse d  th ro u g h  a  co lu m n  of 
F lo rex  a d so rb en t. T h e  a c tu a l (C a rr-P r ic e )  
v ita m in  A c o n te n t o f th e  livers is a lso  in 
c lu d ed . T h e  tab le  show s th a t  to co p h ero l 
v a lu e s  d ecrease  w h e n  th e  v ita m in  A in  th e  
d ie t ex ceed s 5 m g /k g . T h e  v a lu e  o f 1.6 
u g /g  a t  th e  5 ,000  m g /k g  level in  th e  d ie t 
re p re se n ts  a tissu e  e sse n tia lly  devoid  of to 
cophero l. T h e  v a lu e  is w ith in  th e  ra n g e  of 
liv e r toco p h ero l levels o b ta in e d  in  ch ick s  
fed  a v ita m in  E-low b a sa l d ie t. In  v iew  o f a  
re c e n t o b se rv a tio n  ( 9 )  th a t  in te r fe re n c e  
w ith  ab so rp tio n  w as fo u n d  to  be  m u tu a l  b e 
tw e e n  ch o leste ro l a n d  v ita m in  A, th e  d a ta  
p re se n te d  in  th is  re p o r t in d ic a te  th a t  h ig h  
in ta k e s  o f v ita m in  A e ith e r  d irec tly  or in 
d irec tly  in te r fe re  w ith  th e  ab so rp tio n  of 
toco p h ero l o r d estro y  it  in  th e  in te s tin e . 
B a lan ce  s tu d ie s  w o u ld  h e lp  reso lve th is  
p o in t. T h e  d ec re a s in g  liv e r to co p h ero l v a l
ues w ith  time a t a ll levels o f v ita m in  A in 
tak e  a n d  a t  a  dZ,a-tocopheryl a c e ta te  level 
o f 17.6 m g /k g  o f d ie t, m ay  be in d ic a tiv e  of 
a g ra d u a lly  in c re a s in g  toco p h ero l re q u ire 
m e n t o f th e  g row ing  b ird .

P la sm a  toco p h ero l v a lu es  a re  p re se n te d  
in  tab le  5. A fte r on ly  5 days of su p p le 
m e n ta tio n  w ith  v ita m in  A, a  sh a rp  d ec rease

TABLE 4
Actual tocopherol and. v itam in  A in liver tissue from chicks fed at increasing  

levels of dietary v itam in  A

D ays fe d  
s u p p lem en t

M illig ra m s  v ita m in  A  a c e ta te /k g  d ie t

0 0.5 5 50 500 5,000 i

M l  9 M / 9 M / 9 M / 9 M / 9 M / g
5 1 1 .4 ( 0  ) 2 1 2 .0 ( 0 .6 ) 1 2 .5 ( 3 3 ) 8 .7 ( 4 8 6 ) 6 . 0 ( 2 0 6 4 ) —  3( 3 0 0 6 )

10 8 . 8 ( 0 ) 9 . 4 ( 0 .8 ) 8 . 8 ( 5 9 ) 5 .2 ( 8 6 1 ) 3 . 9 ( 4 8 9 6 ) 3 .3  ( 3 1 0 4 )
2 0 8 . 0 ( 1 .5 ) 7 .6 ( 8 9 ) 4 . 4 ( 8 5 3 ) 3 . 0 ( 5 9 0 8 ) 1 .6  ( 2 4 3 7 )

1 F eed  c o n su m p tio n  a t  th e  5,000 m g /k g  lev e l a t  5, 10, a n d  20 d ay s  o f s u p p le m e n ta tio n  w a s  27 
48, a n d  8 5 % , re sp ec tiv e ly , o f th e  o th e r  4  su p p le m e n te d  lev e ls  w h e re  fe e d  w as  re s tr ic te d .

2 V a lu es  in  p a re n th e s e s  a re  m ic ro g ra m s  o f v i ta m in  A p e r  g ra m  o f tis su e  as re p o rte d  p re v io u s ly  (5 1
3 In su ffic ien t sam p le  re m a in in g  fo r  d u p lic a te  d e te rm in a tio n s .
4 M o rta lity  d u e  to v i ta m in  A defic iency .
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TA BLE 5

Apparent p lasma tocopherol in chicks that had been fed at increasing levels of v i tam in  A 1

D ays fed  
s u p p lem en t

M illig ra m s  v ita m in  A /k g  d ie t

0 0.5 5 50 500 5,000

Mg a p p a r e n t  to c o p h e ro l /100 m l p la sm a
5 1162 1044 1200 486 420 478

10 853 1046 823 451 164 135
20 — 784 784 309 109 68

1 V a lu es  sh o w n  a re  th e  av e rag e  o f d u p lic a te  d e te rm in a tio n s .

in  th e  a p p a re n t  to co p h ero l (1 ,2 0 0  to  486  
u g /m l)  o c c u rre d  w h e n  th e  v ita m in  A c o n 
te n t  o f th e  d ie ts  in c re a se d  fro m  5 to  50 
m g /k g , resp ec tiv e ly . T h e  o vera ll d ec rease  
in  a p p a re n t  p la sm a  to co p h e ro l w as fro m  
a b o u t 1 ,200  to 68 u g /1 0 0  m l.

In  co n c lu s io n , i t  h a s  b een  sh o w n  th a t  
v ita m in  A a c e ta te  in  th e  d ie t a t  a  level o f 
50 m g /k g , o r m o re , re su lte d  in  low ered  
liv e r a n d  p la sm a  to co p h ero l v a lu es. T h e re  
w as  su ffic ien t v ita m in  A in  liv e r sam p les  
a t  th ese  h ig h e r  levels o f v ita m in  A in ta k e , 
ev en  a f te r  5 days of su p p le m e n ta tio n , to 
overload  a  co lu m n  of F lo rex  a d so rb e n t 
u sed  in  th e  a n a ly tic a l p ro c e d u re  a n d  to 
give e rro n e o u s  to co p h ero l v a lu es . H ydrog 
e n a tio n  of th e  toco p h ero l e x tra c t  fo llow ed 
by  c h ro m a to g ra p h y  w as sh o w n  to su ccess
fu lly  rem o v e  th is  in te r fe re n c e , w h ic h  w as 
p re su m a b ly  du e  to  v ita m in  A o r its  m e ta 
bolic  b re a k d o w n  p ro d u c ts , o r bo th .
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In vivo Intestinal Transport of Calcium and Water from 
Solutions Recycled through Healed Gut 
Loops in Dogs * 1

C. F. CRAMER
D epartm en t of Physiology, University  of British Columbia,  
Vancouver, Canada

ABSTRACT  An in v ivo  study w as m ade of the dynam ic changes of Ca, and water 
concentrations in  solutions recycled through healed jejunal gut loops of healthy adult 
dogs. W hen the solution contained no Ca, Ca m oved into the gut lum en regardless of 
the osm olarity of the in itia l solution, until the calcium  concentration in  the lum en  
reached 2 to 3 m E q/liter. Above this concentration Ca was absorbed. The rate of 
Ca absorption increased w ith  increasing Ca concentrations in  the lum en. N et Ca 
absorption was inversely proportional to the average rate of water absorption. 
Because water w as absorbed more rapidly than Ca, the concentration of the latter 
always rose w ith an increasing rate throughout the course of the experim ent. 
H vpotonicity caused slight, i f  any, change in  Ca or water absorption rates. Hyper
tonicity altered water absorption markedly; there was a m ovem ent of water into the 
lum en until the osm olarity of the contents approached 385 ±  12 m illiosm oles/liter. 
During this interval of 2.2 ±  0.2 hours Ca absorption was significantly slowed. In 
all instances, w hen osm otic equilibrium  had been obtained, Ca and water absorption 
proceeded at the usual rates. These studies suggested that under physiological condi-
tions, net Ca transfer is  in  one direction —

I t  h a s  becom e e v id e n t th a t  c a lc iu m  a b 
so rp tio n  is  m o re  com p lex  th a n  p rev iously  
su sp ec ted . In  v itro  s tu d ie s  su ch  as  th o se  
of S c h a c h te r  ( 1 ) a n d  in  vivo s tu d ie s  o f 
C ra m e r a n d  D u eck  ( 2 )  h av e  su g g ested  
th a t  p h y sio lo g ica l fa c to rs  c o n tro l C a a b 
so rp tio n . H ow ever, little  is  k n o w n  ab o u t 
p h y sico -ch em ica l in te ra c tio n s  in  th e  g u t 
lu m e n , w h ic h  also  m u s t  be im p o rta n t. 
W hile  som e s tu d y  o f th e  in te ra c tio n s  of 
su b s ta n c e s  in  th e  lu m e n  h a s  b een  m a d e , 
th e  u s u a l  sh o r t m e a s u re m e n t p e rio d s  w ith  
e ith e r  in  v itro  o r in  vivo te c h n iq u e s  h av e  
n o t p e rm itte d  s tu d y  o f p ro g ressiv e  c h a n g e s  
in  c o n d itio n s  w h ic h  m a y  o ccu r in  th e  c o n 
te n ts  o f th e  lu m e n , over th e  n o rm a l 4- to
6 -h o u r p e rio d  of C a ab so rp tio n  ( 3 ) .  A p re 
v ious s tu d y  in v e s tig a te d  th e  e ffec t of 
o sm o la rity  on  ab so rp tio n  d u r in g  sh o r t in 
te rv a ls . I t  w as  fo u n d  th a t  c h a n g e s  in  
o sm o la rity  d id  n o t  a lte r  th e  C a c o n c e n tra 
tio n  above w h ic h  ca lc iu m  ab so rp tio n  w as 
lim ite d  ( 2 ) .  N e v e rth e le ss  i t  ap p e a re d  ev i
d e n t th a t  u n d e r  som e c o n d itio n s , r a te s  of 
C a a b so rp tio n  or e x c re tio n  m ig h t be se n s i
tive to w a te r  c o n c e n tra tio n  (o sm o la r ity ) . 
T h e  p u rp o se  of th is  in v e s tig a tio n  w as  to 
s tu d y  n e t  C a a n d  w a te r  tr a n s p o r t  b e tw een  
th e  g u t lu m e n  a n d  b lood w h ile  th e  con-

from  gut lum en to blood.

te n ts  w ere  allow ed  to a p p ro a c h  e q u ilib 
r iu m  u n d e r  physio lo g ica l co n d itio n s . I t 
w as  possib le  to  do th is  by recy c lin g  so lu 
tio n s  th ro u g h  h e a le d  je ju n a l  g u t loops of 
dogs u n ti l  w a te r  ab so rp tio n  w as  n e a r ly  
com ple te .

METHODS

T he  te rm in o lo g y  to  be fo llow ed  co n 
s id e rs  in flu x  or ab so rp tio n  to m e a n  to w a rd  
th e  body cell fro m  th e  g u t lu m e n , w h e re a s  
“efflux” re fe rs  to  m o v em en t in  th e  o pposite  
d irec tio n .

H ea led  T h iry -V ella  f is tu la s  o f 120 cm  
w ere  p re p a re d  in  10 dogs as  d esc rib ed  
p rev io u sly  ( 2 ) .  T h e  p e rfu s io n  te c h n iq u e  
w as  s im ila r  in  m o st re sp e c ts  to  th a t  o f th e  
p rev io u s s tu d y , b u t  m odified  as  fo llow s; 
A sing le  ru b b e r  a c o rn  h e ld  a g a in s t  th e  
in le t by  g en tle  p re ssu re  re p la c e d  th e  d o u 
b le b a llo o n  of th e  tu b e  in to  th e  g u t loop 
a n d  ye t e lim in a te d  all leak ag e . N o o u tle t 
tu b e  w as  u sed . A fte r all 250  o r 500  m l of 
th e  in i t ia l  so lu tio n  w ere  p u m p e d  th ro u g h  
th e  g u t loop, th e  re s id u a l flu id  w as  w a sh e d  
o u t w ith  a ir. T h e  d iffe ren ce  o f v o lu m e o f

R eceived  fo r  p u b lic a tio n  J u n e  19, 1964.
1 T h is  w o rk  w as su p p o rte d  by  G ra n t M T-774 o f th e  

M ed ica l R ese a rch  C o u n cil o f C an a d a .
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flu id  p u m p e d  in , a n d  th a t  reco v ered , w as  
ta k e n  as n e t  w a te r  ab so rp tio n . A sam p le  
w as rem o v ed  fo r  o sm o tic  p re s su re  a n d  C a 
an a ly sis . T h e  so lu tio n  w as  th e n  filte red  
th ro u g h  a  p a d  of g lass  w ool, w a rm e d  to 
body te m p e ra tu re  a n d  re p u m p e d  th ro u g h  
th e  dog g u t loop  as befo re . T h e  a m o u n t 
o f w a te r  a n d  C a lo s t in  f ilte r in g  a n d  s a m 
p lin g  w as n o te d  w h e n  th e  vo lu m e w a s  r e 
m e a su re d . T h e  p re ssu re  a n d  te m p e ra tu re  
of p e r fu s a te  w ere  m a in ta in e d  to th o se  of 
th e  body. T h ese  cycles o f p u m p in g  w ere  
c o n tin u e d  u n ti l  th e  v o lum e w as  q u ite  low . 
T h is  re q u ire d  3 to  5 h o u rs  d e p e n d in g  on  
th e  ra p id ity  o f w a te r  a b so rp tio n  of a g iven  
dog on  th e  d ay  o f e x p e rim e n t. C a lc iu m  
w as an a ly zed  by th e  te c h n iq u e  of C opp 
( 4 ) .  T h is  w as  m od ified  in  th e  case  of very  
low  C a c o n c e n tra tio n s  in  p e r fu s a te  by 
u s in g  a 1-m l sam p le  a n d  a  C a s ta n d a rd  of 
1 m g /1 0 0  m l. O sm otic  p re ssu re  w a s  e s ti

m a te d  by m e a s u r in g  th e  fre e z in g  p o in t 
d ep re ss io n  o f a d ro p  o f th e  so lu tio n  in  a  
g lass  cap illa ry  tu b e , by  th e  m e th o d  of 
R am sey  ( 5 ) .  V arious so lu tio n s  d e s ig n a te d  
“iso to n ic ” w ere  in itia lly  a d ju s te d  to  iso 
to n ic ity  by  o m ittin g  a n  e q u iv a le n t a m o u n t 
o f N aC l w h e n  C aC l2 w as  added . T h e  h y p o 
to n ic  so lu tio n s  w ere  0 -1 5 4  m illio sm o le s / 
l i te r  ( 0 - 0 .4 5  g /1 0 0  m l)  as N aC l in itia lly . 
H y p e rto n ic  so lu tio n s  w ere  513 m illio sm o la r 
N aC l, e x c e p t in  a  few  e x p e r im e n ts  in  
w h ic h  1340 m illio sm o les w ere  u sed . A n 
osm ole  is a n  e q u iv a le n t w e ig h t p e r  lite r , 
i f  one a ssu m e s  co m p le te  d isso c ia tio n .

RESULTS 2

E x a m p le s  of c h a n g e s  o f w a te r  a n d  C a 
in  th e  iso to n ic  c o n te n ts  o f g u t loops a re  
i l lu s tra te d  in  fig u res  1 a n d  2. S o lu tio n s

2 S ig n ific an ce  o f d iffe ren ces  m e n tio n e d  in  th e  te x t 
a re  ta k e n  to  in d ic a te  a  P  v a lu e  o f 0.01 o r le ss  as  de
r iv e d  b y  S tu d e n t’s t  te st.

Water-ml
500-X

Fig. 1 N et efflux and subsequent absorption of Ca in  the gut loop contents w hen no Ca 
was added initially . N et water absorption is also illustrated. Gut lum en contents were 
isotonic.
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Fig. 2 Net absorption of Ca and water w hen some Ca w as added initially. Gut lum en  
contents were istonic.

of various Ca concentrations were recir
culated through the fistula for several 
cycles. Table 1 gives additional data, 
showing averages of all experiments. As 
shown in figure 1, when no Ca was added 
initially, Ca accum ulated in the contents 
of the isotonic gut for 2.5 hours, after 
which net movement of Ca out of the gut 
lum en occurred. Regardless of the original 
Ca concentration, the Ca concentration 
increased at w hat appears to be an ex
ponential rate, doubling every hour at low 
Ca concentrations and every 2.5 hours at 
higher initial Ca concentrations. It ap
pears that w ater is absorbed more rapidly 
than  is Ca so that the relative Ca concen
tration increased. At Ca concentrations of 
2 to 3 m E q/liter or above, Ca was usually 
absorbed from the gut lumen. At higher 
Ca concentration the absolute Ca absorp
tion rate (m illigram s absorbed per hour) 
increased, but the fraction of Ca absorbed

decreased. Below 2 m E q/liter there w 
usually movement of Ca into the lum en 
the gut.

W ater absorption was found to be a 
proximately linear in  4 out of 5 expe 
ments. This is in  contrast with the c 
servation of Code (6 ) . Code found a sen 
log plot of the percentage of H.O remai 
ing to give a straight line, whereas tl 
present study showed the H20  rem ainb 
to give a straight line with linear gra] 
paper. This m ay reflect the fact that fluf 
flowed slowly through the loop with tl 
present technique. This work also mai 
use of jejunal fistulas, whereas Code us< 
duodenal and ileal fistulas. W ater and ( 
absorption is shown in 2 phases, for cor 
parison at various osmolarities. W ater a 
sorption continued at an undiminishe 
rate until the gut was almost dry. Wat* 
absorption was about twice as efficie] 
(percentage absorbed per hour) as C



C A L C IU M  AND W A T E R  A B SO R PTIO N  DUR ING R EC Y C LIN G 121

TABLE 1

Changes of Ca and w ater  in  solutions recycled through gut loops of dogs

No. In itia l F ina l Net Ca flux N et w ater flux
experim ents Ca cone Ca cone 0—2.5 hours 3 -5  hours 0 -1 .5  hours 2 -5  hours

mEq/liter mEq/liter mg/hour mg/hour ml/hour ml/hour

Isotonic solutions
10 0 2.4 ±  0.5 1 ( - ) 2 1 .6 ± 0 .2  5.1 ±  0.7 1 1 0 ±  12 1 1 7 ±  14

3 2.0 7.0 ( - ) 0.9 4.2 74 66
3 3.0 9.3 4.5 4.3 67 110
5 5.0 11.5 4.8 6.2 78 ± 6 6 5 ± 5 .1
3 12.5 39.5 14.0 15.0 79 58
3 25.0 45.5 14.5 16.0 68 86

Avg % absorbed/hour 22.0 ± 2 .3 40.0 ± 4.0

Hypotonic solutions, 0 -160  m illiosm oles/liter
10 0 2.3 ±  0.5 ( - ) 1.5 ±  0.1 1 .3 ± 0 .2 104 ± 0 .2 101 ±  15

3 0.8 6.5 ( - ) 1.0 3.5 90 78
3 2.0 6.0 ( - ) 0.5 2.3 68 76
3 3.2 8.8 4.2 4.5 80 88
5 5.0 23.0 8.0 8.5 63 ± 9 63 ± 8

Avg % absorbed/hour 20.0 ± 2 .1 42.9 ± 3.8

Hypertonic solutions, 510 m illiosm oles/liter
10 0 1.6 ±  0.6 ( - ) 2.7 ±  0.6 1 .0 ± 0 .3 1 7 ±  3.0 100

3 0.7 2.6 ( - ) 2.0 0.6 ( -  ) 8.0 45
3 2.0 3.1 ( - ) 0.2 3.5 15 74
3 3.0 5.6 2.2 5.1 ( - )  13 40
5 5.0 7.5 6.0 10.0 10 86

Avg % absorbed/hour 15.2 ± 2 .1 10.7 ± 1.4

Extrem ely hypertonic solution, 1350 m illiosm oles/liter
3 0 10.7 C - ) 2.6 7.6 37 92

1 s e  is  s h o w n  f o r  s o m e  d a ta .
2 N eg a tiv e  v a lu es  in d ica te  p la sm a  to gut lu m en  n e t flux.

absorption. In  sim ilar experim ents where 
w ater volume was kept small and constant 
but allowing the Ca to concentrate as 
shown here, 80 to 85% of Ca could be 
absorbed. The tendency of the gut to con
centrate Ca suggests that Ca is im portant 
in  m aintaining isotonicity in  the lum en by 
balancing rapid monovalent cation absorp
tion.

Hypotonicity
Table 1 shows the results when hypo

tonic solutions of zero to 154 m illiosm oles/ 
liter containing various am ounts of CaCh 
were recycled through the gut loop. Net 
flux from the plasm a into the gut, or 
“efflux” is designated (— ), whereas net 
lumen-to-plasma flux (influx or absorp
tion) is positive. These symbols relate to 
direction of flux toward the body cell. 
W hen no Ca initially was placed in the 
gut, net transport of Ca from plasm a into 
lum en occurred. This efflux period was

not significantly different from  that found 
in  isotonic controls. At the point of change 
from  Ca efflux to influx, the average value 
of the gut Ca concentration was 1.5 m E q/ 
liter. Above this concentration the Ca ab
sorption rate was approximately propor
tional to the initial Ca concentration. On 
the other hand, w ater was absorbed at 
approximately the same rate and same 
efficiency regardless of Ca concentration. 
Hypotonic solutions delayed Ca absorp
tion slightly after the first hour. Calcium 
efflux, which again occurred when the 
initial Ca concentration was less than 2.25 
m E q/liter, was not altered significantly by 
hypotonicity. Hypotonicity resulted in only 
slightly greater w ater absorption, although 
some workers have reported greater in 
creases (7 ,8 ). Blickenstaff actually m eas
ured filtration at 15-cm water pressure
(7 ) ,  whereas Visscher et al. (8 )  used 
hypertonic controls only. This may sup
port those studies which suggest that water
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is absorbed actively (9 ) . The fundam en
tal independence of Ca and water absorp
tion pathways is shown by the fact that in 
the first 2.5 hours w ater left the hyper
tonic gut lum en, whereas Ca entered. In 
direct dependence of Ca absorption on 
water is shown in that rapid water absorp
tion led to higher Ca absorption by in 
creasing the Ca concentration (2 ) . No 
graphs are shown since they reveal no dif
ferences from  isotonic controls.

Hypertonicity
Figures 3 and 4 show examples of the 

effect of hypertonicity on net Ca and water 
absorption during recycling. W ater in iti
ally entered the lum en and subsequently 
was absorbed. Calcium was absorbed only 
after its concentration exceeded 4 to 6 
m Eq/liter.

As shown in table 1, when no Ca was 
added to gut perfusate solutions of either 
513 or 1350 m illiosm oles/liter, Ca again 
entered the gut, but the rate of Ca efflux 
into the lum en was not significantly dif
ferent from  that in  the isotonic or hypo
tonic gut.

Calcium absorption usually was signifi
cantly slower, whereas lum en contents 
were quite hypertonic. This resulted in 
a lower avearge Ca absorption rate. Ca 
absorption rates were norm al after 2 to 4 
hours, by which time the contents were 
only slightly hypertonic. As before, when 
no Ca was added to the contents of the 
lum en initially, Ca accum ulated in  the 
lum en as rapidly as it had in  the isotonic 
gut. W ater absorption was diminished 
markedly, but recovered w ithin an average 
period of 2.5 hours. The average rate of 
water absorption was one-fourth that of 
the controls. Marked variability was noted. 
As table 1 shows, in those cases where net 
water flux reversed, this reversal occurred 
while the lum en was still somewhat hyper
tonic, at about 385 m illiosm oles/liter 
(range, 360 to 400). This confirms a pre
vious report by Vaughan (9 ) . No damage 
to the gut loops was apparent by endo
scopic exam ination of the mucosa. Hence 
only the initial wild swings of water flux, 
and the delayed Ca and water absorption 
appear to characterize the effect of hyper
tonicity. In extreme hypertonicity (1350 
m illiosm oles/liter), the time to attain iso

tonicity, and for Ca absorption to com
mence, was extended beyond 3 hours.

DISCUSSION

The design of the experim ent should be 
considered when interpreting the results. 
In  some Thiry-Vella studies, short gut 
loops and rapid flow insure that the origi
nal properties of the perfusate are m ain
tained throughout, with the hope that 
turbulent flow will insure m ixing and 
contact with mucosa. W ith the present 
method, long gut loops and slowly re
circulated perfusion allow the gut itself 
to mix and bring solutions into contact 
with all the mucosa and it allows homeo
static m echanism s to adjust m any condi
tions such as pH, osmolarity and others to 
those of the body. Only the factors which 
are adjusted by slow, homeostatic m echa
nisms can be studied. The im portant 
param eter which this technique was de
signed to m easure, was net transport in 
both directions across the gut.

Previously, workers seemed to think of 
Ca transport in  terms of a simple two- 
way transport across a single path. For 
m any years this was pictured as a diffu
sion which would perm it Ca through the 
m em brane in  either direction, depending 
on the Ca gradient. More recently evi
dence was advanced which suggested that 
the m echanism  for in  vivo net influx was 
not passive, and was either an active or 
facilitated transport (2 ) . As a result of 
the present work, Ca transport m ust be 
pictured as having at least 2 plasma-to-gut 
pathways, and at least one gut-to-plasma 
pathway. One of the pathways from 
plasm a to gut, via the digestive juices, has 
been studied extensively in m an (1 0 ) and 
in rats (1 1 ). The other pathway, a direct 
one through or from the gut wall, was de
scribed only recently (12 ) and has been 
studied further in the present work. The 
path of this Ca entering an in vivo gut 
loop from the blood has not been estab
lished. It seems evident that it represents 
only part of the total Ca transported into 
the lum en, since it is only one-seventh the 
am ount tha t would balance absorption 
from the loop. Normal flow of gastric and 
duodenal juices are bypassed in this prepa
ration. The two possible sources are as 
part of succus entericus or as transport
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through or from mucosal cells. Of these, 
the least likely appears to be the succus 
entericus, since stim ulants to secretion 
(food or alcohol) placed in the gut loops 
failed to modify Ca transport. Apparently 
after some Ca is secreted into the lum en 
(see fig. 1), the independent absorption of 
w ater causes an increase in  Ca concentra
tion above 3 m E q/liter. The net Ca trans
port then reverses and Ca is absorbed as the 
Ca concentration increases. This supports 
the concept that the m ain route of plasm a 
to gut transport is by the digestive juices, 
and suggests a m inor second route, the 
direct route through the gut wall. It also 
leads to the conclusion that endogenous 
Ca excretion results largely from  the ex
cess of Ca secreted in  the digestive juices 
over tha t absorbed in  the gut. This work 
supports conclusions of Gran (1 1 ) drawn 
from  less direct m easurem ents.

As a result of these dynamic changes, 
a high Ca concentration is m aintained in 
the intestinal tract which not only pro
motes Ca absorption, but protects the en
dogenous pool of exchangeable bone Ca. 
The Ca concentration in the gut lum en 
would always exceed 3 m E q/liter, because 
all body fluids approach this. Hence this 
efflux would not normally exist, and we 
can conclude that Ca is usually absorbed, 
not secreted, except in digestive juices.

The low solubility of some Ca com
pounds, together with the rapid rate of 
w ater absorption relative to the Ca absorp
tion rate m ay combine to form an im 
portant factor in lim iting the am ount of 
Ca absorbed. Progressive dehydration and 
the characteristic slight alkalinity of the 
jejunum  and ileum m ay favor formation 
of insoluble Ca complexes. These solids 
would be moved into the colon by intesti
nal motility where conditions of further 
dehydration are not conducive to further 
absorption. This was suggested also by pre
vious work which showed that Sr85 or Ca45 
entering the colon through the food chain 
was poorly absorbed, whereas a liquid dose 
of these isotopes introduced directly into 
the ra t colon were well absorbed (13 ).
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Nutrition of Salmonoid Fishes
XIII. THE «-TOCOPHEROL REQUIREMENT OF CHINOOK SALMON
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ABSTRACT  Tocopherol-deficient diets containing 1 or 5% of stripped herring oil 
were supplem ented w ith  zero, 10, 20, 40 and 80 m g of a-tocopherol/100 g of dry diet 
and were fed to duplicate lots of chinook salm on ( Oncorhynchus tshaivytscha')  fin- 
gerlings for 24 weeks. Separate lots of fish were fed diets containing 1% of trilinolein  
and supplem ented w ith 10, 20, 40 and 80 m g of tocopherol/100 g of dry diet. In a 
second feeding trial the diet containing 5% of herring oil was supplem ented with  
2.5, 5.0, 10, 20 and 40 m g of tocopherol/100 g of dry diet and w as fed to duplicate 
lots of fish. The deficiency syndrome included: poor growth; exophthalm ia; ascites; 
erythrocyte fragility; anem ia; clubbed gills; epicarditis and ceroid deposition in the 
spleen. The sym ptom s were more severe in  the fish fed  the unsupplem ented diet 
containing 5% of herring oil than they were in  the fish fed  the 1% herring oil diet 
and were not observed in  fish fed diets supplem ented w ith tocopherol. Under the 
experim ental conditions used, a requirem ent of less than 3 m g of a-tocopherol/100 g 
dry diet w as indicated. The herring oil used in  diet preparation contributed 0.5 mg 
of tocopherol/100 g of dry diet (0 .1  m g /g  o il) .

Although vitam in E has long been 
recognized as an essential dietary com
ponent for m any animals, the quantitative 
requirem ents are related to other dietary 
factors such as level and type of lipid 
(1, 2 ), selenium compounds (3 ) , sulfur- 
containing amino acids (4 )  and other 
biologically active antioxidants, and there
fore still need investigation. Wolf (5 ) 
reported that rainbow trout ( Salmo gaird- 
n eri) did not require this vitam in for 
growth. However, the tocopherol-deficient 
diet which he used included 9% of lard 
which m ight have contained an appre
ciable am ount of tocopherol. Under his 
experim ental conditions, the failure to 
dem onstrate a positive requirem ent did 
not furnish conclusive evidence that the 
requirem ent did not exist.

For several reasons salmonoid fishes 
are excellent experim ental anim als with 
which to study tocopherol requirem ents 
and metabolism. The high degree of un 
saturation (6 )  of their lipids suggests a 
requirem ent for in vivo protection against 
peroxidation. Typical diets for hatchery- 
reared salmon contain high levels of fa t 
largely derived from m arine fish normally

used as a diet ingredient (7 ) . A high 
level of polyunsaturated dietary fa t also 
suggests not only an accentuated require
m ent for tocopherol but also its loss during 
oxidation of these labile fats during diet 
preparation and storage.

Ceroid, a yellow-brown, acid-fast pig
m ent which has been related to the autoxi- 
dation of polyunsaturated fatty acids and 
to vitam in E deficiency (8 )  has been 
described in  fishes suffering from vari
ous pathological conditions including 
suspected nutritional deficiencies and he
patom a (9 ) . A condition known as liver 
lipoid degeneration in which ceroid occurs 
in the liver is frequently found associated 
with the hepatom a prevalent in  some 
European rainbow trout (1 0 ) . Although 
the etiology of liver lipoid degeneration 
has not been defined, it may result from 
the occasionally rancid marine-fish com
ponents of the diet. Although ceroid has 
not been directly implicated in rainbow 
trout hepatom a in  the United States (1 1 ) , 
abnormal lipid metabolism is being inves

R eceived  for p u b lication  M ay 14, 1964.
1 W estern F ish  N u tr ition  Laboratory.
2 In stitu te  o f  M arine R esources, U n iversity  o f  

C alifornia.
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tigated as one vector in this disease.3 The 
requirem ent of a-tocopherol for the pre
vention of ceroid and for the protection 
of unsaturated  body fat during intake of 
polyenoic dietary fats has not been thor
oughly studied in  salmon.

The present experim ents reported were 
undertaken to determ ine whether a-to
copherol is essential in  the diet of Chinook 
salmon ( Oncorhynchns tshaw ytscha '), to 
record the deficiency syndrome, to deter
mine whether the level of dietary fat 
affects the requirem ent, and to establish 
m inim al needs in one set of experim ental 
conditions. Feeding trials were conducted 
during the spring and sum m er of 1961 
and 1962 and were preceded by prelim 
inary investigations during 1959 and
I960 .1

EXPERIMENTAL

1961 Feeding trials. Table 1 lists the 
various dietary param eters investigated in 
1961. The herring oil used in  most of the 
diets was purified by molecular distillation 
and was found to contain 96 ng of a-to- 
copherol/g of oil. It thus contributed 
approximately 0.1 or 0.5 mg of tocopherol 
to each 100 g of dry diet containing 1 and 
5% of herring oil, respectively. Composi
tion of the diets is listed in  table 2. All 
diets were isonitrogenous and those con
taining the different fa t levels were con
sidered isocaloric, assum ing 4 g of fa t to 
be the caloric equivalent of 9 g of sucrose. 
Sufficient dry ingredients for approxi
mately 3 kg of diet were weighed, thor
oughly blended in a twin-shell blender and 
stored at 2° in sealed glass containers 
until needed. Oil mixes for each dietary

TABLE 1
Type and level of  fats and levels of a-tocopherol 

fed to chinook salmon (1961)

Fat a-Tocopherol added
g/100 g dry food m g /100 g dry food

Trilinolein 1 1 10 20 40 80
Herring oil 2 1 0 10 20 40 80
Herring o i l 2 5 0 10 20 40 80
Corn oil 1 40
Corn oil 5 40

1 H igh  purity tr ilin o le in  obtained from  H orm el In 
stitu te, R ochester, M innesota.

2 Purified by m olecu lar d istilla tio n  and fou n d  to 
con ta in  96 fig tocop h ero l/g . A s in g le  lot o f o il w as  
used for both 1961 and 1962 experim ents. Oil w as  
kin d ly  supplied  by Fishery T ech n olog ica l Laboratory, 
Bureau o f C om m ercial F isheries, Seattle, W ashington.

TABLE 2
Diet composit ion for a-tocopherol 

studies on salmon 1

1% Fat 
diet

5% Fat 
diet

9 9
Vitamin-free casein 48 48
Sucrose 34 25
M ineral m ixture 2 4 4
Vitam in, am ino acid 

su pp lem en t3 10 10
/3-Carotene 4 1 1
a-Cellulose 0 5
CMC 5 2 2
Oil m ixture 6 1 5
Water 100 100

1 Ingred ien ts u n less oth erw ise  noted  w ere obtained  
from  N u tr ition a l B ioch em ica ls  Corporation, C leveland.

2 Sam e as N ico la id es  and W oodall (1 3 ) .  0
3 V itam in supplem en t sam e as N ico la id es  and W ood- 

all (1 3 )  p lu s L-arginine, 1.5 g and L-cystine, 0.5 g, 
tota l w e igh t adjusted  to 10  g w ith  a-cellulose.

4 Two m illigram s /3-carotene m ixed  w ith  1 g a- 
cellu lose.

5 C arboxym ethyl-cellu lose, Hi-Vis grade (H ercu les  
Pow der Com pany, W ilm ington , D e law are).

6 T rilin o le in , corn o il or herring o il tr ig lycerid es  
co n ta in in g  5 fig v ita m in  D 3 and th e appropriate  
am ou nt o f dl-a-tocopherol (free  a lco h o l) for  in d i
v id u a l diets (ta b le  1 ).

regimen were prepared in sufficient quan
tity for approximately one-half of the feed
ing trial and were stored at 2° in nitrogen- 
filled serum bottles fitted with sleeve-type 
stoppers. For diet preparation, sufficient 
dry mix for 1 to 3 days of feeding was 
weighed into wide-mouth, screw-cap jars 
after which the correct am ount of oil 
m ixture was transferred from the oil m ix
ture storage bottle by syringe and added 
to the dry mixture. The appropriate 
am ount of water was then added and the 
diet was thoroughly blended with a spa
tula. The diet hardened to a stiff dough- 
like consistency, and was then ready to be 
fed. Between feedings the diet jars were 
tightly capped and stored at 2°.

In a prelim inary experim ent a study 
was made to determine the stability of the 
diets. They were freshly prepared and 
stored as above and samples were removed 
at time intervals for indication of peroxi
dation by the thiobarbituric acid method
(12). Thiobarbituric acid values rem ained 
low for only 24 hours in  diets having no 
added tocopherol and for periods longer 
than a week for diets containing tocoph

3 A sh ley , L. M., and J. E. H alver 1961 H epato- 
m agen esis  in  rainbow  trout. F ederation  Proc., 20: 
241 ( a )  (a b stra c t).

4 Prelim in ary experim ents o f N . N ico la id es  (p resen t
address, U niversity  o f Oregon M edical S ch oo l) and
A. N . W oodall in  th is  laboratory 1958-1960 .
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erol. Accordingly, diets having no tocoph
erol supplement were prepared fresh each 
m orning and those containing tocopherol 
were prepared approximately every 3 days. 
Thiobarbituric acid values of diets as fed 
were checked during the feeding trial. At 
no time was a significant level detected.

The fish used were hatched from eggs 
of a single day’s take at the Spring Creek 
National Fish Hatchery. After the yolk 
m aterial had been absorbed the fish were 
fed a fat- and tocopherol-free basal ration 
(the 1% fat diet, table 2, with fa t and 
tocopherol deleted) for a 2-week period 
when all were actively feeding. Fish were 
sejected at random  and were hand counted 
into the experim ental troughs for the start 
of the feeding trial.

The diets containing herring oil trigly
ceride or corn oil (corn oil diets were in 
cluded to serve as controls for the u n 
tested herring oil triglycerides) were fed 
to duplicate lots of 300 Chinook salmon 
fingerlings, and the diets containing tri- 
linolein were fed to single groups of 200 
fingerlings. Each group was raised in 
individual hatchery troughs supplied with 
10 liters per m inute of well w ater at 10°. 
Other details of fish care, feeding and 
weighing are essentially the same as re
ported previously (1 3 ). The fish were 
observed for abnormal behavior to define 
grossly apparent symptoms of deficiency.

At the end of the 24-week feeding trial 
the samples were prepared and examined 
for the identification of various facets of 
the deficiency syndrome as follows.

Five fish from each lot were preserved 
in Bouin’s fixative. Subsequently, tissues 
including eye, brain, heart, gills, both 
hemapoietic and excretory kidney, liver, 
spleen, pancreas, esophagus, intestine, 
gonad and body wall (m uscle, dermis, 
epidermis and scales) were dissected, em 
bedded in paraffin and sectioned at 5 u. 
Histopathological exam ination was made 
of tissue sections stained with hem atox
ylin and eosin. Confirmation of ceroid 
was made with periodic acid Schiff 
(PAS) stained sections.

Hematological determ inations including 
erythrocyte counts, micro-hematocrits, and 
hemoglobin were made by methods pre
viously described (1 4 ). Blood smears 
were stained with W right’s stain to accen

tuate morphological changes. Erythrocyte 
size was determined by m easuring lengths 
and widths of typical cells with the aid of 
a m icrometer eye piece at a magnification 
of 800 X. Since micro-hematocrit values 
and cell counts had indicated that a dif
ference in  cell size existed only between 
the groups fed the 2 tocopherol-free her
ring oil diets and their supplemented 
counterparts, cell sizes were determined 
for these groups only. The percentage of 
polychromatocytes was determ ined in a 
typical 500-cell field on 4 to 5 separate 
slides from each group fed the herring oil 
diets. Additional samples of blood were 
obtained from fish fed the 5% herring oil 
diets for erythrocyte fragility tests (1 5 ).

Approximately 100 g of fish were taken 
for proximate analysis (m oisture, protein, 
lipid and ash) by methods previously de
scribed (1 6 ). Additional 100-g samples 
were removed from selected groups for 
determ ination of stored tocopherol and 
fatty acid distribution. To prepare these 
samples for analysis the lipids were ex
tracted from the fish by the method of 
Folch et al. (1 7 ). The solvent was re
moved under reduced pressure in a rotary 
evaporator and the lipids were transferred 
to tared vials. To insure the absence of 
oxygen, the vials were filled with nitrogen 
and evacuated 3 times. After coming to 
constant weight, the evacuated vials were 
quickly flame-sealed and stored for analy
sis. During all stages of extraction, puri
fication and concentration, the lipids were 
protected from air oxidation by a nitrogen 
atmosphere.

Tocopherols were m easured by the Eg- 
gitt and W ard (1 8 ) method, modified by 
2 changes as follows: the saponification 
time was increased from 3 to 5 m inutes 
and the sterols were removed on the Flor- 
idin-earth column without prior crystalli
zation from m ethanol. Reducing m ate
rials to the Emmerie-Engel color reaction 
were determined by paper chromatog
raphy. If any artifacts were present the 
determ ination was rerun. Only a-tocoph- 
erol was present in the fish oils. The 
completeness of the method was confirmed 
by determ ining the recovery of 90 ug of 
standard tocopherol added to a separate 
aliquot of the extracted fish oils.
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Fatty acids were m ethylated by the di- 
methoxy-propane method of Radin et al.
(1 9 ). The methyl esters were analyzed by 
gas chromatography with a column of di
ethyl glycol succinate on siliconized fire 
brick (3 0 /6 0  m esh) (Aerograph Model 
A-110-C). Column tem perature was 205°. 
Hydrogenation by the m ethod of Farquhar 
et al. (2 0 ) was used to help identify fatty 
acids. The peaks were m easured by the 
method of Carroll (2 1 ).

1962 Experiments. In the 1962 feeding 
trials, the a-tocopherol requirem ent of chi- 
nook salmon fed a diet containing 5% of 
herring oil triglycerides was further in 
vestigated. Levels of added tocopherol

were: 2.5, 5.0, 10, 20 and 40 m g/100  g of 
dry diet. Duplicate lots of 300 chinook sal
m on fry were fed the diets for 24 weeks. 
Other details of the feeding trial were iden
tical with the previous year’s study with 
the m inor exceptions that the 3-carotene 
supplem ent was dispersed in the oil m ix
ture ra ther than  in  the cellulose, and the 
oil m ixtures were stored in  brown, screw- 
cap bottles ra ther than  in  serum  bottles. 
The oil m ixtures showed no increase in 
thiobarbituric acid value during the 24- 
week period.

At the term ination of the feeding trial, 
samples of fish from all groups were pre
pared for histopathological exam ination

TABLE 3
Response of chinook salmon to graded levels of a-tocopherol in diets containing 1% of 

tri linolein, 1 and  5% of herring oil triglycerides and 1 and 5% of corn oil (1961)

Avg weight Body composition 2
Diet fed 1 Mortality

Start weeks Gain h 2o Protein Fat Ash

9 9 9 % % % % %
l-L -1 0 0.45 2.59 2.14 13 78.2 78.1 8.2 13.0
l-L -2 0 0.46 2.76 2.30 8 80.9 77.1 12.2 12.5
1-L—40 0.45 2.82 2.37 12 81.7 76.6 13.6 12.8
l-L -8 0 0.46 2.84 2.38 8 80.9 77.4 15.2 11.9

1-H-O 0.45 2.96 2.51 19 76.0 81.4 7.4 12.9
l-H -1 0 0.45 3.22 2.77 20 76.7 76.3 12.1 12.3
l - H -2 0 0.47 3.41 2.97 15 80.0 74.4 17.4 11.6
1—H—40 0.45 3.23 2.78 14 81.0 74.9 15.2 12.0
l-H -8 0 0.46 3.42 2.96 14 76.0 78.0 9.9 12.4
5-H-O 0.45 4.28 3.83 44 81.8 72.9 17.7 12.2
5 -H -1 0 0.45 6.49 6.04 31 78.5 70.2 21.1 10.4
5 -H -2 0 0.46 6.95 6.49 30 77.5 69.8 22.3 10.3
5—H—40 3 0.46 7.00 6.54 24 — — — __
5 -H -8 0 0.45 6.52 6.07 24 78.3 70.0 21.1 10.4
l-C -4 0 0.44 2.54 2.10 25 80.9 75.6 15.5 11.9
5—C—40 0.44 3.47 3.03 24 81.9 76.1 16.4 11.6

1 Diet code as follows: 1st number = %i fat; letter = kind of fat; L = trilinolein, H -  herrine oil
triglycerides; C = corn oil; last number = level of tocopherol added (mg/100 g dry diet).2 Protein, fat and ash as percentage of moisture-free fish.

3 Body composition values were invalid, lack of sample prevented repeat.

TABLE 4
Response of chinook salmon to graded levels of a-tocopherol in diets

containing 5% of herring oil (1962)

Tocopherol
Avg weight

Feed 1
Start weeks Gain

y Mortalityadded efficienc h 2o Protein Fat Ash

mg/100 g 9 9 9 % % % % %
2.5 0.48 7.69 7.21 0.54 29 78.7 71.4 19.5 11.3
5.0 0.48 7.97 7.49 0.55 27 79.3 70.6 19.0 11.1

10 0.48 7.46 6.98 0.52 38 79.3 68.5 20.0 11.7
20 0.48 7.79 7.31 0.58 24 79.3 70.1 20.5 11.5
40 0.48 7.96 7.48 0.65 23 79.0 70.7 19.7 11.5
1 Gain per gram dry food fed.
2 Protein, fat and ash as percentage of moisture-free fish.
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and were analyzed for stored tocopherol, 
fatty acid distribution and body composi
tion.

RESULTS

Growth. The growth perform ance of 
the fish fed the various diets in  the 1961 
and 1962 feeding trials is summarized in 
tables 3 and 4, respectively. Weight dif

ferences as a response to level of a-tocoph- 
erol fed were statistically evaluated by 
analysis of variance (2 2 ). The group fed 
5% herring oil triglycerides without to
copherol supplem ent (5-H-O) gained sig
nificantly less ( P < 0 .0 1 )  than  the fish 
receiving the same diet with the supple
ment. Also, the gain of fish fed the 1% 
herring oil diet without supplem ent (1-H-O)

TABLE 5
Composition of salmon lipids,  1961 feeding trial

Diet fed 1 Tocopherol 2
Non-

saponifiable
matter Palmit

oleic

Principal fatty acids 

Oleic Linoleic Linolenic

i+g/9 Hpid % 9o % % %
1—L—10 155 ± 3 3 i i 13 39 19 tr.
1—L—40 294 ± 4 6 10 15 35 16 1.5

1-H-O 279 ± 0 12 16 40 3 2
1—H—40 293 ±  22 10 16 44 3 1.5

5-H -O  104 ±  16 13 13 38 2.5 6
5—H—40 389 ± 2 1 27 12 39 2 8

1-C—40 306 ± 3 8 11 17 41 10 2
5—C—40 561 ± 8 11 5 40 21 1.5

1 See footnote 1, table 3 for diet code.
2 Two determinations per sample.

Palmitoleic; palmitic acid was present to the extent of 13 to 20% in oils.

TABLE 6
Percentage fa t ty  a>cid composit ion of salmon lipids (1962)

Fatty Dietary tocopherol supplement, m g /100 g dry diet
acid 1 2.5 5.0 10.0 20.0 40.0

% % % % %
8:0 tr i tr tr tr

10:0 tr — tr tr tr
12:0 tr tr tr tr tr
14:0 5 5 5 5 5
15:0 0.4 0.6 0.5 0.5 0.5
16:0 12 13 15 14 14
16:1 9 10 11 10 10
16:2 1 1 1 1 1
18:0 4 3 4 3 4
18:1 26 26 30 27 29
18:2 2 3 tr 3 3
18:3 8 9 8 8 8
20:4 7 7 7 6 7
20:5 6 6 6 5 5
21:0 3 3 3 4 3
22:5 1 1 1 1 1
22:6 12 10 10 13 10
24:0 2 1 2 1 1

Total 98.4 98.6 103.5 101.5 101.5

Tocopherol, y g /g  lipid 23 24 78 121 248
Recovery of added

tocopherol,2 % 93 90 93 94 106

1 Represents number of carbon atoms in chain; the number after the colon represents the number 
of double bonds.

2 Recovery of the 90 ¡ig of standard a-tocopherol added to a separate aliquot of the fish oils.
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was less than  the rem ainder of this group 
(P <  0.05). Differences in growth re
sponses of the fish fed diets containing the 
trilinolein could not be tested statistically 
as the diets were fed to single lots of fish, 
and individual fish weights were not de
termined. There was no significant dif
ference in weight gain in the fish fed the 
diets containing 5% of herring oil trigly
cerides with added increm ents of tocoph
erol in the 1962 experim ent (table 4).

A comparison of body composition of the 
fish fed the various diets showed that a 
greater amount of lipid was accum ulated 
by the fish fed diets containing a larger 
am ount of fat. It also indicates that the 
decreased growth due to tocopherol de
ficiency was accomapnied by a lower lipid 
content of the fish.

Analyses of fish lipids. Levels of stored 
tocopherol in the fat of the salmon from 
selected groups in the 1961 feeding trial 
and all of the groups in  the 1962 feeding 
trial are presented in tables 5 and 6, re
spectively. These tables also show the 
fatty acid distribution in  the extracted fat 
of these fish.

Although the tocopherol stores generally 
reflected the level at which it was fed, there 
are a num ber of inconsistencies for which 
there is no ready explanation. The tocoph
erol content of the fish fed diet 1-H-O 
(table 5) was inexplicably high. The to

copherol content of the fish fed diets con
taining 2.5 and 5.0 m g /100 g tocopherol 
in  1962 (table 6) was m uch lower than 
that from the tocopherol-deficient fish the 
preceding year. A possible explanation of 
the latter is that oxidation of the extracted 
oil had taken place in  1962 with resultant 
loss of tocopherol. Although this may 
have happened, oxidation could not have 
been very great since there was no indica
tion of significant change in the distribu
tion of the more labile, highly unsaturated 
fatty acids (table 6).

The influence of dietary fat on the fatty 
acid distribution in the fish lipids is dem 
onstrated clearly in tables 5 and 6 and al
though this has only partial bearing on 
tocopherol deficiency, it merits separate 
mention. The levels of oleic and palmit- 
oleic acids rem ained the same regardless of 
type or level of fat fed or of the am ount of 
fa t deposited in the fish (table 3). The in 
creased linoleic acid content in the fish fed 
trilinolein or corn oil was dramatic. There 
was a similar increase in the linolenic acid 
content of the fish fed the 5% herring oil 
diets (5-H-O and 5-H-40). The smaller 
percentage of linoleic and linolenic acids 
in  the fish fed diets containing 1 % of corn 
oil or herring oil, respectively, as compared 
with the fish fed 5% of these fats is prob
ably due to the fact that more of these fatty

TABLE 7
Average hematological values for salmon following 1961 feeding trial

Diet fed 1
Avg

erythrocyte
count

Hematocrit Hemoglobin Erythrocyte
fragility Polychromatocytes

per mm3 x 10 ~ 6 % packed cells g/100 cm3 % NaCl2 %
l-L -1 0 1.21 30.6 8.5

20 1.14 29.7 —
40 1.21 28.3 6.2
80 0.91 25.1 7.7

1-H-O 0.98 24.0 5.4 1 1 .8 ±  1.6 3
10 1.03 31.2 9.3 12.9 ±  0.8
20 1.06 32.9 9.5 14.4 ± 1 .9
40 1.16 34.9 9.1 12.0 +  0.9
80 1.01 33.2 8.2 13.7 +  2.5

5-H -O 0.48 13.7 4.0 0.50 22.4 +  4.5
10 1.18 35.2 10.1 0.42 13.1 +  0.3
20 1.13 36.0 10.3 0.42 12.8 +  0.2
40 1.14 33.3 8.7 0.46 14.7 +  0.8
80 1.18 34.0 9.1 0.44 1 4 .0 + 1 .9

5—C—40 0.95 27.3 6.9 0.44

1 See footnote 1, table 3 for diet code.
2 Per cent NaCl at which hemolysis starts (in 5-H-O group hemolysis was usually complete at 

this level).
3  SE.
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acids were used for energy by the fish fed 
the diets containing less fat.

Hematology. Hematological determ ina
tions for the 1961 feeding trial are sum 
marized in  table 7. Erythrocyte counts, 
m icro-hematocrits and hemoglobin values 
show that the fish fed the diet containing 
5% of herring oil with no tocopherol sup
plement (5-H-O) became severely anemic. 
There was a significantly (P  <  0.05) in 
creased percentage of polychromatocytes 
(juvenile erythrocytes) in this group com
pared with that of the groups fed this diet 
with tocopherol supplem entation. There 
was no significant difference in percentage 
of polychromatocytes in the groups of fish 
fed diets containing 1% of herring oil. 
A comparison of erythrocyte size in the 
fish fed the unsupplem entad herring oil

diets with that of the fish fed diets con
taining the same level of herring oil with 
tocopherol supplement showed that the 
m ean size of the erythrocytes from the 
unsupplem ented fish was significantly 
sm aller (P  <  0.05) than from the supple
m ented ones. Mean values for these m eas
urem ents were (in  microns ±  s e ) :  13.9 ±  
0.4 X 7.8 ±  0.2 and 15.7 ±  0.2 X 8.9 ± 
0.1 for the fish fed diets containing 1% of 
herring oil (unsupplem ented and supple
m ented, respectively) and 14.3 ±  0.3 X
7.8 ± 0 .1  and 15.8 ±  0.3 X 9.2 ±  0.1 for 
the respective groups fed the 5% of herring 
oil diets. Figure 1 illustrates some of the 
morphological changes described.

Histopathology. In view of the pro
nounced anem ia produced, remarkably lit
tle tissue pathology was observed. The

® ^  \ •
Fig. 1 A. Erythrocytes from chinook salm on fed  a diet containing 5%  of herring oil w ith no 

tocopherol supplem ent. Illustrates erythroblast (round cell w ith scant cytoplasm ). The cell at upper 
center and the 2 cells adjacent to the erythroblast which show slightly rounded granular nuclei are 
considered polychrom atocytes and the rem aining cells would be considered normal. W right’s stain. 
X 1500. B. Normal-appearing erythrocytes from a chinook salm on fed a com plete test diet. A few  
late polychrom atocytes (having slightly rounded granular appearing n u clei) can be seen. W right’s 
stain. X 1500.
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most pertinent pathology included clubbed 
gill lamellae, epicarditis and moderate 
ceroid deposition in the spleen. These ab
normalities were most pronounced in  fish 
fed the diet containing 5% of herring oil 
without supplem entation, were somewhat 
less in  incidence and severity in the fish 
fed unsupplem ented diets containing 1% 
of herring oil and were not observed in 
any of the fish fed tocopherol-supplemented 
diets. These changes are illustrated in fig
ure 2.

Other tissue pathology was observed 
which did not appear to be correlated to 
tocopherol deficiency since it was common 
to all groups; pathology noted included 
moderate-to-severe vacuolization of liver 
cells, unidentified blue-gray casts in renal 
tubules and fatty degeneration in hemo
poietic kidney tissue.

Tissues from fish in  the 1962 feeding 
trial seldom showed any of the specific 
histopathological changes noted above 
for tocopherol deficiency. The non-specific 
pathology was again noted.

Grossly visible symptoms which might 
be attributable to tocopherol deficiency and 
which were most frequently observed were 
exophthalm ia and ascites. Although these 
conditions are occasionally observed in sal- 
monid fingerlings and were noted to some 
extent in  all groups in the present study, 
they were most pronounced in  those groups 
fed diets having no tocopherol supplement. 
The eyes of affected fish projected well be
yond the contour of the head, and the body 
cavity, being filled with fluid, gave the fish 
a "pot-bellied” look quite unlike their nor
mal appearance. Affected fish frequently 
were lethargic.

DISCUSSION

We have attem pted to m easure the effect 
on chinook salmon of an a-tocopherol de
ficiency, uncom plicated by other factors 
such as the deficiency of sulfur-containing 
amino acids or selenium factor-3. The ad
dition of 0.5% of L-cystine to the basal ra 
tion which included 48% of vitamin-free 
casein (reported (23 ) to contain selenium 
factor-3), should have kept these factors 
from being limiting. We have not at
tempted to m easure directly the protective 
effect which a-tocopherol affords the ani
mal to products of peroxidative rancidity,5

indeed we used m easures to prevent the 
occurrence of oxidative changes. A con
sideration of total tocopherol requirem ents 
m ust take this factor into account, but the 
first problem was to describe an uncom pli
cated deficiency.

Most of the deficiency symptoms which 
were observed — ceroid, edema, anem ia 
and erythrocyte fragility are sim ilar to 
those noted for other anim als (2 4 ).

Neither clubbed gill lamellae of fish, nor 
involvement of lung tissue in  other an i
mals, has to our knowledge been noted 
previously in  tocopherol deficiency. Unlike 
lung tissue, the gill has functions in  addi
tion to respiratory exchange, serving alse 
as a site of both osmoregulation and excre
tion of nitrogenous waste (2 5 ). In view of 
the latter and the known relationship be
tween a-tocopherol and the development of 
creatinuria in the ra t (2, 26), the involve
m ent of gill tissue merits additional in 
quiry. Clubbing of gill lamellae has also 
been noted in a pantothenic acid deficiency 
syndrome in the chinook salmon (2 7 ) and 
in the various species of trout (2 8 ). Wood 
and Yasutake (29 ) summarized m any of 
the causes of clubbed gills which were 
then known, and illustrated the typical 
morphological changes of the gill induced

5 Interim  reports on experim ents on the protective  
effect o f tocopherol to ch inook  salm on  fed  d iets con 
ta in in g  ox id ized  o ils  w ere presented  at N . W. F ish  
C ultural C onference by Tom  M cKee, O regon F ish  
C om m ission , and D uncan  Law, O regon State U n iver
sity in  D ecem ber 1959 and by others in  1960. Private  
C om m unication  w ith  Mr. L aw  in d ica tes  th at a m an u 
script is  in  preparation.

Fig. 2 A. Gill filam ents from chinook salm on  
fed diet containing 5% of herring oil w ith no to
copherol supplem ent, illustrating clubbed gill 
lam ellae. H & E. X 100. B. Gill filam ents from  
chinook salm on fed a diet containing 5% of 
herring oil supplem ented w ith 10 m g a-tocoph
e r o l/100 g dry diet. C. Heart tissue from  chinook  
salm on fed a diet containing 5% of herring oil 
w ith no tocopherol supplem ent illustrating endem- 
atous epicardium. H & E. X 250. D. Heart 
tissue from chinook salm on fed a diet containing  
5%  o f herring oil supplem ented w ith  10 m g of 
a-tocopherol/100 g dry diet. H & E. X 250. E. 
Spleen tissue from chinook salm on fed  a diet 
containing 5% of herring oil w ith  no tocopherol 
supplem ents. Sharply defined black areas are 
m elanin  granules, and black-to-grey areas w ith  
blurred edges are ceroid globules. In color the 
latter are dark red against the pale red back
ground, and the former are black and hence more 
easily differentiated than illustrated here. PAS. 
X 600.
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by these various factors. These authors 
pointed out the differences in the gill 
lesion produced by nutritional (pantothenic 
acid) deficiency and lesions produced by 
external contam inants. From these de
scriptions and illustrations we conclude 
that the gill lesion observed in the tocoph
erol-deficient fish was not of external 
origin.

Some of the erythrocyte changes noted 
in the tocopherol-deficient fish, such as de
creased size, increased percentage of juve
nile forms and increased fragility, suggest 
that the anemia results from prem ature 
erythrocyte breakdown rather than  from a 
deficiency of blood-forming elements or en
zyme co-factors norm ally associated with 
the form ation of the heme moiety. It is 
possible to postulate that in tocopherol de
ficiency the more fragile erythrocytes have 
a shortened life span causing increased 
hemopoiesis. Where deficiency is less pro
nounced as with the unsupplem ented 1% 
herring oil diet, the fish m aintained a near 
norm al red cell count, but the newly-re- 
leased cells being smaller, resulted in re
duced hem atocrit and hemoglobin. In fish 
fed the unsupplem ented diet containing 
5% of herring oil the destruction of cells 
was more rapid and pronounced anemia 
resulted.

The 1961 experim ent clearly demon
strated that a-tocopherol is required by 
chinook salmon; that the requirem ent was 
accentuated by a diet containing 5% of 
herring oil compared with one containing 
only 1% ; and that 10 mg of a-tocopherol,/ 
100 g of dry diet were sufficient to prevent 
the occurrence of recognizable aspects of 
the deficiency syndrome. Since the evi
dence of positive requirem ent appeared un 
equivocal, an unsupplem ented control 
group was not included in the 1962 ex
periment. Although it is attractive to base 
an evaluation of the tocopherol require
m ent on the failure of the diet supple
m ented with 2.5 or 5.0 mg of a-tocopherol 
to result in significant storage of this vita
m in (th a t is, to consider the lack of stor
age as an indication of potential biochem
ical lesion, since no m easurem ents of any 
actual biochemical lesion such as creatin- 
uria (2 6 ) or the hemolysis test proposed 
for the definition of the tocopherol require
m ent of the ra t (30, 31) were m ade), such

a projection seems prem ature. In  addi
tion, no growth differences were noted nor 
were any specific tissue pathologies ob
served. We thus conclude that the a-to
copherol requirem ent of chinook salmon 
fed a diet containing 5% of herring oil tri
glycerides under the experim ental condi
tions described is between 0.5 (contributed 
by the herring oil) and 3.0 m g /100 g of 
dry diet.
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Effect of the Level of Dietary Protein on the Toxicity of 
Dieldrin for the Laboratory R at* 1

MELVIN LEE, KATHLEEN HARRIS a n d  HENRY TROWBRIDGE
Departm ent of Preventive Medicine, and Departm ent of Pathology.  
University of California School of Medicine, San Francisco, California

ABSTRACT  Male Long-Evans rats were fed  low (1 0 % ) and high (2 5 % ) protein 
diets containing zero, 100, 150, and 200 ppm of dieldrin. At all levels of dieldrin, w ith  
high and low  protein diets, there was an in itial slight suppression of growth for 2  to 
6 days. From day 6 to 31 there was a continued slight suppression of growth among 
all anim als ingesting 150 or 200 ppm of dieldrin. Marked mortality occurred among  
anim als ingesting 200 ppm of dieldrin w ith either low or high protein but also among 
anim als ingesting 150 ppm of dieldrin w ith the low  protein diet. Neither kidney nor 
heart w eight were altered in any m eaningful pattern w ith either protein diet. Liver 
weight was significantly increased at all levels of dieldrin intake with high protein but 
not low protein diets. Glucose-6-phosphate dehydrogenase and transam inase activities 
were not altered by dieldrin ingestion w ith low  or high protein. Stress response, as 
measured by sw im m ing tim e, was not affected in  any consistent m anner and body fat. 
as a percentage of total body weight, was the sam e in  all groups. W ith low protein  
diets, but not high protein diets, at all levels of dieldrin ingestion, there w as a signifi
cant increase in  liver lipids. Vitamin A per gram of liver was decreased in all dieldrin  
groups ingesting either low or high protein diets. However, total liver vitam in A was 
decreased in  the low  protein group at 150 and 200 ppm of dieldrin but in the high  
protein group only at 200 ppm of dieldrin. Kidney and cardiac m uscle exhibited no 
alterations that could be ascribed to dieldrin ingestion. Livers of rats ingesting dieldrin 
exhibited cellular edem a and fatty infiltration. These changes were more marked in 
anim als fed low protein diets than in  anim als fed high protein diets.

Compounds of the chlorinated hydro
carbon group of pesticides (DDT, dieldrin, 
aldrin, endrin, and related substances) ex
hibit a marked toxicity for m am m als. The 
most striking feature of intoxication with 
these agents is central nervous system 
excitation, leading to epileptiform convul
sions, and term inating in  respiratory fail
ure and death (1 -6 ) .  However, at suffi
ciently high levels of ingestion there may 
also be a suppression of food intake, with 
consequent growth inhibition or weight 
loss (7—8).

There are indications of degenerative 
changes in hepatic tissue and of enlarge
m ent of the liver relative to body weight 
(9 -1 1 ) . Sarrett and Jandorf (8 )  reported 
that rats receiving DDT had, in addition 
to increased liver weight, a significant in 
crease in  liver lipids (expressed as per
centage of liver w eight), and a significant 
decrease in  liver phospholipid and choles
terol (expressed as percentage of liver 
total lipid.)

Recently Phillips (12 ) reported that 
DDT ingestion by rats, even at relatively

low concentrations, results in decreased 
vitam in A storage in the liver, expressed 
either as vitam in A per gram of liver or 
total vitam in content of the whole liver.

In addition to these effects, a large 
num ber of metabolic alterations have been 
reported, such as increases in plasm a po
tassium , lactate, and glucose, but not in 
calcium, sodium, magnesium , or sulfate
(1 3 ), as well as slight changes in brain 
glutamic acid and glutam ine (1 4 ) , but not 
in  cholinesterase (1 5 ) , phosphatase, or ar- 
ginase (6 ) . A large num ber of glycolytic 
enzymes were dem onstrated to be u n af
fected by these pesticides (13 ).

Khairy (16 ) has stated that ingestion of 
dieldrin by ra ts does not im pair learning 
ability but that it does lead to deterioration 
of m uscular efficiency.

Little or no attention has been directed 
toward the effect of diet composition on 
the toxicity of these pesticides. The

R eceived  for p u b lication  April 24, 1964.
1 T hese studies w ere supported by a grant from  the  

R esearch C om m ittee o f the A cadem ic Senate, U n iver
sity  o f C alifornia School o f M ed icine, San F rancisco , 
C alifornia.
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hepatic alterations (fatty  infiltration, 
hydropic degeneration, focal necrosis) 
observed following their ingestion suggest 
that such investigation would be fruitful, 
particularly with respect to variations in 
the protein content of the diet. Further
more, the general question of dietary 
influences on toxicity has received some 
degree of attention. For example, Packm an 
et al. (1 7 ) dem onstrated that diet compo
sition affects arsenic trioxide toxicity, and 
Meyer (18, 19) showed that diet composi
tion exerts a modifying influence on so
dium cyanide toxicity and on resistance 
to diphtheria toxin. According to Ambrose
(2 0 ) the acute toxicity of rotenone is 
reduced, but the chronic toxicity is en
hanced, by feeding a diet high in fat.

In the investigations reported here we 
have examined the effect of dietary protein 
intake on several param eters of dieldrin 
toxicity. These include growth and body 
composition, mortality, organ weights, en
zyme activities, vitam in A metabolism, 
liver histology, and resistance to stress.

METHODS

Male Long-Evans rats were used for all 
experiments. They were obtained from an 
established commercial dealer and when 
received weighed 125 to 145 g. After 
assignm ent to groups of approximately 
equal weight distribution, the anim als were 
housed in individual screen-bottom cages. 
W ater was given ad libitum.

The low protein diet had the following 
composition: (in  grams per 100 g) vita
min-free casein, 10; cottonseed oil, 8; TJSP 
XIV salt m ixture, 4; vitam in m ix,2 2.2; 
polyvinylpyrrolidone, 4; cellulose, 3; and 
powdered sugar, 68.8. The high protein 
diet differed only in that the vitamin-free 
casein was increased to 25 g per 100 g, at 
the expense of the powdered sugar. Both 
diets were prepared as coarse powders or 
granules. Dieldrin 3 was added to portions 
of each diet to achieve concentrations of 
zero, 100, 150, and 200 ppm. All diets 
were fed ad libitum, and the amount of 
food was determ ined by weighing the 
uneaten portion. Animals were weighed 
every fourth day. A few anim als, including 
some of the controls, refused to eat from 
the first day and soon died. These were 
omitted from the recorded results.

All anim als were observed at least twice 
daily and dead anim als noted and dis
carded. At the end of either two or four 
weeks the surviving ra ts were killed accord
ing to the following procedure.

Animals in  each group were anaesthe
tized with pentobarbital sodium.4 Heart, 
kidneys, and liver were removed and rap
idly weighed to the nearest milligram. One 
portion of liver was homogenized in twice 
its volume of 0.25 m  sucrose and the glu- 
cose-6-phosphate dehydrogenase activity 
was determ ined by the method of Fitch 
et al. (2 1 ). A second portion of liver was 
homogenized in 0.1 m  citrate buffer, pH
7.0 and used for the estim ation of trans
am inase activity (a-ketoglutarate - phenyl
alanine, a-ketoglutarate - aspartate, and 
pyruvic - phenylalanine) according to the 
procedure described in  Colowick and Kap
lan (2 2 ). At the same time a portion of 
liver was homogenized in  95% ethanol 
and total lipids were extracted and m eas
ured by a micro - modification of the 
method of Bloor (23). Another portion 
of liver was dehydrated by grinding with 
anhydrous sodium sulfate and then ex
tracted with diethyl ether, as described by 
Ames et al. (2 4 ). The vitam in A content 
of the extract was determ ined by the 
antimony trichloride reaction (25).

Portions of liver, heart, and kidney were 
fixed in 10% neutral form alin and histo
logical sections were prepared and stained 
with hematoxylin and eosin. Sections of 
liver, but not of the other tissues, were 
also sectioned and stained with Oil Red O.

A separate group of anim als, drawn 
from the treatm ent groups described above, 
was used for swimming stress tests. For 
this test a 5-g weight was attached to the 
tail and the anim al was immersed in a 
cylinder of water that had been chilled to 
5 to 10°. The length of time the anim al 
was able to swim or rem ain afloat was 
m easured with a stop watch. W hen it was 
no longer able to rem ain at the top of the

2 The v itam in  m ix  supplied  the fo llo w in g  am ounts  
of v itam in s: ( in  m g /k g  o f d ie t)  a-tocopherol, 440;
ascorbic acid , 990; in osito l, 110; m en ad ion e, 500; 
p-am inobenzoic acid, 110; n ia c in , 99; riboflavin, 22; 
p yridoxine, 22; th iam in e , 22; Ca pan tothenate, 6 .6 ; 
biotin , 0.44; fo lic  acid , 2 .0 ; v itam in  B 12, 0.3; ( in  g /k g )  
ch o lin e  chloride, 1.65; and v itam in s A and D , 22,000  
u n its /k g  and 2200  u n its /k g , respectively .

:i H exachloro-epoxy-octahydro-dim ethanonaphthalene, 
Shell C hem ical C om pany, E m eryville, C alifornia.

4 N em b u ta l, Abbott Laboratories, Inc., N orth  Chi
cago, I llin o is .



1 3 8 M E L V IN  L E E ,  K A T H L E E N  HARRIS AND H E N R Y  TROW B RIDGE

w ater it was removed and killed for the 
m easurem ent of total body fat.

The determ ination of total body fa t was 
carried out by a modification of the method 
of ffartsook and Herschberger (2 6 ). The 
carcasses were autoclaved at 120° for 
about 2 hours and then placed in a high 
speed blender (3.8-liter capacity, 0.5 hp 
m otor) together with approximately 500 
ml of hot water and blended for 10 m in
utes. The dispersate was strained and the 
m at of hair was extracted two more times 
in the blender, with sm aller quantities of 
hot water. The m at was then discarded 
and the suspension was m ade to volume. 
Total lipid was determined on an aliquot 
of the suspension by a modification of the 
method of Bloor (23). It had previously 
been ascertained that less than  0.4 g of 
lipid was lost in  the discarded m at of hair.

The data obtained were subjected to 
statistical analysis, using the t test (2 7 ) to 
determine significant differences between 
the treatm ent groups.

RESULTS

Figure 1 shows the weight gain of ani
m als fed zero, 100, 150, and 200 ppm of 
dieldrin in  low protein (1 0 % ) and high 
protein (25%  ) diets for 31 days. Only 
data on anim als surviving for the entire 
period were used for the graphs. In the 
low protein groups (fig. 1, left) there was 
slight weight loss during the first 2 to 4 
days the diet was fed, at all levels of di
eldrin. From day 6 to day 31, the average

weight gain in grams per day for each of 
the 4 groups was: zero ppm  (controls), 
2.76; 100 ppm, 2.80; 150 ppm, 2.36; and 
200 ppm, 2.48. Thus, correcting for the 
immediate effects of the diet, there still 
appears to be a slight depression of growth 
at the higher levels of dieldrin. The initial 
weight loss or growth depression is not as 
marked in the case of the anim als ingest
ing dieldrin in the high protein diet (fig. 1, 
righ t), but the grams gained per day from 
day 6 to day 31 are: zero ppm (controls), 
4.88; 100 ppm, 4.88; 150 ppm, 4.68; and 
200 ppm, 4.40, thus exhibiting a sim ilar 
slight depression of growth at higher diel
drin levels.

In tables 1 and 2 are presented m ean 
values and standard deviations for the 
various param eters m easured and table 3 
shows the t values for the statistical com
parisons. Only differences significant at a 
1% level are shown. D ata from anim als 
killed after consuming the diets for 2 
weeks were not markedly different from 
those obtained with anim als killed after 
4 weeks. Therefore, only 4-week data are 
presented.

There is a significant decrease in weight 
gain among anim als ingesting 200 ppm  of 
dieldrin, with the low protein, but not the 
high protein diet. There is a decrease in 
the average num ber of days survived by 
anim als fed both high and low protein 
diets as the level of dieldrin is increased, 
but the variability is so large that only in 
the case of high protein, 200 ppm dieldrin,

Fig. 1 ( left) W eight gains of rats fed low  protein diet w ith zero, 100, 150, and 200 ppm  of 
dieldrin. LPC indicates low  protein controls, and LP, low  protein group, (r igh t)  W eight gains of 
rats fed high protein diet w ith zero, 100, 150, and 200 ppm of dieldrin. HPC indicates h igh protein  
controls, and HP, high protein group.
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is there a statistically significant decrease 
in survival time. However, among anim als 
ingesting 200 ppm of dieldrin there is a 
m arked m ortality which is similar in  ani
mals fed high and low protein diets. There 
is also an increased proportion of deaths 
among anim als ingesting a low protein, 
150 ppm dieldrin diet but not among ani
mals ingesting a high protein, 150 ppm 
dieldrin diet (1 0 /2 0  as opposed to 3 /20 , 
respectively). The grams of body weight 
gained per gram of food eaten or per gram 
of protein eaten (protein efficiency ratio ) 
did not differ significantly when dieldrin- 
fed anim als were compared with their own 
controls.

Kidney weight, expressed as a percent
age of body weight, did not change signifi
cantly in response to diet but heart weight, 
as the percentage of body weight, appears 
to be slightly but significantly decreased 
with low protein diets containing dieldrin, 
but not with high protein-dieldrin diets. 
Animals ingesting a high protein diet with 
100, 150, or 200 ppm dieldrin had signifi
cantly larger livers, expressed as percent
age of body weight, than  did their controls, 
whereas low protein anim als at the same 
dieldrin levels did not.

There was no consistent change in the 
activities of the enzymes m easured (glu- 
cose-6-phosphate dehydrogenase, a-keto- 
glutarate-phenylalanine transam inase, a- 
ketoglutarate-aspartate transam inase, and 
p y ru v a te -p h en y la la n in e  transam inase). 
The few scattered statistically significant 
changes in enzyme activity do not, in our 
opinion, have biological m eaning, but sim
ply represent chance occurrence of signifi
cant differences in a large series of t tests.

The length of time anim als in  the vari
ous groups were able to rem ain afloat in  
the stress test was, to a large extent, pro
portional to their body weight. This is 
shown in figure 2, where swimming time 
is plotted against body weight for all ani
mals tested. Therefore, the data in  table 1 
have been expressed as swimming time 
(seconds) per gram of body weight. The 
only significant change is in  the com pari
son of the low protein controls with the 
low protein 150-ppm dieldrin group. This 
is a result of the short swimming time of 
the low protein diet (150 ppm  dieldrin) 
group.
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TABLE 2
E f f e c t  o f  l e v e l  o f  d i e t a r y  p r o t e i n  o n  b o d y  a n d  l i v e r  l i p id s ,  l i v e r  v i t a m i n  A ,  a n d  s w i m m i n g  t i m e  o f  r a t s  

f e d  s e v e r a l  c o n c e n t r a t i o n s  o f  d i e l d r i n  i n  t h e  d i e t

Group Body fat Liver lipid Vitamin A Vitamin A Swimming
time

% body  zut % l iver  zut l ig /g  liver ¡ ig /l iver s e c / g 
body  zut

Low protein, 0 ppm 12.1 ±  1.0 1 ( 5 ) 2 4.1 ±  0.8 (8  ) 208 ± 1 6 ( 7 ) 1 9 6 0 ±  1 4 9 (7 ) 1 .8 ±  0 .2 (8  )

Low protein, 100 ppm 1 0 .9± 2.5 (8 ) 5 .9 ±  1 .3 (1 0 ) 152 ±  3 0 ( 8 ) 1 6 5 2 ±  5 5 3 (8 ) 1.6 ±  0 .4( 10 )

Low protein, 150 ppm 10.8 ±  3.4 (5 ) 7 .8 ±  1 .9 (3 ) 151 ± 3 5 ( 5 ) 1570 ±  2 3 8 (5 ) 1.1 ±  0 .3 (5 )

Low protein, 200 ppm — 6.2 ±  0 .5 (4 ) 1 5 0 ±  1 1 (4 ) 1407± 80 (4 ) 1.5 ±  0 .2 (4 )

High protein, 0 ppm 1 3 .1 ± 2 .7  (5 ) 4 .8 ± 0 .9 ( 9 ) 1 8 8 ± 2 4 (9 ) 2179 ±  2 3 9 (9 ) 1 .8 ±  0.2( 10 )

High protein, 100 ppm 1 2 .5 ± 1 .4  (6 ) 5 .9 ± 0 .9 ( 8 ) 147 ± 1 9 (7 ) 2054 ± 3 9 0 ( 7 ) 2.0 ±  0 .4 (8  )

High protein, 150 ppm 1 3 .2 ± 1 .2  (6 ) 5 .0 ±  1 .0 (8 ) 139 ± 3 2 ( 7 ) 1994 ± 4 9 3 (7 ) 1.8 ±  0 .3 (9  )

High protein, 200 ppm — 6.1 ±  0 .6 (6 ) 1 2 7 ± 8 (5 ) 187 1 ±  3 0 0 (5 ) 2.1 ±  0 .6 (6 )

1 Mean -+- sd .
2 Numbers in parentheses represent number of animals contributing to each value.

TABLE 3
S t a t i s t i c a l ! c o m p a r i s o n s  o f  d i e l d r i n - f e d  a n i m a l s  z v i th  t h e i r  o iv n  c o n t r o l s

Groups Weight Sur- 
gain vival

Kidney Heart 
weight weight

Liver
weight Body v£ v"m 

±at A/g

Liver Swim- 
vitamin min g 
A, total time

Low protein
0 ppm vs. 100 ppm ns ns ns (7 .6 3 ) ns ns (4 .4 3 ) ns ns
0 ppm vs. 150 ppm ns ns ns ns n s ns (3 .9 0 ) (3 .6 8 ) (5 .5 5 )
0 ppm vs. 200 ppm (3 .1 9 ) (5 .2 9 ) ns (3 .7 2 ) n s ns (6 .3 9 ) (7 .0 9 ) ns

High protein
0 ppm vs. 100 ppm ns ns ns ns (5 .4 5 ) ns (3 .6 7 ) ns ns
0 ppm vs. 150 ppm ns ns ns ns (7 .3 0 ) ns (3 .5 1 ) ns ns
0 ppm vs. 200 ppm ns (5 .7 5 ) ns ns (8 .4 8 ) ns (5 .4 0 ) (2 .1 1 ) ns

1 D ieldrin-fed  (1 0 0 , 150, or 200 p p m ) an im als in gestin g  low  protein  diets are com pared w ith  low  protein  
controls (0  p p m ); d ield rin -fed  an im als in g estin g  h igh  protein  d iets are com pared w ith  h igh  protein  controls. 
Only d ifferences sign ifican t at a 1%  leve l o f confid en ce are show n.

2 N um bers in  parenth eses are th e t  va lu es; “n s ” signifies no s ta tistica lly  sign ifican t difference. T hese rep
resent 4-w eek va lu es only.

M E A N  S W I M M I N G  T I M E  (min . )

Fig. 2 Mean sw im m ing time of rats fed low  
or high protein diets w ith zero, 100, 150, or 200 
parts per m illion of dieldrin, plotted against 
m ean body weight.

Statistical analyses of these data show 
that, when compared with their own low 
or high protein controls, at no level of 
dieldrin is there a significant alteration in 
total body fat. Furtherm ore, comparison 
of low protein and high protein groups 
ingesting the same level of dieldrin (low 
protein 100 ppm vs. high protein 100 ppm, 
etc.) reveal no statistically significant dif
ferences in body fat, as a percentage of 
total body weight.

W ith low protein diets, dieldrin inges
tion at all levels tested results in  a statis
tically significant increase in liver lipids, 
expressed as a percentage of liver weight. 
However, with the high protein diets there 
was no significant change in liver lipids.
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Fig. 3 Photomicrographs of rat liver sections stained w ith Oil Red O. (A ) Low protein control; 
(B )  low protein, 100 ppm dieldrin; (C ) low  protein, 200 ppm dieldrin; (D )  high protein control; 
(E )  high protein, 100 ppm dieldrin; (F )  high protein, 200 ppm dieldrin.

Vitamin A per gram of liver was signifi
cantly decreased at all levels of dieldrin 
with both low and high protein diets, when 
compared with controls. Total liver vita
m in A was significantly decreased at 150 
and 200 ppm of dieldrin in  anim als ingest
ing low protein diets, but only in  those 
anim als ingesting 200 ppm of dieldrin with 
the high protein diet.

Sections of kidney and myocardium, 
stained with hematoxylin and eosin, re 
vealed no significant differences when tis
sues from dieldrin-fed rats (a t any level) 
were compared with their own controls. 
At the same level of dieldrin, high and 
low protein groups did not appear to differ 
from one another.

Pathological changes observed in  the 
livers of dieldrin-treated anim als consisted 
prim arily of cellular edema and fatty de
generation of hepatic parenchym al cells. 
In liver sections stained with Oil Red O, 
stainable fa t was localized chiefly in the 
peripheral zone of the hepatic lobules, al

though a diffuse distribution of fat was 
noted in  some animals. These pathological 
changes were not observed in control ani
mals with either diet. In general, more 
stainable fa t was observed in the livers of 
dieldrin-treated anim als fed low protein 
diets than in livers of those fed high pro
tein diets. Figure 3 shows liver sections 
from anim als ingesting low and high pro
tein diets containing zero, 100, or 200 ppm 
stained with Oil Red O.

DISCUSSION

There is some question as to whether 
all of the chlorinated hydrocarbon pesti
cides can be grouped together with respect 
to their physiological and biochemical ef
fects. Srivastava et al. (28 ) working with 
chickens, and Cline and Pearce (2 9 ), using 
houseflies, presented evidence suggesting 
that these compounds exert similar effects 
and, in  m am m als, the chlorinated hydro
carbons all appear to disturb the action of 
the central nervous system. However,
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there in  some evidence (3 0 ) that even 
such structurally sim ilar compounds as 
aldrin and dieldrin may have different 
physiological effects. Most of the other 
param eters of toxicity have not been in 
vestigated in  a sufficiently orderly m anner 
to perm it critical comparisons of the vari
ous pesticides at this time. In the absence 
of convincing evidence to the contrary, we 
have chosen to group inform ation on all 
of the chlorinated hydrocarbons together 
for comparison with our results.

According to Barnes (1 , 2) dieldrin 
causes some interference with growth at 
25 ppm and produces death when fed at a 
level above 75 ppm. However, Treon and 
Cleveland (1 0 ) claimed that when dieldrin 
was fed at 75 ppm or less there was no 
increased mortality ra te and when fed 
at 25 ppm for 2 years there was no growth 
depression. Our data indicate that with 
either low or high protein diets the inges
tion of as little as 100 ppm  of dieldrin 
causes an initial, short supression of 
growth and that ingestion of 150 or 200 
ppm produces a slight but persistent in 
hibition of growth for at least 4 weeks, 
when compared with the controls. In addi
tion, a decreased survival was evident in 
both low and high protein groups ingesting 
200 ppm of dieldrin, but at 150 ppm only 
the low protein group exhibited a markedly 
increased mortality. This suggests that the 
high protein level conferred some protec
tion on the animals. It is probable that 
some of the variability in  the results of 
toxicity studies m ay be due to the modify
ing behavior of the diet. This deserves a 
more thorough examination.

The lack of change in total body fa t and 
in  weight gain per gram of food, in  re
sponse to dieldrin ingestion, indicates that 
there was no gross alteration in  food utili
zation and metabolism with either a low 
or high protein diet.

W ith respect to total liver weight (ex
pressed as a percentage of body weight) 
Sarrett and Jandorf (8) have dem onstrated 
that adm inistration of DDT (50 m g /k g / 
day for 30 days) results in  a significant 
increase in liver weight but does not alter 
the dry weight of the liver (expressed as a 
percentage of fresh weight of the liver). 
Part of the liver increase was certainly a 
reflection of the increased total lipid con

tent (expressed as a percentage of total 
liver w eight). Our data indicate that a 
high protein diet is necessary for the oc
currence of liver hypertrophy.

It appears that none of the enzymes stud
ied (glucose-6-phosphate dehydrogenase, 
a-ketoglutarate-phenylalanine transam in
ase, 3-ketoglutarate-aspartate transam in
ase, and pyruvic-phenylalanine transam 
inase) are influenced by the chlorinated 
hydrocarbons or by the hepatic alterations 
which follow ingestion of these compounds.

Dieldrin ingestion does not have any 
clear effect on the stress test used here 
(swim m ing tim e), although it m ight be 
expected that swimming time m easures the 
same kind of m uscular efficiency as Khairy
(16 ) m easured with weight pulling.

In agreement with the data of Phillips 
(1 2 ) on DDT, dieldrin significantly de
presses liver vitam in A storage. This is 
most clearly seen when vitam in A is ex
pressed as micrograms per gram of liver. 
However, the protein content of the diet 
does appear to modify this effect, as the 
total vitam in A is significantly depressed 
only at a level of 200 ppm of dieldrin in  the 
high protein diet, but was depressed at 
150 and 200 ppm with the low protein 
diet. W hether this bears any relationship 
to the difference in total liver lipids of 
anim als ingesting high and low protein 
diets containing dieldrin cannot be deter
mined from these data.

The histological alterations are generally 
in keeping with the chemical determ ina
tions of fat, in that anim als ingesting low 
protein diets containing dieldrin exhibited 
a more pronounced fatty  infiltration and a 
higher total lipid content in the liver than 
did those ingesting high protein diets con
taining dieldrin. None of these anim als 
exhibited severe fatty livers.
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TABLE 1

Composition of amino acid and casein  
basal chick diets

Amino
acid Casein

% %
Cornstarch 49.97 —
Cornstarch or

glucose monohydrate 1 _ 48.83
Amino acid m ix 2 24.28 —
Casein 3 +  am ino acids 4 — 25.42
Corn oil 15.00 15.00
Cellulose 5 3.00 3.00
M ineral m ixture 6 5.00 5.00
Antacid 7 1.00 1.00
NaHCOs 1.00 1.00
Choline chloride 0.20 0.20
Vitam in m ixture 8 0.20 0.20
a-Tocopheryl acetate s 0.002 0.002

1 C erelose, Corn Products C om pany, Argo, I llin o is .
2 D e a n  a n d  S c o tt  ( 8 ) . T h e  d ie t  c o n t a in e d :  ( i n  p e r  

c e n t )  L -a rg in in e -H C l,  1.33; L -h is t id in e -H C l ,  0.62; 
L -ly s in e -H C l, 1.40; L -ty ro s in e , 0.63; L - t ry p to p h a n , 0.23; 
L - p h e n y la la n in e ,  0.68; L -c y s t in e , 0.35; D L -m e th io n in e , 
0.55; L - th re o n in e ,  0.85; L -le u c in e , 1.20; L -iso le u c in e , 
0.80; L -v a lin e , 1.04; L -g lu ta m ic  a c id ,  12.00; g ly c in e ,  
1.60; L -p ro l in e , 1.00.

3 V itam in-F ree T est C asein , G eneral B iochem ica ls  
Inc., C hagrin F a lls, Ohio.

4 T h e  d ie t  c o n t a in e d :  ( i n  p e r  c e n t )  c a s e in ,  22.29; 
g ly c in e ,  2.14; L -a rg in in e -H C l,  0.61; D L -m e th io n in e , 
0.34; a n d  L -h is t id in e -H C l ,  0.04.

5 Solka F loe, Brow n C om pany, Chicago.
6 The d iet contain ed : ( in  per cen t)  CaC0 3 , 0.3000;

Ca3( P 0 4) 2, 2.8000; K2H P 0 4, 0.9000; M gS 04-7H20 ,
0.3500; ferric citrate, 0.0500; KI, 0.0040; C u S 04-5H20 ,  
0.0020; H 3BO3, 0.0009; C oS 04-7H 20 ,  0.0001; M n S 04- 
H20 , 0.0650; N aC l, 0.8800; and N a 2M o04-2H 20 ,  0.0009.

7 A ntacid  absorbent (a n  a lu m in u m  hydroxide-m ag
n esiu m  tr is ilica te  p rep ara tion ), W arner-C hilcott Labo
ratories, M orris P la in s , N ew  Jersey.

8 T he d iet conta in ed : ( in  m g /k g  o f d ie t)  th iam in e- 
HC1, 100; n ia c in , 100; riboflavin , 16; Ca pan tothenate, 
20; v itam in  B i2, 0.02; pyridoxine-H C l, 6; b iotin , 0.60; 
fo lic  acid , 4; in osito l, 100; p-am inob en zoic  acid , 2; 
m en ad ion e, 5; ascorbic acid , 250; v itam in  A acetate  
(250 ,000  I U /g ) ,  10,000 IU; v itam in  D3 (200 ,000  
I C U /g ) , 600 ICU.

9 Added to th e d iet d isso lved  in  petroleum  ether.

ences referred to in the text possess a prob
ability value of less than  0.05.

Diets fed to chicks in  this experim ent 
were amino acid (AA), A A +  phytic acid 
(PA ); AA +  PA +  disodium ethylenediam- 
inetetraacetic acid (EDTA); casein; ca
sein +  PA; and casein +  PA +  EDTA. In 
gredients of the basal amino acid and ca
sein diets are shown in table 1. The amino 
acid basal diet contained approximately 4 
ppm Zn, and the casein basal diet con
tained approximately 9 ppm Zn. Extra 
zinc was added to the basal diets as ZnCOs. 
Phytic acid was added directly to the zinc- 
supplem ented basal diets. By chemical 
analysis the diets contained from 16 to 21 
ppm  Zn and 1.8% phytic acid (table 2 ). 
Higher levels of zinc in  phytic acid diets 
when compared with those of the control 
diets m ay be accounted for as zinc contam 
ination which resulted while m ixing phytic 
acid into these diets. EDTA, when added, 
was added to phytic acid diets at a level of 
230 ppm of the disodium dihydrate salt. 
Kratzer et al. (1 7 ) have shown tha t a 
sim ilar level of EDTA increased the biolog
ical availability of zinc in  soybean protein 
diets fed to turkey poults.

RESULTS AND DISCUSSION
Results of this experim ent (tables 3 and

4) show that with either casein or amino 
acids serving as the source of nitrogen, the 
addition of 1.8% phytic acid to the diet 
decreased daily gain in weight, increased 
the am ount of diet required per gram gain 
in weight and decreased the concentration 
of zinc in fem ur ash. From this it m ay be 
concluded that phytic acid decreases the 
availability of dietary zinc in  the absence 
of protein, with amino acids serving as 
the nitrogen source, to as great an extent

TABLE 2
Chemical analyses of chick diets

Diet Zinc Calcium Phytic acid-1 
phosphorus

Total
phosphorus

ppm % % %
Amino acid 17.3 1.2 0.00 0.81
Amino acid +  phytic acid 20.5 1.2 0.51 1.36
Amino acid +  phytic acid +  EDTA 2 20.6 1.2 0.51 1.36
Casein 16.4 1.2 0.00 0.93
Casein +  phytic acid 19.8 1.2 0.51 1.46
C asein-f phytic acid +  EDTA 19.1 1.2 0.51 1.46

1 Per cen t ph ytic  acid  = 3.57 x % ph ytic  acid-phosphorus.
2 EDTA in d ica tes  ethy len ed iam in etetraacetic  acid.
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TABLE 3
Average daily  gain in w e igh t  of chicks from 11 to 23 days of age and average grams of diet

required per  gram gain in weigh t

Diet No.
chicks

Daily gain 
in wt

Feed/gain
ratio

Amino acid 4
9

11.9 ±  0.91 1 1 .6 ±  0.4
Am ino acid +  phytic acid 4 5.9 ±  0.48 2.3 ±  0.11
Amino acid +  phytic acid +  EDTA 4 10.1 ± 0 .6 6 1.8 ± 0 .0 3
Casein 4 13.5 ±  0.78 1.4 ± 0 .0 2
C asein-f phytic acid 4 7.9 ± 0 .6 9 2.0 ± 0 .0 3
Casein +  phytic acid +  EDTA 4 12.5 ±  0.50 1.5 ± 0 .0 4

1 SE.

TABLE 4
Average percentage ash in the dry, lipid-free chick femur and average micrograms of zinc

per gram of femur ash

Diet No.
chicks Femur ash Hg Zn/g ash

Am ino acid 4
%

5 2 ±  0.4 1 286 ±  9.1
Am ino acid +  phytic acid 4 51 ± 0 .3 1 2 7 ±  2.7
Amino acid +  phytic acid +  EDTA 4 52 ± 0 .4 1 7 2 ±  9.7
Casein 4 5 2 ±  0.9 305 ± 1 0 .2
Casein +  phytic acid 4 52 ± 0 .4 126 ± 1 2 .5
Casein +  phytic acid +  EDTA 4 52 ±  1.0 233 ± 1 6 .8

1 SE.

as when a protein such as casein is present 
in the diet, in  contrast with the earlier re
port by O’Dell and Savage (6 ) , who sug
gested that phytic acid m ust be in  combin
ation with dietary protein to make zinc 
unavailable. Thus it appears that protein, 
if required, acts in  the intestinal tract and 
m ay be of metabolic origin. Specific amino 
acids m ay chelate zinc as discussed by 
Gurd and Wilcox (1 8 ).

Chicks fed both the casein and the amino 
acid phytic acid diets were obviously zinc- 
deficient. However, except for being 
smaller, their physical appearance was not 
noticeably different from  that of the con
trols. Since feathers of both control and 
zinc-deficient birds were damaged by the 
cages, valid comparisons of this nature 
could not be made. Other clinical symp
toms characteristic of zinc deficiency, 
such as keratosis and derm atitis of the 
feet, m ight have develeoped if the chicks 
had been kept on trial for a longer period 
of time. The percentage ash in  the dry, 
lipid-free fem ur of zinc-deficient birds fed 
phytic acid diets was not significantly 
lower than  th a t of controls.

Chicks receiving phytic acid +  EDTA in 
their diet gained more weight per day, re

quired less diet per gram  gain in weight and 
had a higher concentration of zinc in  their 
fem ur ash than  chicks fed phytic acid diets 
w ithout EDTA. W hen compared with 
chicks fed the amino acid control diet, 
chicks fed the amino acid diet to which 
phytic acid +  EDTA had  been added 
gained less weight per day, had a higher 
feed-to-gain ratio and a lower concentra
tion of zinc in  their fem ur ash. Differ
ences in  weight gain and feed-to-gain ratio 
were not apparent between chicks receiv
ing the phytic acid +  EDTA diet and the 
control group when casein served as the 
source of nitrogen. However, chicks re
ceiving the casein phytic acid +  EDTA diet 
had lower levels of zinc in  their fem ur ash 
than  chicks fed the casein control diet.

Thus, addition of EDTA increased the 
availability of zinc in  phytic acid diets. 
Similar effects of EDTA when plant 
protein diets were fed have been noted 
with turkey poults (1 7 ) , chicks (4 )  and 
rats (1 0 ). The fact that daily gain in 
weight and feed-to-gain ratios of chicks 
fed phytic acid +  EDTA diets differed from 
the control in  the case of the amino acid 
diet, but not when casein served as the 
nitrogen source, suggests that although
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chicks fed the casein phytic acid +  EDTA 
diet received adequate am ounts of zinc, 
birds fed the amino acid phytic acid +  
EDTA diet did not receive quite enough 
of this trace m ineral for optimal growth 
and feed efficiency. Since the am ino acid 
diets contained slightly higher levels of 
zinc than  casein diets (table 2 ), this ob
servation supports further the statem ent 
m ade earlier tha t phytic acid decreases the 
availability of dietary zinc in  the absence 
of protein, with am ino acids serving as 
the nitrogen source, to as great an extent 
as when casein is present in  the diet.
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Studies of the Metabolism of Polyunsaturated Acids 
by Short-term Experiments * 1

JOSEPH J. RAHM a n d  RALPH T. HOLMAN
The Hormel Institu te , University  of Minnesota, Austin , Minnesota

ABSTRACT  Short-term feeding experim ents were exam ined as a m ethod for study
ing the m etabolism  of fatty acids. Rats w h ich  had been m aintained w ith  fat-free 
diets for 60 days were adm inistered supplem ents o f individual polyunsaturated fatty  
acids at levels ranging from  50 to 1000 m g/day . Characteristic changes in  the fatty  
acid com position of the liver lip ids, w hich were investigated previously after feeding  
40 m g of polyunsaturated fatty  acids daily for 60 days to w eanling rats, were observed 
w hen as little  as 50 m g of the sam e acids were fed  for 5 days to adult EFA-deficient 
rats. An optim al dietary am ount of either linoleic acid or linolenic acid, judged  
by m axim al response in  the m etabolites of these in  the liver, w as 200 to 400 m g /d a y /  
anim al. H igh dietary levels of either linoleic acid or linolenic acid resulted in  an 
apparent decrease in  the levels of the m etabolites of these in  the liver lipids. Nor- 
linoleic acid (17:2a>6) w as converted to 19 :2w6 in  the tissues but w as not dehydroge
nated. Dietary linolen ic acid was show n to exert an inhibitory effect upon the conver
sion of arachidonic acid (20:4w 6) to 22:5o>6.

Conventionally, in  our laboratory, nu tri
tional experim ents to study the in  vivo 
interconversions of polyunsaturated fatty 
acids have been based upon the change in  
the fatty  acid composition of tissue lipids 
after feeding small am ounts of fatty acids 
to weanling ra ts for periods of 60 to 100 
days. The duration of these experim ents 
was dictated by the time studies, in  which 
the biochemical symptoms of essential fatty 
acid deficiency had reached a m axim um , 
established in  previous studies (1 ) . Re
cently, Schlenk et al. (2 )  have shown that 
polyunsaturated fa tty  acids, when fed to 
adult fat-deficient ra ts in  relatively large 
doses for 5 days, produce m arked changes 
in the fatty  acid composition of tissue 
lipids. The utility of short-term feeding 
experim ents has been confirmed in  our 
laboratory in  a study of fatty  acid in terrela
tionships (3 ) . The obvious advantages of 
economy of time and substance prompted 
a more detailed study of the short-term 
curative response. Therefore, the effect of 
dose level and of the type of polyunsatu
rated fatty  acid supplem ent were studied.

The present study consists of 3 experi
ments. In the prelim inary experim ent, 
linoleate and linolenate were adm inistered 
singly to fat-deficient m ale ra ts in graded 
dose levels for 5 days to establish the 
m inim al dietary levels necessary to pro
duce m easurable changes in  the fatty  acid

composition of tissue lipids. This experi
m ent was also conducted to determ ine 
whether there were optimal dietary levels 
of linoleic and linolenic acids above which 
an increase in  fatty  acid intake did not 
produce an  increase in  metabolites of these 
acids in  the tissues. In the second experi
m ent 6 fatty  acids having widely different 
structures were fed to fat-deficient rats 
at one level for 5 days. This experim ent 
was conducted to determ ine whether the 
dose levels indicated to be optim um  for 
linoleate and linolenate in the first experi
m ent are applicable to a variety of n a tu 
rally occurring polyunsaturated fatty  acids. 
A seventh acid, 8,11-heptadecadienoic 
(nor-linoleic) acid, was included in the 
second experim ent to study the converti
bility of a fatty  acid which, according to 
its term inal structure, belongs to the lino
leic acid family, but which contains an 
odd num ber of carbon atoms. The third 
experim ent in  this series is an application 
of the short-term experim ent to a current 
metabolic problem. A competitive relation
ship exists in  liver lipids between the lino
leic and linolenic families of acids (3 , 4 ). 
The purpose of the third experim ent was 
to determ ine where linolenate was exerting

R eceived  for p u b lica tion  M ay 18, 1964.
1 T his in v estig a tio n  w as supported in  part by P u blic  

H ealth  Service R esearch  grant no. AM 04524  from  
the N a tio n a l In stitu tes o f H ealth .
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its inhibitory effects in  the sequential con
version of linoleate to 22:5.

EXPERIMENTAL

W eanling male ra ts (Sprague-Dawley 
stra in ) were conditioned prior to adm inis
tration of the fatty  acid supplem ents by 
m aintain ing them  for 60 days with semi- 
purified fat-free diet (5 ) .2 The fatty acids 
as methyl esters were then adm inistered by 
mouth for 5 days. The purities of the fatty 
acid esters were determ ined by gas-liquid 
chrom atography (GLC) and are reported 
in  table 1. The yTinolenic acid was pre
pared from  the seed oil of Oenothera 
lainarckiana (6 ) . Nor-linoleic acid was 
received from Professor S. Bergstrom (7 ) .3 
All the other supplem ents were purchased 
from the Hormel Institute. To distinguish 
structural isomers and to denote metabolic 
relationships, the fatty  acids are referred 
to according to their term inal structures. 
Thus, the num ber following the co in  the 
abbreviated notations indicates the posi
tion of the last double bond, counting from 
the term inal methyl group.

Experim ent 1. In the prelim inary ex
perim ent, individual ra ts were fed daily 
supplements of either 50, 200, 400 or 1000 
mg of methyl linoleate (18:2co6), or 100, 
400 or 1000 m g of methyl linolenate 
(1 8 :3 gj3). The daily doses were divided 
and fed so that the anim als did not receive 
more than  200 mg of supplem ent at one 
feeding. Three ra ts tha t received only the 
basic fat-free diet served as control ani
mals.

Experim ent 2. Thirty-six ra ts were 
divided into groups of six, and the anim als 
in  each group received one of the following 
supplem ents daily: 100 mg of either methyl 
linoleate (18 :2 'j 6 ), methyl linolenate 
(18:3to3), m ethyl y-linolenate (18:3a)6), 
methyl arachidonate (2 0 :4 u 6 ), methyl, 
5,8,11,14,17-eicosapentaenoate (2 0 :5u3) 
or methyl 4,7,10,13,16,19-docosahexaeno- 
ate (2 2 :6 u 3 ). The am ount of fatty acid 
supplem ent to be fed daily was determined 
from the results of experim ent 1, and was 
intended to be the m inim al am ount of 
supplem ent to produce highly significant 
changes in the fatty  acid composition of 
the liver lipids. A seventh group of 2 rats 
received a daily supplem ent of 170 mg of 
methyl 8,11-heptadecadienoate (1 7 :2 oj6),

dictated by the am ount of sample avail
able. An eighth group of 6 ra ts served as 
control anim als, not given any supple
ments.

Experim ent 3. Twelve ra ts were di
vided according to diet into 6 groups con
taining 2 anim als in each group. All of the 
anim als received daily 50 mg of methyl 
arachidonate (2 0 :4 gj6) and either zero, 20, 
40, 100, 150 or 200 mg of 18:3co3.

In all 3 experim ents, after 5 days of 
diet supplem entation, the anim als were 
killed by ether anesthesia and their livers 
were removed and kept in saline solution 
at —20° until analysis was performed. The 
liver tissues were homogenized with chloro
form : m ethanol (2 :1 )  in a m echanical 
blender and the lipids were isolated. They 
were transesterified by refluxing with 30 
volumes of 5% HC1 in methanol. The re
sulting methyl esters were analyzed by 
GLC as described in  detail previously (4 ) . 
The ester peaks on the GLC charts were 
identified by comparison with authentic 
standards whose structures had been de
term ined by ozonolysis and reduction. 
Quantification was carried out by triangu
lation, and the results are reported as area 
percentage. The results reported for 16:1 
and 18 :2 cj6 m ay represent m ixtures of 
structural isomers since the isomers of 
these acids are not resolved under our 
conditions of GLC analysis' The levels of 
14:0, 16:0, 18:0 and 18:1 in  the tissue 
lipids did not vary markedly with the die
tary treatm ent and, therefore, they are 
not reported. The fatty  acid composition 
of the lipids was determ ined for each 
anim al and, where feasible, reported as the 
m ean per diet group with standard devia
tions.

2 T h e  co m p o sitio n  o f th e  sem ip u rifie d  fa t- f re e  d ie t 
w as  as fo llo w s: ( i n  p e r  c e n t )  v ita m in - te s t  c a se in , 
18.0; su cro se , 74.0; s a lt  m ix tu re ,  4 .0; a -cellu lo se , 4 .0; 
a n d  v ita m in  m ix tu re . T h e  v ita m in  m ix tu r e  c o n ta in e d : 
( i n  m g /k g  o f d ie t)  v i ta m in  A, 4 .00; th ia m in e , 30 .00; 
r ib o flav in , 30.00; p y rid o x in e , 8 .00; v i ta m in  B 12, 0 .05; 
v i ta m in  D 2, 4 .00; v i ta m in  E , 230.00; v i ta m in  K 5, 2 .00; 
DL-Ca p a n to th e n a te ,  100.00; n ia c in ,  100.00; i-in o sito l, 
220.00; p -am in o b en zo ic  a c id , 75.00; b io tin , 0 .20; fo lic  
ac id , 1.00; a n d  ch o lin e  ch lo rid e , 1000.00. S a lt m ix 
tu re :  W esson , L. G., Sc ience, 75: 339, 1932. A ll co m 
p o n e n ts  o f th e  b a s ic  d ie t e x ce p t su c ro se  w e re  ob
ta in e d  fro m  N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , 
C leveland .

3 W e a re  g ra te fu l  to  P ro f. S. B erg stro m  o f th e  K aro- 
l in s k a  In s t i tu te ,  S tockho lm , fo r  th e  n o r- lin o le a te , a n d  
to  D r. H . J. T h o m asso n  o f U n ile v e r  R e s e a rc h  L a b o 
ra to ry , V la a rd in g e n  fo r  th e  m e th y l e s te rs  o f th e  f a t ty  
a c id s  o f O eno thera  la m a rck ia n a .
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RESULTS AND DISCUSSION

Experim ent 1. The fatty  acid compo
sitions of the liver total lipids are shown 
in table 1. Even the lowest levels of sup
plem entation, 50 mg of 18 : 2c*)6 or 100 mg 
of 18:3cj3, fed as a daily supplem ent to 
fat-deficient ra ts  for 5 days, produced con
siderable change in  the fatty  acid compo
sition of liver lipids. The characteristic 
inverse relationships between the dietary 
level of 18 :2 cj6 and the levels of 16:1 and 
20: 3oj9 in  the tissues are indicated by the 
fatty  acid compositions of the anim als that 
received different dose levels of dietary 
18 :2cj6. The levels of 18:2w6 and 18: 3cu3 
in  the liver lipids increased consistently 
with increases in their content in the diet. 
However, with the exception of 20:3co6, 
the content of their metabolites in the 
liver lipids, u6 and cj3 acids, respectively, 
appeared to decrease after reaching m axi
m al values at interm ediate levels of dietary 
18:2(j6 and 18:3co3.

The limited results of this prelim inary 
experim ent indicate tha t 200 to 400 m g / 
day is a useful dietary range for a short
term  feeding study using fat-deficient rats. 
The lowest lim it of supplem entation to 
produce a m easurable response appears 
to lie below 50 m g/day. The possible self
inhibition indicated tha t high levels of 
supplem entation in this exploratory experi
m ent should be verified with larger num 
bers of animals.

Experim ent 2. The naturally  occurring 
fatty  acids fed in  experim ent 2 produced 
changes in the fa tty  acid composition of 
the tissue lipids that are, with one excep
tion, characteristic of those produced in 
long-term feeding studies (5 ,8 ). W hen 
equal am ounts of 18:2gj6 and 18:3co3 had 
been fed singly to w eanling ra ts for at least 
60 days, the levels of 20:3u9  in  the tissue 
lipids were significantly lower in the ani
m als fed 18:3co3 (5 , 8 ). However, feeding 
equal am ounts of 18:2gj6 and 18:3u3 in 
the present study resulted in low but equal 
levels of 20:3co9 in  the tissue lipids. Per
haps the inconsistency m ay be the result of 
a lim iting rate of removal of 20:3o>9, s o  
that suppression of its level by 18:2co6 or 
by 18:3u3 is not significantly different in 
5 days.

Dietary 18:3 cj6 is efficiently converted 
to 20 :4 gj6 in the tissues, because feeding

equal am ounts of 20 :4u6  or its precursor, 
18: 3gj6, resulted in  equal levels of 20:4^6 
in  the tissue lipids. However, the level of 
20: 4u>6 in  the tissue lipids of the ra ts that 
received 18:2gj6 was only one-half that 
observed in the ra ts that received 20:4a>6. 
This observation is consistent with the 
results of a radioactive tracer study by 
Mead et al. (9 )  which shows th a t very 
little degradation of 18:3oj6 occurs before 
incorporation of the in tact molecule into 
20:4o>6.

Nor-linoleic acid (1 7 :2 <j 6) was found 
at a level of 7.6% of total liver fatty  acids 
in  the ra ts  fed 17:2to6. The only other 
unusual fatty  acid component noted was 
an  unknow n acid having an equivalent 
chain length on GLC columns of ethylene 
glycol succinate as would be expected for 
19:2o>6.4 It was found in the liver lipids 
at a level of 2.4% of total fatty  acids. The 
19:4  metabolite, comparable to arachi- 
donate, was not detected by GLC. From 
these limited data it appears that 17:2co6 
differs from  linoleate in  its m etabolism in 
tha t it m ay undergo chain lengthening, 
but that it probably does not undergo sub
sequent dehydrogenation to a significant 
degree. Therefore, the co6 term inal struc
ture, which appears to be necessary for 
full essential fatty  acid activity, does not 
confer upon the molecule the ability to be 
dehydrogenated. Conversely, the proximal 
structure, the spacing between carboxyl 
and the first double bond, m ust be an 
im portant factor in  metabolizing ability. 
In linoleate the proxim al structure is A9, 
but it is A8 in  17:2co6. The im portance of 
this spacing is suggested by the results of 
Schlenk et al. (1 0 ) which show that 
17 :2oj5 and 17:3u3, both having the A9 
structure, were fully convertible to more 
highly unsaturated  acids.

The results of experim ent 2 show that 
the metabolism of a polyunsaturated fatty 
acid can be studied with less th an  one 
gram of the acid per rat.

Experim ent 3. A competitive relation
ship exists between the linoleate (u 6 ) and 
linolenate (w3) families of polyunsatu
rated fatty  acids (3, 4 ). Since this rela
tionship was dem onstrated by feeding 
varying am ounts of 1 8 :2 a6 and 18:3co3,

4 U n p u b lis h e d  d a ta ,  H. H o fs te tte r , a n d  R. T . H o l
m a n , 1964.



1 5 4 JO S E P H  J .  R A H M  AND R A L PH  T . H O L M A N

the precursor fatty  acids of each family, 
it was not determ ined where in each con
version sequence the inhibitory effects 
were exerted. The total inhibitory effect 
of 18: 3oj3 upon the metabolism of 18:2u>6 
that was illustrated in  previous studies, 
could have resulted from  an inhibition of 
the conversion of 18: 2u6 to 20: 4co6 as well 
as in subsequent steps. The results of 
experim ent 3 show that although the level 
of 20: 4u6 in  the tissues rem ained constant 
when dietary 18 :3gj3 was increased from 
zero to 200 m g/day, the levels of 2 2 :4 oj6 
and 22 :5 oj6, both metabolites of 2 0 :4 <j 6 
(3, 5, 8 ), were reduced 51 and 84% , re
spectively. Therefore, according to steady 
state concentrations, 18:3co3 appears to 
exert an inhibitory effect upon the conver
sion of 20:4co6 to 2 2 :5 gj6, as well as upon 
the conversion of 18:2o6 to 20 :4^6  (4 ) .
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ABSTRACT  Prevention of coprophagy by the use of tail cups resulted in  reduced  
w eight gains and m ajor changes in  the num ber of feca l and cecal lactobacilli, enter
ococci and coliform  bacteria in  rats receiving 3 different diets containing 22% casein. 
The num ber of lactobacilli decreased, whereas the enterococci and coliform s increased  
in  relation to the counts in  non-cupped anim als. These results were generally sim ilar 
for the 3 diets used (fat-free, 20% corn oil or 20% hydrogenated coconut o il)  although  
relatively m inor differences in  the bacterial counts due to the type of diet tended to 
be accentuated by the prevention of coprophagy.

The role of coprophagy in the nutrition 
of the ra t has been studied extensively by 
Barnes and his co-workers and has been 
the subject of a recent review (1 ) . These 
workers have established tha t prevention 
of coprophagy in  ra ts by the use of tail 
cups resulted in  a decreased growth rate 
which was reversible only when the an i
m als were allowed direct access to the 
feces as they emerged from  the anus.

Coprophagy prevention has also been re
ported to reduce the num ber of lactobacilli 
in  the cecum and feces of ra ts (2 ) . This 
suggested tha t coprophagy m ight be an im 
portant factor in  m ain tain ing  the norm al 
ecological balance of the intestinal m icro
flora of rodents through the process of con
tinual reinfection. To test this hypothesis 
the present study was initiated to deter
m ine the effects of coprophagy prevention 
on several representative groups of in testi
nal m icroorganisms in  the rat.

The microorganisms chosen for study, 
in addition to the lactobacilli were the coli
forms and the enterococci because these 
organisms collectively form an appreciable 
segment of the facultative anerobic intes
tinal microflora of ra ts (3 ) , and adequate 
selective culture m edia for their enum era
tion were available.

It has been well established that dietary 
alterations, especially in the carbohydrate 
portion, m ay influence the composition of 
the intestinal microflora of anim als (4 ) ,

and a sim ilar effect has been postulated for 
various fats and fatty  acids (5 ) . In the 
present study a high carbohydrate, low fa t 
diet was compared with a diet containing 
20% corn oil and also a diet containing 
20% hydrogenated coconut oil.

EXPERIMENTAL METHODS

W eanling m ale ra ts of the NIH Sprague- 
Dawley stock were distributed at random  
into 6 groups of 8 anim als each and 
housed individually in screen-bottom cages. 
Two groups of anim als were fed each of 
the experim ental diets, the composition of 
which is shown in table 1. Diet and dis
tilled w ater were available ad libitum.

After the anim als had  received their re 
spective diets for one week, those in  one 
of the two groups fed each diet were fitted 
with modified plastic tail cups sim ilar to 
those described by Barnes et al. (1 ,6 ). The 
anim als were inspected daily to insure that 
the cupping device rem ained in position.

Fecal lactobacillus counts were deter
m ined for all anim als at w eaning accord
ing to the m ethods previously described
(2 ) . After the anim als had been fed the 
experim ental diets for one week, and be-

R eceived  fo r  p u b lic a tio n  M ay  22, 1964.
1 N a tio n a l  In s t i tu te  o f D e n ta l R ese a rch , N a tio n a l 

In s t i tu te s  o f H e a lth , B e th esd a , M ary lan d .
2 N a tio n a l In s t i tu te  o f A r th r it is  a n d  M etab o lic  D is 

eases, N a t io n a l  In s t i tu te s  o f  H e a lth , B e th e sd a , M ary- 
la n d . ,

3 D e p a r tm e n t o f G e rm free  R ese a rch , K a ro lin s k a  
In s t i tu te t ,  S to ck h o lm , Sw eden .
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TA B LE 1
Composition of experimental diets

Diet A Diet B DietC
g/hg of diet g/kg of diet g/ ng of diet

Vitam in-free casein 220 220 220
Salt m ixture (W esson ) 1 40 40 40
Corn oil — 200 —

Coconut oil (hydrogenated) — — 200
Cornstarch 
Vitam in m ixture 2

740 540 540

1 W esson , L. G. 1932 A m o d if ica tio n  o f th e  O sborne-M endel s a l t  m ix tu re  c o n ta in in g  on ly  
in o rg a n ic  c o n s ti tu e n ts .  S c ience, 75; 339.

2 To e a c h  k ilo g ra m  o f d ie t th e  fo llo w in g  v ita m in s  w e re  a d d ed  a t  th e  in d ic a te d  le v e l: v i ta m in  A 
a ce ta te , 7.0 m g ; c a lc ife ro l, 0.1 m g ; a -to co p h ery l a ce ta te , 0.5 g; m e n a d io n e , 10 m g ; th ia m in e  HC1, 
10 m g ; p y rid o x in e -H C l, 10 m g ; rib o f la v in , 20 m g ; C a p a n to th e n a te ,  20 m g ; n ia c in a m id e , 100 m g ; 
c h o lin e  c h lo rid e , 2.0 g ; v i ta m in  B 12, 100 fig; b io tin , 50  fig; p -am in o b en zo ic  a c id , 30 m g ; fo lic  ac id , 
12.5 m g ; a n d  a sc o rb ic  a c id , 100 m g.

fore the tail cups were affixed, determ ina
tions were m ade of the fecal lactobacillus, 
enterococcus and coliform counts of the 
feces. For the enterococcus counts Difco 
Mitis-Salivarius agar m edium  was used 
and the plates were incubated at 37° for 48 
hours in  an atm osphere of 95% nitrogen- 
5% C 02. Coliform counts were obtained on 
Difco Violet Red bile agar after 18 hours 
at 37°. Only those colonies typical of coli
form bacteria on this medium  were enum 
erated. The microbiological counts were 
repeated periodically during the course of 
the experim ent which ran  for a total of 
8 weeks from the time the anim als were 
weaned.

Before the experim ent was started, cer
tain  studies were performed to determine 
factors which m ight influence the reliabil
ity of the microbiological counts. It was 
determ ined for example, that the lacto
bacillus, enterococcus and coliform counts 
of fecal pellets decreased gradually if the 
feces samples were allowed to rem ain in 
air at room tem perature. After 24 hours 
the counts had decreased by approximately 
90% when compared with freshly voided 
feces. However, the counts rem ained 
essentially unchanged when the feces were 
kept for the same period of time in closed 
plastic vials of the type used for the tail 
cups. For this reason only freshly voided 
feces were sampled from the non-cupped 
anim als, whereas the entire accum ulation 
of feces in the tail cups for a 24-hour 
period was pooled in m aking the bacterial 
counts from the cupped animals.

In sum m arizing the data the counts 
were expressed as logs to the base 10 and 
averaged. S tandard errors of the m ean did

not exceed 0.2 log units for any of the 
groups at any of the sam pling periods.

At the term ination of the experim ent 
the anim als were killed by ether inhalation 
and the cecum was removed and weighed 
together with its contents. An aliquot of 
the cecum contents was then taken for 
microbiological determ inations for each 
animal.

RESULTS

At the term ination of the experim ent all 
of the non-cupped anim als except one were 
still alive and in  excellent condition. One 
of the anim als fed the corn oil diet died of 
unknown causes during the first week. 
The anim als with the tail cups did not gain 
weight as rapidly as the non-cupped con
trols and they were m uch more nervous 
and irritable. One anim al died in each of 
the cupped groups. In the fat-free diet 
group one ra t died during the first week, 
before the tail cups were applied. One ra t 
fed the corn oil diet died during the fifth 
week and one anim al fed the coconut oil 
diet died in the fourth week after the appli
cation of the cups. The marked disparity 
in body weight of the anim als with and 
without tail cups is shown in table 2. These 
results are consistent with the observations 
of Barnes et al. (1 ) .

Following the application of the tail cups 
there was an immediate and m arked de
crease in  the fecal lactobacillus counts in 
all groups of animals. The greatest differ
ences were observed for the 2 fat-contain
ing diets (fig. 1). These results are con
sistent with previous observations in which 
basal diets of sim ilar composition, but 
deficient in pyridoxine or vitam in K, were



C O PR O PH A G Y  P R E V E N T IO N  A N D  IN T E S T IN A L  M IC R O FLO R A 157

TABLE 2
Final body weight of rats after  consuming various diets for 8 weeks, with and w ithout tail clips

Diet
Controls Cupped animals

No. Avg wt No. Avg wt

9 9
Fat-free 8 289 ±  14.8 1 7 179 ± 5 .3
Corn oil 7 277 ± 2 6 .0 7 200 ± 7 .3
Coconut oil 8 297 ± 1 2 .2 7 192 ± 8 .9

1 s e  o f  m e a n .

used (2 ) . The differences in  the fecal 
lactobacillus counts between the cupped 
and non-cupped anim als persisted in vary
ing degrees throughout the duration of the 
experim ent despite a gradual decrease in 
the control anim als with time. In sharp 
contrast with the results with the lacto- 
bacilli, the coliform counts in  the cupped 
anim als increased markedly and progres
sively during the period of observation. At 
the same time the coliform counts in  the 
non-cupped anim als showed a gradual de
cline (fig. 2 ).

The pattern  observed with the en ter
ococcus counts was sim ilar to that of the 
coliform counts in tha t there was an initial 
increase in  the cupped rats; however, there 
was a tendency for the num ber of enter
ococci to decrease during the later stages 
of the experim ental period. In  the u n 
cupped ra ts receiving the fat-free diet the 
enterococcus counts rem ained relatively 
constant, whereas in the corresponding 
anim als fed the fat-containing diets there

was a m oderate decrease in  the num ber 
of these organism s cultivable from feces 
(fig- 3 ).

At the term ination of the experim ent 
determ inations were also m ade of the 
num bers of lactobacilli, coliforms and en
terococci in  the cecum contents of the ani
mals. For the most part the counts of the 
respective m icrorganisms in the cecum 
contents were of the same order of m agni
tude as those for the feces sampled at the 
same time. However, the num ber of lacto
bacilli in  the cecum of the anim als fed 
the hydrogenated coconut oil diet was 
about a log less than  in the feces (fig. 1). 
This was apparently related to the diet 
since the increm ent of difference was 
sim ilar in  the presence or absence of the 
tail cups. In contrast, cecal coiliform 
counts (fig. 2 ) for the cupped anim als 
were about 2 logs less than  fecal counts 
with the fat-free diet and the corn oil 
diet and one log lower with the coconut 
oil diet. In the non-cupped anim als the

Figure 1A Figure IB Figure 1C

Fig. 1 Effect of coprophagy prevention on lactobacillus counts. A. Fat-free diet; B. corn oil diet;
C. coconut oil diet. • --- •  indicates non-cupped; ■  —  - ■  indicates cupped.
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2 3 4 5 6 7 8 (CECUM |
WEEKS ON DIET

2 3 4 5 6 7 8 (CECUM)
WEEKS ON DIET

Figure 2A Figure 2B

Fig. 2 Effect of coprophagy prevention on coliform  counts. A. Fat-free diet; B. corn oil diet; 
C. coconut oil diet. • ----- •  indicates non-cupped; ■ ------ B  indicates cupped.

W E E K S  O N O IE T  WEEKS ON DIET
0 1 2  3 4 5 6

W E E K S  ON O IE T

Figure 3A Figure 3B Figure 3C

Fig. 3 Effect of coprophagy prevention on enterococcus counts. A. Fat-free diet; B. corn oil diet; 
C. coconut oil diet. • -----O indicates non-cupped; ■  —  - ■  indicates cupped.

cecal coliform counts were not signifi
cantly lower than  the fecal counts. The 
relationship between cecal and fecal en ter
ococcus counts appeared to be more un i
form with the possible exception of the 
cupped anim als fed the corn oil diet 
(fig- 3 ).

In no instance did the cecum counts 
exceed those of the feces, a fact which 
m ight have been anticipated because of 
the higher w ater content of the cecum con
tent.

Compared with the effects of the tail 
cups, the type of diet used did not appear 
to have as strong an effect on the num ber 
of the organism s studied. In the non- 
cupped anim als the lactobacilli showed a 
downward trend with time that was most 
pronounced in the case of the coconut oil 
diet. The num ber of enterococci was essen
tially unchanged with the fat-free and corn 
oil diets and only slightly reduced with the 
coconut oil diet. The coliform counts also 
showed a general downward trend with
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time, but this did not appear to be espe
cially affected by the diets in  the non- 
cupped animals.

In  the anim als in  which coprophagy 
was prevented, the reduction in  lactobacil- 
lus counts was greatest in the coconut oil 
group and least in the high starch, fat-free 
group. For the coliform counts the net 
increases were sim ilar with all the diets but 
the rate of increase was greatest with the 
corn oil and least with the coconut oil diet. 
The enterococci showed a diphasic re
sponse in the cupped anim als, an increase 
which reached a peak at 5 or 6 weeks after 
cupping, followed by a downward trend. 
At the end of the experim ent the enter
ococcus counts in  the cupped anim als 
were sim ilar in the coconut oil and the 
corn oil groups and only slightly lower in 
the fat-free group.

DISCUSSION

Prevention of coprophagy can lead to 
enhanced requirem ents for several m icro
nutrients and even in the presence of all 
known required nutrients, anim als in 
which coprophagy is prevented fail to grow 
as well as controls wearing sham  tail cups
(1 ) . It has also been reported that volun
tary food consum ption is reduced in ani
mals in which coprophagy is prevented but 
that the efficiency of food utilization is 
unchanged (1 ) .

Observations of this type have usually 
been interpreted to m ean that the anim al 
derives some nu trien t from the feces which 
is synthesized by the intestinal microflora 
at a site in  the intestinal tract where it 
cannot be directly absorbed by the host. 
However, feeding of feces or cecum con
tents of norm al ra ts does not necessarily 
reverse the growth depression observed 
in anim als in which cophophagy is pre
vented. The possibility that prevention 
of coprophagy m ay influence the eco
logical balance of the intestinal m icro
flora was suggested by observation (2 )  
that the num ber of lactobacilli in the 
feces or cecum contents is greatly re 
duced in anim als fitted with tail cups to 
prevent coprophagy. These observations 
were confirmed in  the present study in 
which it has also been shown that the 
num ber of enterococci and coliform or
ganisms increases markedly under the

same conditions. It thus appears that 
coprophagy is an im portant factor in 
establishing and m aintain ing the compo
sition of the intestinal microflora. In the 
absence of coprophagy some m icroorgan
isms, namely, the lactobacilli, m ay be u n 
able to sustain themselves at “norm al” 
levels in the intestinal tract, whereas other 
species m ay increase in  num ber.

It has long been recognized that varia
tions in  the composition of the diet may 
also influence the num ber and type of 
microorganisms in  the intestinal tract of 
experim ental animals. In the present in 
vestigation the basal fat-free diet contain
ing 22% casein and 74% starch and the 
high fa t diets, containing 20% of corn 
oil or hydrogenated coconut oil, had gen
erally sim ilar effects on the num ber of 
lactobacilli, enterococci and coliform or
ganisms of the lower gut of the control, 
uncupped, animals. The principal differ
ence observed between the diets was a 
greater reduction in lactobacillus counts in 
anim als receiving the coconut oil diet. The 
presence of the tail cups increased the dif
ference between the lactobacillus counts 
of anim als receiving the fat-free and coco
nu t oil diets and caused a reduction in  the 
num ber of lactobacilli in those receiving 
the corn oil diet. The observations in  the 
present study clearly indicate 1) that 
coprophagy prevention was a fa r greater 
determ inant in altering the balance of 
intestinal microflora than  any of the diets 
used, and 2 ) that coprophagy prevention 
served to accentuate dietary-induced dif
ferences in the intestinal flora presumably 
because the factor of reinoculation was 
eliminated.

At the end of the experim ent the ani
mals were 12 weeks of age. F inal body 
weights of the cupped anim als were be
tween 28 and 38% lower than  those of the 
uncupped anim als fed the same diet. These 
results are consistent with the observations 
of Barnes et al. (1 )  using a diet containing 
25% casein. These authors have also 
shown that ra ts in  which coprophagy was 
prevented for up to 16 hours daily still 
gained weight at a norm al rate with no 
apparent difference between the time of 
day or night during which they had access 
to the feces. Rats allowed access to their
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feces for only 2 or 4 hours daily did not 
gain weight at a norm al rate.

It is thus apparent that complete preven
tion of coprophagy in  rats has at least 2 
consequences: 1) the anim als do not ex
hibit norm al weight gains, and 2) their 
intestinal microflora can undergo m ajor 
alterations. Although it is tem pting to 
assume that the 2 phenom ena are in ter
related, there is at present no definitive 
evidence to justify such an assumption. 
If a microbially produced growth-pro
moting agent is contained in feces, it ap
parently is not available to the anim al 
unless the feces may pass directly from 
the anus to the mouth, for it has been re
ported (1 ) that opening the tail cups at 
their distal end to permit coprophagy only 
after the fecal pellets had passed through 
the tail cups did not restore the normal 
growth rate. Further studies will be re
quired to determine the role of intestinal 
microorganisms individually and collec
tively in  the nutrition of the host.
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ABSTRACT  Rats m aintained with a vitam in A-deficient diet were fed at 2 levels 
of a-tocopherol. Control anim als were pair-fed. Higher dietary a-tocopherol caused an 
increase in  the liver stores of vitam in A in the control animals. Vitamin A deficiency 
increased liver concentration of a-tocopherol and lowered serum albumin but increased 
globulins. In vitro incorporation of C14-amino acids into diaphragm protein was sig
nificantly higher in  the tissue of vitam in A-deficient rats fed at the lower a-tocopherol 
intake than in  pair-fed controls. In contrast, the incorporation of C14-amino acids into 
protein from diaphragm of vitam in A-deficient rats receiving the higher a-tocopherol 
intake was significantly lower than that of pair-fed controls. These changes in  protein 
m etabolism  m ay be explained through the effect of vitam in A and E on membrane 
properties.

Previous studies by Vakil and Roels (1 ) 
have indicated that vitamin A deficiency 
markedly lowered serum albumin in rats 
and increased globulin levels. Dusheiko
(2 ) reported an increased S35-methionine 
incorporation into liver, kidney and serum 
proteins in rats fed a low protein and 
vitamin A-deficient diet. Chagovets and 
Dusheiko (3 ) also reported a decrease in 
the total serum protein in vitamin A de
ficiency. Harmon et al. (4) noted increased 
serum y-globulins and decreased albumins 
without significant change in  serum total 
proteins in swine fed a vitamin A-deficient 
diet. Edwin et al. (5 )  reported an in 
creased liver a-tocopherol level in vitamin 
A-deficient rats. Diehl and Sanders (6 ) 
observed that vitamin E deficiency in 
creased the incorporation of glycine-l-C14 
into muscle protein of rabbits.

Since vitamin A deficiency influences 
the a-tocopherol status of the animal, and 
since both vitamins appear to affect pro
tein metabolism, we have investigated the 
influence of different levels of dietary a-to- 
copherol on protein metabolism in vitamin 
A deficiency. This was studied by deter
mining total and individual serum pro
teins in vitamin A-deficient rats fed at 
lower and higher levels of dietary a-tocoph
erol. The in vitro incorporation of C14- 
amino acids into the proteins of diaphragm 
from the same rats was determined. The 
effect of different dietary levels of a-to

copherol on the liver storage of vitamins 
A and E in  vitamin A-deficient rats and 
pair-fed controls is also reported.

EXPERIMENTAL PROCEDURE

Animals and diets. Twenty-one-day- 
old, male albino rats of the Sherman 
strain weighing between 40 and 44 g were 
housed in individual cages and m aintained 
with the experimental diets. Littermates 
matched for weight formed the “pairs” : 
the ra t fed the vitamin A-deficient diet ate 
ad libitum and its litterm ate fed the control 
diet was pair-fed.

The m ajor ingredients of the basal diet 
were (%  w eight): vitamin-free casein,4 
18; glucose, 68; cellulose, 5; peanut oil, 5; 
salt mixture USP XIV, 4. The following 
vitamins were added to the basal diet 
(m g /k g ): thiamine HC1, 2; riboflavin, 4; 
pyridoxine, 4; choline, 1,000; inositol, 
1,000; p-aminobenzoic acid, 300; nicotin
amide, 100; folic acid, 2.5; vitamin Bi2, 
0.05; biotin, 0.1; ergocalciferol, 0.042; 
vitamin K, 10; Ca pantothenate, 10. The 
dietary levels of vitamin A and a-tocopherol

R eceived fo r  p u b lic a tio n  M ay 23, 1964.
1 T h is  w ork  w as su p p o rted  by  P u b lic  H e a lth  Service 

R esea rch  G ra n t A-4464 a n d  R esea rch  C aree r P ro g ram  
A w ard  5-K3-AM 14,154 fro m  th e  N a tio n a l In s ti tu te  of 
A rth r itis  a n d  M etabo lic  D iseases. L ab o ra to ry  fa c ilitie s  
w ere  m ad e  av a ilab le  th ro u g h  g ra n t U-1117 o f th e  
H e a lth  R esea rch  C ouncil o f  th e  C ity o f N ew  York.

2 W h ite h a ll Fellow .
3 W illia m s-W ate rm an  Fellow .
4 N u tr i t io n a l B io ch em ica ls  C o rp o ra tio n , C leveland .

J . N u t r it io n , 84 : ’64 161
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used in the 4 experimental groups are 
shown in table 1.

Each pair of animals was killed under 
light ether anesthesia after 24 hours’ fast
ing, when the deficient rat had lost weight 
for 2 or 3 consecutive days. This usually 
occurred when the animals had consumed 
the diet for about 40 days.

C h e m ic a l M e th o d s . Incorporation of C14- 
amino acids into protein: To measure the 
incorporation of C14-amino acids into mus
cle proteins, the method described by Wool 
and Krahl (7) was used, with the follow
ing modifications: one hemi-diaphragm 
from each rat was incubated with UL-C14- 
phenylalanine. The concentration of UL- 
C14- phenylalanine (140 mc/mg) in the 
incubation mixture was 1.2 X 10-5 m . The 
other hemi-diaphragm was incubated with 
1 X 10“4 m  methyl-C14-methionine (9.3 me/ 
mg). These different concentrations were 
used to have one microcurie of radioactiv
ity present in each test.

The dry protein sample obtained after 
incubation and washings, was dissolved 
in performic acid and an aliquot represent
ing about 10 mg protein was plated on a 
planchet along with 10 mg of sucrose. 
This yielded a uniform layer on drying. 
The samples were counted in a window
less gas-flow counter. All counts were cor
rected for self-absorption.

Blood collected from the heart of the 
animals under light anesthesia was centri
fuged and the serum was separated. Total 
serum protein concentration was deter
mined by the biuret method described by 
Gornall et al. (8) and the serum proteins 
were fractionated by paper electrophoresis.5

Twenty per cent (w /v) liver homogen
ates were prepared in distilled water and 
aliquots were used for vitamin A, a-tocoph-

erol and nitrogen determinations. Total 
nitrogen was determined according to the 
method described by Scales and Harri
son (9).

The method of Roels and Trout (10) 
was used for the vitamin A determina
tion, and that of Bieri et al. (11) for the 
a-tocopherol.

RESULTS

G ro w th  a n d  fo o d  in ta k e . Table 2 shows 
the growth and the food efficiency ratio 
(weight gain g/food consumption g) of 
the different groups of rats.

V ita m in  A  a n d  a -to co p h ero l

The liver stores of vitamin A and a-to
copherol are shown in table 3. No vitamin 
A was detectable in the livers of the de
ficient animals. Liver stores of vitamin A 
were significantly higher (P < 0.001) in 
the control rats receiving the high a-to
copherol intake (diet group AE+, 172 ug 
vitamin A/g dry tissue) than in the con
trol group receiving the lower level of die
tary a-tocopherol (diet group AE, 123 ag 
vitamin A/g dry tissue). When the vita
min A levels were calculated per gram of 
fresh liver tissue or on a nitrogen basis, 
the same significant difference between 
vitamin A storage in the AE group and in 
the AE+ group was observed. Table 3 also 
shows that the rats receiving 500 mg 
a-tocopherol/kg diet stored only twice as 
much a-tocopherol in their livers as those 
fed the 50 mg a-tocopherol/kg diet. The 
AE group stored 22.2% of its total dietary 
vitamin A in the liver against 33.3% in 
the AE+ group (P < 0.001).

5 Spinco Instruction Manual (Procedure B), Beck
man Instrument Company, Spinco Division, Palo Alto, 
California.

TA BLE 1

Dietary v itam in  A and a-tocopherol in the various experimental groups of rats

Pair-fed Pair-fed
Deficient Control Deficient Control

D iet g roup -  AE AE -  AE + A E +

m g /k g o f  d ie t m g /k g o f d ie t
V i ta m in  A  1 0 1 .7 2 0 1 .7 2

a -T o c o p h e ro l  2 50 5 0 5 0 0 5 0 0

1 Vitamin A obtained from United States Pharmacopeia Reference Standards was used.
2 Pure dl-a-tocopherol (Merck, U.S.) was used.
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TABLE 2

Growth and food efficiency ratio of rats fed a complete  or v itamin A-deficient diet with  
lower and higher level of a-tocopherol1

Diet Initial Total
food

intake
Final Food

group body wt body wt efficiency

9 9 9
- A E 44.3 359.2 116.1 0.200

P <  0.001 P <  0.001
AE 41.8 359.6 136.7 0.264

- A E  + 43.9 350.1 118.5 0.213
P <  0.01 P <  0.001

AE + 41.0 342.7 133.5 0.270
1 Seven rats/group.

TABLE 3

Liver stores of v itam in A and a-tocopherol in the different experimental groups

Diet
group

a--Tocopherol Dietary 
-tocopherol 
stored in 

liver

Vitamin A Dietary 
vitamin A 
stored in 

liver
No. of

rats
No. of
rats

- A E 7

H9/9 dry  
liver  

t is sue  
135

%

0.62 27

ß 9 /9  dry  
liver  

t is sue
%

AE 7
P <  0.2 

107 0.60 27 123 22.2

- A E  + 7 273 0.16 17 _ _

AE + 7
P <  0.05 

189 0.13 17 172 33.3

S eru m  p ro te in s . Table 4 illustrates the 
effect of vitamin A deficiency and different 
levels of dietary a-tocopherol on serum pro
teins. Vitamin A deficiency and different 
dietary levels of a-tocopherol did not influ
ence serum total proteins. The percentages 
of a-, (3- and y-globulin fractions were sig
nificantly greater in the vitamin A-deficient 
animals fed higher dietary a-tocopherol, 
whereas a significant increase in the (3- 
and y-globulin fractions was noted in vita
min A-deficient rats receiving the lower 
level of a-tocopherol, without any signifi
cant change in the a-globulin fraction. The 
percentage albumin was significantly 
lower in both groups of vitamin A-de
ficient animals receiving low and high 
levels of a-tocopherol in their diet.

C ,4-A m in o  a c id  in c o rp o ra tio n  in  m u sc le  
p ro te in . Table 5 summarizes the results 
of the incorporation of the C14-labeled 
amino acids into diaphragm protein. The 
specific activity of the proteins of the 
“control” diaphragm was taken to be 100% 
and the specific activity of the “deficient”

tissue was expressed as a percentage of 
its control.

Significantly higher C14-amino acid in
corporation into diaphragm protein was 
noted with both methyl-C14-methionine and 
UL-C14-phenylalanine in viamin A-deficient 
rats fed the lower dietary a-tocopherol. 
Significantly lower incorporation was ob
served with both the C14-amino acids in 
vitamin A-deficient animals fed at the 
higher dietary a-tocopherol level.

The average incorporation of UL-C14- 
phenylalanine in vitamin A-deficient rats 
fed at the lower level of dietary a-tocoph
erol was 386 count/min/mg protein, 
whereas that of the control animals was 
288 count/min/mg protein. For methyl- 
C14-methionine the incorporation in the 
deficient rat diaphragm was 152 count/ 
min/mg protein compared with 107 count/ 
min/mg protein in the controls. In con
trast, the average incorporation of UL-C14- 
phenylalanine in vitamin A-deficient rats 
fed at the higher level of dietary a-tocoph
erol was 345 count/min/mg protein and
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TA B LE 4

Serum proteins of v i tam in  A-deficient rats and pair-fed controls fed  at different 
dietary levels of a-tocopherol

Diet
t
No. of 
pairs 
af rats

protein Albumin
Globulin

a- e- 7-

0/300 mi % % % %
AE 6.1 69.1 11.5 i l i 8.0

19 P <  0.9 P <  0.001 P <  0.5 P <  0.001 P <  0.001
- A E 5.9 61.0 11.1 13.3 14.3

AE + 6.3 69.7 8.9 11.4 9.9
10 P <  0.9 P <  0.001 P <  0.05 P <  0.01 P <  0.001

- A E  + 6.2 58.4 10.4 13.6 17.5

Serum proteins of vitam in A-deficient rats as % of control
% % % % %

Lower
vitam in E
level 19 97 P <  0.9 88 P <  0.001 96 P <  0.5 118 P <  0.001 179 P <  0.001

Higher
vitam in E
level 10 98 P <  0.9 84 P <  0.001 117 P <  0.05 119 P <  0.01 177 P <  0.001

TABLE 5

Influence of v itam in  A deficiency and dietary a-tocopherol on the in vitro  
incorporation into protein of ra t  diaphragm

Cli-amino acid

Diet
No. of 
pairs 

of rats
C^-amino 
acid used

Vitamin A- 
deficient 
as % of 
control

Significance 
of difference 

between 
control and 

deficient 
tissue

Lower vitam in E level 14 UL-C14-phenylalanine
%

134 ±  11 P <  0.01
18 methyl-C14-m ethionine 142 ±  17 P <  0.02

Higher vitam in E level 20 UL-C14-phenylalanine 74 ± 5 P <  0.001
13 methyl-C14-m ethionine 84 ± 1 1 P <  0.05

that of the control animals 473 count/ 
min/mg protein. Methyl-C'4-methionine 
incorporation in the vitamin A-deficient 
rats fed the higher a-tocopherol was 417 
count,/min/mg protein compared with 497 
count/min/mg protein for their pair-fed 
controls.

DISCUSSION

As expected, the food efficiency ratio 
was lower in vitamin A-deficient animals 
than in pair-fed controls. Although the 
vitamin A-deficient animal had the same 
food intake, the lower final body weight 
clearly reflected the lower food efficiency 
ratio due to vitamin A-deficiency. Differ
ent levels of a-tocopherol intake did not 
change this.

Many authors, Moore (12), Guggenheim
(13) and others, have reported that dietary

a-tocopherol increases tissue levels of vita
min A. This has been interpreted largely 
as a protective action (antioxidant effect) 
of a-tocopherol. We have confirmed that 
higher levels of dietary a-tocopherol in
crease liver vitamin A stores. Vitamin A 
deficiency significantly increased the liver 
concentration of a-tocopherol in the rats 
fed the high a-tocopherol diet compared 
with that of the controls. Vitamin A-defi
cient rats receiving the lower levels of 
dietary a-tocopherol also tended to store 
more a-tocopherol in their livers, although 
the difference was not statistically sig
nificant. Edwin et al. (5) fed a 100-mg 
a-tocopherol/kg diet to vitamin A-deficient 
rats and noted a 60% increase in the liver 
concentrations of a-tocopherol in the defi
cient animals compared with controls, but
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these workers did not report the statistical 
significance of the differences they ob
served.

Since high levels of dietary a-tocopherol 
do not lead to proportionately higher tissue 
stores of this compound (a 10 times higher 
dietary intake led to a 2 times higher liver 
concentration) it appears that saturation 
levels were reached with the higher «-to
copherol intake, whereas this was not the 
case with the lower dietary level. The per
centage of dietary a-tocopherol stored in 
the liver of the rats in the AE and — AE 
groups was 4 times higher than that of the 
animals receiving 10 times as much dietary 
a-tocopherol (AE+ and — AE+).

The dietary a-tocopherol level influenced 
serum protein metabolism both in the con
trol and in the vitamin A-deficient groups: 
the AE group had a much higher a-globu- 
lin level than the AE+ group, although 
there was no difference in serum total pro
teins between these 2 groups. The a-glob- 
ulin level of the — AE+ group was also 
higher than that of the AE+ group, where
as there was no change in a-globulins due 
to vitamin A deficiency in the rats receiv
ing the lower levels of dietary a-tocopherol 
(AE and -  AE).

In an attempt to elucidate this interac
tion of vitamins A and E in protein metab
olism, we studied the in vitro incorpora
tion of C14-amino acids into muscle 
protein of vitamin A-deficient rats and 
pair-fed controls fed at different dietary 
levels of a-tocopherol. In the tissues from 
the animals fed at the lower a-tocopherol 
level, the amino acid incorporation into 
diaphragm protein was significantly in
creased in vitamin A deficiency.

In contrast, the diaphragm of vitamin 
A-deficient rats fed at the high a-tocoph
erol levels incorporated significantly less 
C14-amino acid into protein than that of 
pair-fed controls.

This observation might be explained 
through an increased permeability of the 
cell membrane in vitamin A deficiency: 
this increased permeability of the mem
brane might in turn change the intracellu
lar free amino acid pool available for pro
tein synthesis.

Dingle (14) has shown that vitamin A 
influences the stability of biological mem
branes, and Roxas et al.6 observed an in

creased permeability or fragility of mem
branes of subcellular particles of liver 
tissue from vitamin A-deficient rats. Glauert 
et al. (15) have shown that a-tocopherol 
reverses the effect of vitamin A on cell 
membrane stability; this would tend to re
duce the loss of amino acids from the intra
cellular pool. Brown and Morgan (16) 
reported negative nitrogen balance in vita
min A-deficient rats, indicating increased 
protein catabolism and Malathi et al. (17) 
observed increased free amino acid levels 
in tissues of vitamin A-deficient rats.

In all our experiments, the diaphragms 
were equilibrated in amino acid-free Krebs- 
Henseleit medium prior to the incubation 
in fresh medium in the presence of C14- 
labeled amino acids. If the vitamin 
A-deficient rats receiving the “normal” 
tocopherol intake had increased cell mem
brane permeability, then this in vitro equi
libration of the diaphragms in amino acid- 
free Krebs-Henseleit buffer might have 
depleted the in vivo existing intracellular 
free amino acid pool. When the thus de
pleted “equilibrated” diaphragm was then 
transferred to fresh Krebs-Henseleit me
dium containing the labeled amino acid, 
the relative concentration of the labeled 
amino acid would be considerably higher 
in the tissue from the deficient animals 
than in the controls.

In contrast, the decreased incorporation 
of the C14-amino acid in the diaphragm of 
the rats receiving the higher a-tocopherol 
intake could be explained through a lesser 
penetration of the labeled amino acid into 
the cell and a greater dilution of the radio
active amino acid inside the cell, resulting 
from an increased intracellular free amino 
acid pool in the tissue of the vitamin A-de
ficient animal. If the higher dietary a-to
copherol had reversed the increased cell 
membrane permeability due to vitamin A 
deficiency, then the “equilibration” of the 
diaphragm in amino acid-free Krebs-Hen
seleit medium would not deplete the intra
cellular free amino acid pool markedly. 
This, combined with a higher intracellular 
free amino acid pool in the vitamin A- 
deficient animal compared with that of 
the control would result in the observed

6 Roxas, B., M. Trout, G. L. Sessa, A. Guha and 
O. A. Roels 1964 The release of ribonuclease from 
a particulate fraction of vitamin A deficient rat liver. 
Federation Proc., 23; 293 (abstract).
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lower specific activity in the diaphragms 
from the deficient animals.
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Microbiological and Enzymatic Assays 
of Riboflavin Analogues * 1

CHUNG SHU YANG, CHARALAMPOS ARSENIS a nd  
DONALD B. McCORMICK
Graduate School of Nutrit ion, Cornell  University, Ithaca, N ew  York

ABSTRACT  A num ber of riboflavin analogues, m ost of them  recently synthesized, 
were exam ined w ith  respect to their abilities to replace or antagonize the utilization  
of riboflavin by Lactobacillus casei and w ith respect to their substrate activities w ith  
flavokinase w hich catalyzes phosphorylation of riboflavin. Diethyl-, 6-methyl-, and 
2'-deoxyriboflavin were show n to serve as sole sources of flavin for the growing microbe 
and were found to be phosphorylated in  the flavokinase system . D-Erythroflavin, 
6,7-dihaloriboflavins, and other flavins substituted only in  position 6 or 7 are poor 
replacers of riboflavin for growth. Certain of these latter analogues, for exam ple, 
D-erythroflavin w hich is  poorly phosphorylated and the dihaloriboflavins w hich are 
phosphorylated m oderately w ell, act as antagonists at high concentrations in  the 
presence of riboflavin. Other analogues w hich are inactive as either vitam ins or sub
strates for flavokinase, but antagonize the utilization of riboflavin by inh ib iting its 
conversion to flavin m ononucleotide, include 2,,3',4'-trideoxyriboflavin and 6-methyl-7- 
am inolum iflavin.

Within a few years following the elabo
ration of the structure of riboflavin, a size
able number of analogues were synthe
sized in the laboratories of Kuhn and 
Karrer for chemical and biological tests 
intended to circumscribe the behavior of 
this vitamin. The syntheses and testing of 
riboflavin analogues has continued and 
the basic structural requirements for bio
logical activity as delineated by such in
vestigations has been reviewed (1, 2). In
terest has been renewed in the further 
syntheses and biochemical behavior of 
flavins with current attention focused on 
the mechanisms of formation of flavin co
enzymes and the reactions of such co
enzyme forms in flavoprotein catalyses. 
In particular, studies on the substrate 
specificity of flavokinase, which catalyzes 
the formation of flavin mononucleotide 
(FMN) from riboflavin and adenosine tri
phosphate (ATP), have led to the recent 
syntheses of several new riboflavin ana
logues (3, 4).

The present study describes the micro
biological activities of these riboflavin 
analogues and their reactivities in the 
flavokinase system. The current observa
tions extend considerably our understand
ing of the relation of the structure of ribo
flavin to its biological activity, particularly 
when interpreted together with results

from contiguous investigations which have 
been made recently. These investigations 
include studies on the FMN specificity of 
flavin adenine dinucleotide (FAD) pyro- 
phosphorylase, which catalyzes the con
version of FMN to FAD (5), and the co- 
enzymatic functions of analogues of both 
FMN with reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) cyto
chrome c reductase (6) and FAD with 
d - amino acid oxidase (7).

EXPERIMENTAL

M a te r ia ls . Dichlororiboflavin (6,7-di- 
chloro - 9 - ( V  -  d  - ribityl )isoalloxazine) was 
supplied commercially.2 6-Methyl-7-amino- 
lumiflavin ( 7-amino-6,9-dimethylisoalloxa- 
zine) was synthesized from 2-nitro-4- 
methylaminotoluene and violuric acid 
according to Hemmerich et al. (8). Simi
larly 7-aminoriboflavin (7-amino-9-(l/-D- 
ribityl)isoalloxazine) was prepared from 
?n-nitro aniline and violuric acid. The 
6-methoxy- and 6-ethoxyriboflavins (6- 
alkoxy-9- (1 '-D-ribityl) isoalloxazines ) were 
made as described previously (4) by con
densation of barbituric acid with the

R ece ived  f o r  p u b lic a tio n  M ay  28, 1964.
1 T h is  in v e s t ig a tio n  w as  s u p p o rte d  by  P u b lic  H e a lth  

S erv ice  R ese a rch  G ra n t no . AM -04585 f ro m  th e  N a 
tio n a l In s t i tu te s  o f H e a lth  a n d  b y  fu n d s  f ro m  th e  
S ta te  U n iv e rs ity  o f N ew  Y ork.

2 M erck  S h a rp  a n d  D ohm e R ese a rch  L a b o ra to r ie s , 
R ah w a y , N ew  Jersey .
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corresponding 2-phenylazo-D-ribaminoben- 
zenes by the procedure of Tishler et al. (9 ) . 
A series or flavins prepared from  the ap
propriately substituted o-nitroanilines and 
aldoses by the method of Kuhn et al. (1 0 ) 
include: D-erythroflavin (6,7-dimethyl-9- 
( l'-D -erythrity l^soalloxazine), 2'-deoxy- 
riboflavin (6,7-dim ethyl-9- ( l'-D-deoxy- 
ribityl )isoalloxazine ), 6 - methylriboflavin
(6-methyl-9-(l'-D-ribityl)isoalloxazine), and 
diiodoriboflavin (6,7-diiodo-9-( r-D-ribityl) 
isoalloxazine. Diethylriboflavin (6,7-di- 
ethyl-9-( T-D-ribityl)isoalloxazine was simi
larly prepared as described by Lambooy
(1 1 ). Dibromoriboflavin ( 6, 7-dibromo-9- 
( r-D-ribityl)isoalloxazine) and 2/,3',4'-tri- 
deoxyriboflavin (6 ,7 -d im e th y l-9 -(5 / - hy- 
droxypentyl)isoalloxazine) were synthe
sized via displacement reactions with the 
appropriate aminoalcohol and correspond
ing dinitrobenzes as described by Weygand 
et al. (1 2 ). 6-Aminoriboflavin (6-amino- 
9-( r-D-ribityl)isoalloxazine) was prepared 
from 2,4-dinitrofluorobenzene as described 
previously (1 3 ) by displacement of HF 
with D-ribamine (1 4 ). The 6-methylpyri- 
dinoriboflavin (6-methyl-8(N)-pyrido-9-( V - 
D-ribityl)isoalloxazine) was similarly syn
thesized via displacement of HC1 from
2-chloro-3-nitro-5-methylpyridine with d - 
ribamine. As we are unaw are of prior 
synthesis of this analogue, the following 
percentage composition is given for the 
m onoacetate salt.

C 17H 21O 8 N 5
Calculated : C 48.2, H 5.0, N 16.5
Found: C 48.1, H 5.1, N 16.1

The absorption spectrum which is observed 
with this compound exhibits maximal ab
sorbancies near 265, 330 and 445 mu 
which typify flavins. Both absorption and 
infrared spectra were obtained to charac
terize and establish adequate purities of 
all flavins used.

Flavokinase preparations from rat livers 
were prepared as reported previously (15). 
Specific activities of the preparations were 
from 30 to 35 mumoles of FMN formed 
per milligram of protein per hour at 37°.

M e th o d s . Microbiological assays were 
performed essentially as described by 
Snell and Strong (1 6 ) using L a c to b a c illu s  
c a s e i e 7469 ATCC and the Difco riboflavin 
assay medium. Titrametric determina
tions of lactic acid production in 10 ml of

media were made after 72 hours of incu
bation at 37°.

Mixtures for assaying flavokinase ac
tivity contained, unless otherwise noted, 
0.1 m M  flavin, 1 m M  ATP, 0.1 m M  Zn+ + , 
75 m M  potassium phosphate buffer (pH
8), and 1 mg of protein in 5 ml of total 
volume. Incubation was carried out in the 
dark, generally for 90 minutes. The reac
tion was terminated by the addition of 
2 ml of 17.5% trichloroacetic acid. The 
flavin phosphate formed was determined 
by the differential extraction method of 
Burch et al. (17), as modified (18). In 
some instances, the products were applied 
to Whatman no. 1 paper, and the spots 
were observed under ultraviolet light after 
development of the chromatograms in as
cending solvents. Secondary confirmation 
of phosphorylation, or lack of phosphoryla
tion, and of purity of the flavins and 
flavin products was obtained in this man
ner (19).

RESULTS

L. c a s e i a s sa y s . The microbiological 
assays of riboflavin analogues which can 
substitute moderately well for riboflavin 
are shown by the data in figure 1. For 
comparative purposes, diethylriboflavin 
and 6-methylriboflavin were included un
der the same assay conditions, since both 
of these analogues have previously been 
shown to serve as a sole source of flavin 
in the growth of L. c a s e i (1). With all of

Fig. 1 B iological activities o f riboflavin and 
analogues w hich support moderate growth of 
L. casei. Notations are: 1, riboflavin; 2, diethyl
riboflavin; 3, 6-methylriboflavin; 4 , 2'-deoxyribo- 
flavin; 5, D-erythroflavin.
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Fig. 2 B iological activities of riboflavin ana
logues w hich support poor growth of L. casei. 
N otations are: 6, dichlororiboflavin; 7, dibromo- 
riboflavin; 8, 6-m ethylpyridinoriboflavin; 9, 6- 
m ethoxyriboflavin; 10, 6-iodoriboflavin; 11, 6- 
ethoxyriboflavin; 12, 6-aminoriboflavin; 13, 7- 
am inoriboflavin.

Fig. 3 Biological activities of riboflavin ana
logues w hich antagonize riboflavin in  supporting 
growth of L. casei. Notations are: 14, diiodo- 
riboflavin; 4, 2'-deoxyriboflavin; 15, 6-methyl-7- 
am inolum iflavin; 5, D-erythroflavin; 16, 2',3',4'- 
trideoxyriboflavin.

the analogues shown, growth of the m icro
organism is obtained in  a reasonably low 
range of flavin addition. The relative or
der of riboflavin-replacing activity is th u s : 
diethylriboflavin >  6-methylriboflavin >  
2'-deoxyriboflavin >  D-erythroflavin.

Those riboflavin analogues which ex
hibit only weak vitam in activity when 
added at high levels to the culture medium 
are shown by the data in  figure 2. Again 
for comparative purposes, dichloroflavin, a 
well-known antagonist of riboflavin under 
conditions where both are supplied (1, 2) 
is included. Dichlororiboflavin, dibromo- 
riboflavin, 6-methylpyridinoriboflavin, and
6-methoxyriboflavin exhibit poor riboflavin
replacing activities. The 6-iodo-, 6-ethoxy-, 
and 6-aminoriboflavins are nearly inactive, 
as is 7-aminoriboflavin.

The data in  figure 3 illustrate the inhibi
tion of growth elicited by several ribo
flavin analogues when added to medium 
containing riboflavin which is more than 
adequate for m axim al growth when added 
alone. The 2',3',4'-trideoxyriboflavin is 
most potent as an antagonist, followed in 
decreasing potency by D-erythroflavin. d - 

Erythroflavin, which acts in moderate 
am ounts as a partial replacer of riboflavin 
(cf. fig. 1), is a reasonably effective an
tagonist of riboflavin when the form er is 
added in large excess over the natural 
vitamin. 6-Methyl-7-aminolumiflavin can

not be converted into functional coenzyme 
form s and acts only as a moderate an tag
onist to riboflavin. 2/-Deoxyriboflavin, 
which has greater vitam in activity than 
D-erythroflavin (cf. fig. 1), is a weak an
tagonist. Diiodoriboflavin is inactive as a 
vitam in and is very weakly antagonistic 
to riboflavin.

Flavokinase assays. The rates of con
version in vitro of riboflavin analogues as 
catalyzed by flavokinase to their corre
sponding FMN analogues are shown by 
the data in  figure 4. Those other flavins

Fig. 4 Flavokinase-catalyzed phosphorylation  
of riboflavin and analogues as a function of time. 
N otations are: 1, riboflavin; 14, diiodoriboflavin; 
2, diethylriboflavin; 13, 7-amino-riboflavin; 8, 
6-methylpyridinoriboflavin.



1 7 0 C H U N G  SH U  Y A N G , CH A R A LA M PO S A R S E N IS  A N D  D O N A LD  B. M cC O R M IC K

which can elicit some growth of L. casei 
in the absence of riboflavin and therefore 
m ust necessarily be converted to func
tional coenzyme forms, have already been 
shown to serve as substrates for flavokin- 
ase (3, 4, 15).

The relations of the concentrations of 
flavin substrates to the rates of form ation 
of flavin phosphates with flavokinase are 
shown by the Lineweaver-Burk plots pre
sented in  figure 5.

Comparative values calculated from 
data in figure 4 for the rates of the en
zymatic phosphorylation of riboflavin and 
the riboflavin analogues and Michaelis 
constants (Km values) calculated from the 
data in figure 5 are shown in table 1. 
Although diiodoriboflavin is phosphoryl- 
ated slightly more rapidly than diethyl- 
riboflavin, the Km value for the latter may 
suggest greater affinity of this flavin for 
the enzyme. A sim ilar relationship also

Fig. 5 Flavokinase-catalyzed phosphorylation  
of riboflavin and analogues as a function of flavin  
concentration. N otations are: 8, 6-methylpyr-
idinoriboflavin; 13, 7-aminoriboflavin; 14, diiodo
riboflavin; 2, diethylriboflavin; 1, riboflavin.

TA BLE 1

Comparative phosphorylation and  Km values for 
riboflavin and analogues

Flavin
Flavin

phosphate
formed

Km value

500 m/imoles/5 ml m/imoles/5 ml M x 105
Riboflavin 45 1.2
6,7-Diiodoriboflavin 21 8.3
6,7-Diethylriboflavin 18 0.4
7 - Aminoriboflavin 14 2.6
6-Methylpyridinoriboflavin 10 0.6

Fig. 6 Completive inhibition of flavokinase- 
catalyzed phosphorylation of riboflavin by 6- 
m ethyl-7-am inolum iflavin. N otations are: 15,
10-4 M  6-methyl-7-aminoriboflavin plus riboflavin; 
1, riboflavin.

appears with 7-aminoriboflavin and 6- 
methylpyridinoriboflavin, both of which 
are relatively poor substrates for flavo
kinase.

6-Methyl-7-aminolumiflavin behaves as 
a competitive inhibitor of the phosphoryla
tion of riboflavin as shown by the plots in 
figure 6. The Ki value calculated for this 
analogue is 4.0 X 10~5m .

DISCUSSION

Sufficient inform ation is now available 
to correlate the properties of most of the 
riboflavin analogues, both in vivo and in 
vitro. The particular biological behavior 
of any such analogue is a reflection of the 
composite of several factors which include 
permeability to the cell, reactivities with 
flavokinase and FAD pyrophosphorylase, 
and coenzymatic functions. In the light 
of the results described herein, together 
with previous investigations, the n u tri
tional activities of those riboflavin ana
logues tested in  this work can be reason
ably well understood on a biochemical 
basis. Those few analogues which par
tially serve as a sole replacer of riboflavin 
in  a growing organism m ust necessarily 
structurally resemble riboflavin to a close 
degree, e.g., diethylriboflavin, 6-methyl- 
riboflavin, and 2'-deoxyriboflavin. Those 
analogues which antagonize m ay act at 
one or more sites in the transform ations 
of riboflavin to coenzymes and in the func
tion of these coenzymes.
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D-Erythroflavin is poorly phosphorylated 
in the flavokinase system, and the FMN 
analogue so formed is not readily con
verted to an FAD analogue with FAD 
pyrophosphorylase (5 ) . However the re
dox potential of its coenzyme form s are 
approximately the same as the coenzymes 
of riboflavin, and D-erythroflavin-4'-phos- 
phate has been found to be active with 
TPNH cytochrome c reductase from yeast
(6 ) . Overall, then, the most lim iting re
actions of D-erythroflavin are in  the con
versions to coenzyme forms, so that the 
microbiological activity of the flavin is 
more that of an antagonist at high concen
trations than  that of a vitam in at low con
centrations.

Dichlororiboflavin is readily converted 
to coenzyme form s (5 ) , but the more posi
tive redox potential of these forms (4 )  
does not perm it adequate coupling of oxi
dation-reduction reactions norm ally served 
by FMN and FAD. The net result is again 
biological antagonism , but at the stage of 
flavin coenzyme function ra ther than  for
m ation. Sim ilar behavior is noted with 
dibromoriboflavin which is slightly less 
potent, both as a replacer of and as an 
antagonist of riboflavin. The dibromo ana
logue is not phosphorylated quite so read
ily as dichlororiboflavin and has a slightly 
more unfavorable redox potential. Thus 
its coenzyme forms are even more poorly 
functional, but sm aller quantities are 
formed. Diiodoriboflavin, another m em 
ber in this series, is essentially inactive 
for the same reasons, except that conver
sions to coenzymes and their functions 
are even more limiting.

Lack of a 7-methyl substituent markedly 
decreases the vitam in activity of flavins 
m ainly because of lessened conversion to 
coenzyme forms (3. 4 ). A comparison of
6-methylriboflavin with 6-methylpyridino- 
riboflavin additionally suggests im paired 
coenzymatic functions of the latter as ac
counting for its m uch weaker vitam in 
activity, as both analogues are converted 
to FMN analogues about equally well.

Both 6-methyl-7-aminolumiflavin and 
especially 2/,3,,4,-trideoxyriboflavin are an
tagonists to the biological utilization of 
riboflavin. N either of these analogues is 
converted to coenzyme forms, but they do

inhibit the conversion of riboflavin to 
FMN.

Finally, some of the complications 
should be noted. Results on the assays 
of flavins with different analogues do not 
appear to agree. For instance, Lambooy 
and Aposhian have shown that diethyl- 
riboflavin has an antiriboflavin activity in 
the growing ra t (2 0 ). Beinert has pointed 
out some of the difficulties involved (2 ) . 
Some compounds are active only in  the 
presence of suboptimal am ounts of ribo
flavin, whereas others show stim ulation at 
low and inhibitions at high levels. In 
certain  instances, any complete attem pt 
to correlate biological activity of a flavin 
m ust await fu rther exam ination of those 
other systems involved.
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Activity of Amino Acid-activating Enzymes in Tissues 
from Protein-depleted Rats * 1 *
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ABSTRACT  The activity o f am ino acid-activating enzym es in tissues from  protein- 
depleted rats w as tested by the P Pi — P32 ATP exchange reaction. Previously we 
had found that follow ing protein depletion and in concom itance w ith a greater in 
corporation of am ino acids, the activity of the liver am ino acid-activating enzym es 
significantly increased. Presently the aim  was to test the possible generalization of 
the above by investigating w hether the activity of the am ino acid-activating enzym es 
in various tissues of protein-depleted rats would vary in  a m anner analogous to the 
differences reported for am ino acid incorporation in  these tissues. The results, be
sides confirm ing that in  protein depletion the liver am ino acid-activating enzym es in 
crease w hen tested in  the presence of the com plete m ixture of am ino acids or in  the 
presence of individual am ino acids, have also shown that in heart and gastrocnem ius 
m uscle the level of these enzym es is less than norm al, in  agreem ent w ith the decreased 
am ino acid incorporation in  these organs. A general hypothesis w as thus set up that, 
in tissues from  protein-depleted anim als, the am ount of protein synthesis is regulated  
through m odifications of the level of am ino acid-activating enzym es.

The level of amino acid-activating en
zymes, as m easured by their activity in  the 
presence of 4 added amino acids, increases 
in the liver of protein-depleted rats (1 ) .

In previous studies it was also noted that 
protein-depleted anim als incorporate into 
the proteins of liver relatively more lysine- 
C14 (2 )  and methionine-S35 (4 -6 )  than 
control animals.

A possible interpretation of these ob
servations m ight be that the am ount of 
protein synthesis in  the liver of protein- 
depleted anim als is regulated through 
modifications of the level of the amino 
acid-activating enzymes, which catalyze 
the first step of protein synthesis.

The present research was planned to 
verify the validity and possible generaliza
tion of the above, extending the studies 
m ade on liver to other tissues, such as 
heart and skeletal muscle, where, in a con
dition of protein depletion, less incorpora
tion of the label, as compared with control 
anim als, had been observed (2 -4 ) .  Cor
respondingly, a lesser activity of the amino 
acid-activating enzymes was to be expected 
in those tissues if the above hypothesis 
were correct.

In addition, the liver amino acid-activat
ing enzymes were further investigated and 
tested, in the presence of the complete

m ixture of amino acids and in  the pres
ence of individual amino acids, to deter
mine whether they would increase u n i
formly following protein depletion. Assays 
were also made of liver mitochondrial- 
activating enzymes.

The results showed that a positive cor
relation between the am ount of protein 
synthesis, m easured as amino acid incor
poration in  vivo (2 -6 ) ,  and the activity of 
the amino acid-activating enzymes exists 
in  all tissues examined.

EXPERIMENTAL
Liver, heart and gastrocnemius muscle 

from adult m ale rats, of W istar strain, 
were used. The rats were fed ad libitum  a 
protein-free diet, or a 20% casein diet, 
supplem ented with 0.3% DL-methionine. 
The rats were m aintained with the experi
m ental diet for 30 to 60 days, as the amino 
acid-activating enzymes have been shown 
to exhibit the highest activity at this stage 
of protein depletion (1 ) .

Reagents. All chemicals were of analy
tical reagent grade. Solutions were ad
justed to pH 7.4. Radioactive inorganic 
pyrophosphate-P32, adenosine triphosphoric 
acid disodium salt (ATP-Na2 salt) and

R ece ived  fo r  p u b lic a tio n  A p ril 17, 1964.
1 T h is  p a p e r  w as  p re s e n te d  in  p a r t  b e fo re  th e  6 th

I n te rn a t io n a l  C ongress  on  N u tr i t io n , E d in b u rg h , 1963.
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L-amino acids were obtained commer
cially.2 None of the amino acids, when 
checked for purity by 2-dimensional paper 
chrom atography, showed any additional 
spots. Activated ch a rco a l3 was washed 
with 5% trichloroacetic acid, then with 
distilled water until the washings were 
neutral, and dried in  an  oven.

E nzym e preparations: liver, heart and 
gastrocnemius muscle supernatant frac
tion. The anim als were decapitated. 
Liver, heart, and gastrocnem ius muscle 
from the hind legs, were quickly removed 
and placed in  an ice-cold solution of 0.05 m  
KC1 and 0.02 m  Tris ( 2-amino-2-hy- 
droxym ethylpropane-1: 3-diol, adjusted to 
pH 7.4 with HC1). H eart and gastrocnem 
ius muscle were finely chopped with scis
sors. Homogenation was perform ed in a 
motor-driven Potter homogenizer with a 
Teflon pestle, in  Tris-KCl buffer (pH  7.4). 
Suitable aliquots of the homogenate were 
taken for DNA analysis. The homogenates 
were then centrifuged in  an M.S.E. “super
speed 40” centrifuge at 105,000 X g for 
one hour. Six m illiliters of the liver super
natan t fraction were passed through a col
um n, 2 X 25 cm, of Sephadex G-25 (m e
dium  size, previously equilibrated with 
Tris-KCl buffer) 4 to decrease the content 
of endogeneous amino acids, as suggested 
by Bucovaz and Davis (7 ) . The head and 
the tail of the eluate were discarded and a 
central portion of about 4 ml, which had 
the highest exchange activity and protein 
concentration, was used for the enzyme 
assay. Following treatm ent of liver super
n a tan t with Sephadex, an exchange of 
inorganic pyrophosphate-P32 labeled (P P r 
P32), with ATP in the absence of added 
amino acids occurred to the extent of about 
0.38 um oles/hr/m g protein.

Gastrocnemius and heart supernatant 
were treated with Carbowax,5 as suggested 
by Pennington (6 ) ,  since prelim inary test
ing had shown that by this method a 
greater amino acid-dependent exchange ac
tivity was obtained (threefold that of the 
endogenous exchange), than  with Sephadex 
treatm ent (twofold that of the endogenous 
exchange). The amino acid-dependent ex
change in  liver (fourteen- and sixfold that 
of the endogenous exchange for protein- 
depleted and norm al rats, respectively) 
was not significantly improved by Carbo

wax treatm ent; therefore the more rapid 
Sephadex treatm ent was adopted. Suit
able aliquots of the treated supernatant 
fractions were used for assay of the amino 
acid-activating enzymes and for protein 
determ ination.

Liver mitochondrial extract fraction. 
This fraction was prepared from  a 10% 
homogenate in 0.25 m  sucrose, adjusted to 
pH 7.4. Suitable aliquots of the homog
enate were used for DNA analysis. After 
removal of nuclei and cell debris, the 
m itochondria were sedimented, washed 3 
times and the final pellet was taken up in 
a very small volume of ice-cold 0.25 m  
sucrose. The m itochondria were disrupted 
according to the method of T rum an and 
Korner (9 ) . The resulting m aterial was 
centrifuged at 1,500 X g for 10 m inutes 
and the supernatant passed through a 
small column of Sephadex G-25. Suitable 
aliquots were then used for assay of the 
amino acid-activating enzymes and for pro
tein determ ination.

Assay method for amino acid-activating 
enzymes. The enzyme activity was deter
m ined by m easuring the rate of exchange 
between PPrP32 and ATP, according to 
DeMoss and Novelli (1 0 ) , in  the absence 
of added amino acids (endogenous ex
change) and in the presence of the com
plete m ixture of amino acids, or in the 
presence of the individual amino acids. 
The incubation m ixture of 1 ml final vol
ume contained: (in nmoles) Tris-KCl buffer 
(pH 7.4), 100; ATP-disodium salt, 10; KF, 
50; MgCl2, 10; pyrophosphate-P32 (about
100,000 co u n t/m in ), 10; am ino ac id (s), 
4 of each; and appropriate am ounts of 
enzyme preparations. The m ixture was in 
cubated at 37° for 15 m inutes and the re
action was stopped by the addition of 2 ml 
of 5% trichloroacetic acid. Each incuba
tion was m ade in duplicate or in  triplicate. 
The ATP was separated by adsorption on 
charcoal according to a procedure de
scribed by DeMoss and Novelli (1 0 ) . The 
adsorbed ATP was hydrolized with 4 m l of

2 In o rg a n ic  p y ro p h o sp h a te -P 32 w as  p u rc h a s e d  fro m  
th e  R ad io ch e m ic a l C en tre , A m e rsh am , B u ck s, E n g 
la n d ;  A T P -N a2 s a lt  a n d  n -am in o  ac id s  w e re  p u rc h a s e d  
fro m  th e  N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C leve
la n d .

3 C arbo  A c tiv a tu s , M erck , D a rm s ta d t .
4 Sephadex-G 25 , m e d iu m  size , P h a rm a c ia ,  U p p sa la , 

Sw eden.
5 C arb o w ax  20 M  (p o ly e th y le n e  g ly c o l) , G. T . G u rr  

L td ., 136 N ew  K ings  R oad , L o n d o n  S .W .6, E n g la n d .
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n  HC1 for 15 m inutes, in  a boiling water 
bath. The m ixture was filtered and the 
phosphorus-P32 activity of 0.1-ml aliquots 
of the filtrate were m easured in  a gas-flow, 
end-window counter.

Analysis. Inorganic phosphate was de
term ined according to Fiske and Subba- 
Row (11). Supernatant and m itochondrial 
proteins were determ ined by the biuret 
method, as modified by Cleland and Slater
(1 2 ). The DNA was determ ined by the 
method of Webb and Levy (1 3 ).

R E S U L T S

Liver supernatant fraction. The activ
ity of the amino acid-activating enzymes, 
tested in the presence of the complete m ix
ture of 20 amino acids, is shown in table 1. 
The results, calculated according to DeMoss 
and Novelli (1 0 ) , are expressed in  terms 
of micromoles of exchange per hour per 
milligram  of protein supernatant and, also, 
in  terms of micromoles of exchange per 
hour per m icrogram  of deoxyribonucleic 
acid-phosphorus (DNA-P). Since in  m a
ture ra ts the concentration of DNA per 
average cell has been found to be constant 
during protein depletion, the results so 
expressed can be more conveniently used 
to compare the enzymic activity between 
norm al and protein depleted animals.

If enzyme activity is taken as a m easure 
of enzyme concentration, table 1 shows 
that protein depletion causes a m arked in 
crease of the amino acid-activating en
zyme concentration in  the liver. The per
centage increase of exchange is highly 
significant, in spite of variability between 
experim ents, both when the rate of PPi—

P32 ATP exchange is expressed in  terms 
of supernatan t protein (P <  0.001) or when 
it is expressed in  term s of DNA-P content 
(P  <  0 .05). This indicates tha t the ob
served increase is real, and not secondary 
to a preferential loss of nonspecific pro
teins in  the soluble fraction of liver cells.

In figure 1 are shown the results ob
tained when the amino acids were tested 
individually. In all cases an increased 
PPi ^  ATP exchange rate, as a consequence 
of protein depletion, was observed. The 
amino acids did not stim ulate the increase 
uniformly; however, in  consideration of 
the extrem e lability of some of the amino 
acid-activating enzymes, it is difficult to 
ascribe a biological m eaning to this lack 
of uniformity.

Liver mitochondrial extract fraction. 
The observed increase of amino acid-ac
tivating enzymes in  the liver supernatant 
of protein-depleted rats m ay be explained 
as a de novo synthesis of enzyme mole
cules, or as an activation of preexisting en
zymes. However, the possibility cannot be 
excluded that protein depletion m ight dam 
age the organizational structure of m ito
chondria, where the presence of amino 
acid-activating enzymes has been dem on
strated (1 4 ) , with consequent release of 
such enzymes in the soluble fraction. To 
obtain some indication as to the content of 
amino acid-activating enzymes in  m ito
chondria from protein-depleted rats, ex
tracts of m itochondria were tested for 
amino acid-activating enzyme activity.

Table 2 shows that the amino acid de
pendent PPi-PP32 ;=± ATP exchange catal
yzed by m itochondrial extracts from pro-

TA B LE 1
Effect of  protein deple tion on the ac tiv ity  of rat liver am ino  acid-activating enzym es 1

D iet PP i -  P 32 ATP e x c h a n g e  2 In c re a se P P i -  P 32 ^  A TP e x c h a n g e In c re a se

C o n tro l
¡ ¿ m o le s /h r /m g  p ro te in

2 . 2 0 ±  0 .3 5  3 ( 5 ) 4
% fim o le s /h r /f ig  D N A-P  

0 .7 6  ±. 0 .1 0  ( 5 )
%

P r o te in - f r e e 5 .3 2  ± 0 . 4 3  ( 6 ) 1 4 2 1 .4 8 ± 0 .2 9  ( 6 ) 95

1 C o n d itio n s : 0.2 m l en zy m e  p re p a ra t io n  (b e tw e e n  2.1 a n d  4.3  m g  s u p e r n a ta n t  p ro te in  in  e a c h  
in c u b a tio n  m ix tu r e ) ;  100 /¿moles T ris-K C l b u ffe r  (p H  7 .4 ) ;  50 /¿moles K F; 10 /¿moles A TP, d iso d iu m  
s a lt ,  ( a d ju s te d  to  p H  7 .4 ) ;  10 /¿moles p y ro p h o sp h a te -P “ ; 10 /¿moles M gClz; c o m p le te  a m in o  ac id  
m ix tu re  ( a d ju s te d  to  p H  7 .4 ) , 4  /¿moles o f e a c h  o f th e  fo llo w in g  a m in o  a c id s ; a la n in e ,  a rg in in e , 
a sp a r tic  a c id , cy ste in e , cy s tin e , g ly c in e , g lu ta m ic  ac id , h is t id in e , h y d ro x y p ro lin e , iso le u c in e , le u c in e , 
ly s in e , m e th io n in e , p h e n y la la n in e , p ro lin e , s e r in e , th re o n in e , try p to p h a n , ty ro s in e , v a lin e . C y stin e  
a n d  ty ro s in e  d id  n o t d isso lve  co m p le te ly . T o ta l v o lu m e  1 m l. In c u b a te d  a t  37° fo r  15 m in u te s . ^

2 In o rg a n ic  p y ro p h o sp h a te -P 32 la b e le d ; n e t  e x c h a n g e  (e x c h a n g e  in  p re sen c e  o f a d d ed  a m in o  acid s  
m in u s  e n d o g en o u s  e x c h a n g e )  c a lc u la te d  fo r  e a c h  e x p e r im e n t a n d  h e re  a r i th m e tic a lly  av erag ed .

3 s e  o f th e  m e a n . .
4 N u m e ra ls  in  p a re n th e s e s  in d ic a te  th e  n u m b e r  o f e x p e r im e n ts , e a c h  c a r r ie d  o u t w ith  tis su e  

poo led  f ro m  4  ra ts .
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Fig. 1 Activity of individually tested am ino acid-activating enzym es in  norm al and pro
tein-depleted rat liver. Assay conditions as in  table 1. Between 2.1 and 4.3 m g supernatant 
protein and 4 /¿moles of each individual am ino acid were present in  each incubation m ix
ture. The shaded bars represent the am ino acid-dependent rate of exchange in  norm al rats, 
the open bars the increase over norm al observed in protein-depleted rats. Each bar repre
sents the average of 4 experim ents, each carried out w ith  tissue pooled from 4 rats. Net 
exchange (exchange in  the presence of added am ino acids m inus endogenous exchange) 
calculated for each experim ent and here arithm etically averaged.

TABLE 2

Effect of protein depletion on the ac tiv ity  of rat liver mitochondrial  
amino acid-activating enzym es 1

D iet
PP i -  P 32 ATP ex ch a n g e PPi -  P 32 ^  ATP e x c h a n g e

E xp . 1 2 E xp . 2 E xp . 1 E xp . 2

C o n tro l

lim o le s /  h r /  m g  p ro te in  3 
2  2 

0 .4 7  0 .2 9

ß m o le s /h r /ß g  D N A -P  3 
2  2  

1 .21  1 .21
P r o te in - f r e e 1 .8 0 0 .6 1 2 .7 9 3 .4 3

1 A ssay  c o n d itio n s  a s  in  ta b le  1. B etw een  0.6 a n d  2.0 m g  p ro te in  w e re  p re s e n t in  e ac h  in c u b a tio n  
m ix tu re .

2 E a c h  n u m b e re d  e x p e r im e n t w as  c a r r ie d  o u t w ith  t is su e  poo led  fro m  4 ra ts .
3 N e t e x c h a n g e  (e x c h a n g e  in  p re sen c e  o f ad d ed  a m in o  ac id s  m in u s  en d o g en o u s  e x c h a n g e )  

c a lc u la te d  fo r  e ac h  e x p e r im e n t a n d  h e re  a r i th m e tic a lly  av eraged .
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tein-depleted rats is more than  twofold that 
of control rats. However these results do 
not establish whether the observed increase 
is real, or is simply due to a greater ease of 
extraction of these enzymes from  the m ito
chondria of protein-depleted rats. The 
concentration of amino acid-activating en
zymes in  m itochondria is so low, if ex
pressed in term s of the DNA-P content, 
that even in  the case of passage of these 
enzymes from m itochondria to the soluble 
fraction they would contribute only negli
gible am ounts to the total high quantity 
observed in  the liver supernatant.

Heart and gastrocnemius muscle super
natant fraction. In  table 3 are reported 
data relative to the activity of the amino 
acid-activating enzymes in  heart and gas
trocnem ius muscle supernatant.

W hen the results are expressed in  term s 
of supernatant protein content, no signifi
cant difference is observed between pro
tein-depleted and control anim als after 
feeding the protein-free diet for either 30 
or 60 days. W hen the results are expressed 
in term s of DNA-P content, therefore in 
term s of average cell, it is possible to show 
a significant decrease of enzyme concen
tration in the supernatant from protein- 
depleted rats (heart, P <  0.05; gastroc
nem ius, P <  0.001).

The decrease is of the same order of 
m agnitude after feeding the protein-free 
diet for either 30 or 60 days. These results 
indicate that protein depletion, in  con
trast with w hat happens in the liver, causes

in the heart and gastrocnemius muscle a 
parallel loss of amino acid-activating en
zymes and of nonspecific soluble proteins.

D I S C U S S I O N

The results obtained have clearly shown 
the existence, in a condition of protein 
depletion, of a positive correlation between 
the am ount of protein synthesis, m easured 
as amino acid incorporation into living ani
m als (2 -6 ) ,  and activity of amino acid
activating enzymes in  liver, heart and 
gastrocnem ius muscle.

In fact, where a higher incorporation of 
the label, relative to control anim als, had 
been observed, as for liver (2, 4 -6 ) , the 
level of amino acid-activating enzymes has 
been observed to increase markedly. 
Where the incorporation of the label was 
less than  norm al, as for heart and gastroc
nem ius muscle (2—4 ), the level of amino 
acid-activating enzymes was observed to be 
less than  normal.

The dem onstration of the dynamic way 
in  which the level of amino acid-activating 
enzymes varies, correlated with the previ
ously m easured quantity of protein syn
thesis in organs with diversified metabolic 
characteristics and needs, appears to sup
port the validity and postulated generali
zation of the hypothesis that the am ount 
of protein synthesis in  protein-depleted 
anim als is controlled by the level of amino 
acid-activating enzymes.

As for the nature of the specific stim 
ulus which induces the observed modifica-

TA BLE 3

Effect of  protein deple tion on the ac tiv ity  of rat heart and  gastrocnemius muscle  
amino acid-activating e n z y m e s 1

Diet
Heart Gastrocnemius muscle

P P i -  P32 A TP exchange 2 P P i — P 32 ATP exchange 2

f im o le s /h r /m g
p ro te in

¡ im o le s /h r  /  p.g 
D N A -P

/ im o le s /h r /m g  
p ro te in

/im o le s /h r  /  ¡ig 
D N A -P

Fed for 30 days:
Control 1.01 ± 0 .0 8 9  3 ( 4 ) 4 0.31 ± 0 .0 3 2  (4 ) 0.51 ± 0.065 (4 ) 0 .6 4 ± 0.048 (4 )
Protein-free 0.91 ± 0 .0 2 7 (4 ) 0 .2 4 ±  0.010 (4 ) 0 .5 0 ± 0.064 (4 ) 0.41 ± 0.025 (4 )

Fed for 60 days:
Control 0.96 ± 0 .0 8 6 (4 ) 0.31 ± 0 .0 3 1  (4 ) 0 .4 5 ± 0 .0 3 6  (6 ) 0 .6 4 ± 0 .0 4 8  (6 )
Protein-free 1.09 ±  0.038 (4 ) 0.25 ±  0.011 (4 ) 0 .5 4 ± 0.052 (6 ) 0.51 ± 0 .0 5 8  (6 )

1 A ssay  c o n d itio n s  as  in  ta b le  1. B e tw een  1.6 a n d  1.9 m g  s u p e r n a ta n t  p ro te in  w ere  p re s e n t in  e a c h  in c u b a -
c i o n  i i i i A l i n e .  ,  ,  . . . .

2 N e t e x c h a n g e  (e x c h a n g e  in  p re sen c e  or ad d ed  am m o  ac id s  m in u s  en d o g en o u s  e x c h a n g e )  c a lc u la te d  
fo r  e ac h  e x p e r im e n t a n d  h e re  a r i th m e tic a lly  av e rag ed .

3 s e  o f th e  m e a n . . .
4 N u m e ra ls  in  p a re n th e s e s  in d ic a te  th e  n u m b e r  o f e x p e r im e n ts , e a c h  c a r r ie d  o u t w ith  t is su e  poo led  fro m  

4 ra ts .
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tions of the level of amino acid-activating 
enzymes, the most direct effect of protein 
depletion is a decrease of the total pool of 
free amino acids. The crucial regulatory 
factor governing the activity or the synthe
sis or both, of the amino acid-activating 
enzymes could thus be represented by the 
size of the free amino acid pool. Assuming 
that the increased activity of the amino 
acid-activating enzymes reflects an in 
crease of enzyme population, it is possible 
to postulate tha t when the total pool of 
free amino acid decreases, the enzyme
form ing system reacts by increasing the 
size of amino acid-activating enzyme popu
lation.

This tentative hypothesis may eventually 
apply only to liver, because heart and 
gastrocnemius muscle have been shown to 
react in  an opposite m anner to the de
crease of the free amino acid pool. A 
unique behavior of liver m ight be ex
pected, considering the peculiar metabolic 
and physiological characteristics which 
markedly differentiate liver from  other 
body tissues. Thus liver m ight have re
tained, or acquired, some m echanism  that 
provides for emergency needs for protein 
synthesis in  a m anner sim ilar to that re
ported for regenerating liver (15, 16).

A possible solution to the problem would 
be to propose that, in protein depletion, 
the postulated m echanism  of regulation of 
the amino acid-activating enzyme popula
tion, which we assume to be controlled by 
the fluctuations of the free amino acid 
pool, is operating only in liver, and not in 
heart and gastrocnemius muscle. In the 
latter organs the amino acid-activating en
zymes would behave in  a nonspecific fash
ion, as shown by the fact that they de
crease together with other soluble proteins.
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Overcoming the Inhibition of Intestinal Proteolytic 
Activity Caused by Raw Soybean in Chicks 
of Different Ages 1,2
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Agriculture, Rehovot,  Israel

ABSTRACT  The response of the chicks to transfer from  a heated soybean diet 
(H SD ) to a raw soybean diet (R SD ) was studied at different ages from  one to 6 
weeks. The proteolytic activity in  the sm all intestine, nitrogen content of intestinal 
chym e and pancreas hypertrophy were investigated. An in itia l inhibition of proteolytic 
activity was observed at all ages studied. The ability to overcome the inhibition w hen  
exam ined between 1 to 6 weeks generally appears to increase w ith age. Increase in  
pancreas w eight was noticed after the raw soybean diet had been fed for even one day. 
Nitrogen content of the chym e was higher in chicks w ith the RSD than w ith the HSD  
indicating an interference of the RSD w ith norm al protein digestion. The study w ith  
underprocessed soybean diet showed interm ediate results between the HSD and RSD. 
The probable factors responsible for the rate and length of inhibited proteolytic activity  
in  the sm all intestine are discussed.

Growth depression occurring in  chicks 
fed a raw  soybean diet has been studied 
extensively and the reports reviewed (1 ) . 
The relationship between the presence of 
antitrypsin in  raw  soybean and the inhib
ited growth is still to be established.

It was shown in  previous work (2 )  that 
when raw  soybean was fed to chicks from 
the first days of life, it inhibited the pro
teolytic activity in  the small intestine. The 
inhibition disappeared when the chicks 
reached the age of 6 weeks.

Hypertrophy of pancreas was observed 
from the earliest days of life and persisted 
in the chicks fed the raw  soybean diet 
also at the age when norm al proteolytic 
activity was almost completely restored. 
Chernick et al. (3 )  and Lyman and Lep- 
kovsky (4 )  observed enlarged pancreas 
containing excessive am ounts of proteo
lytic enzymes in chicks and ra ts fed a raw 
soybean diet. The increased pancreatic 
secretion could be a m eans of overcoming 
the inhibition of proteolytic enzymes in 
the intestine.

Both the inhibited proteolytic activity 
and the hypertrophy of the pancreas ap
pear to be involved in the growth depres
sion of chicks fed a raw  soybean diet.

In a recent study Bornstein and Lip- 
stein (5 )  reported that the growth depres
sion accompanies the transfer to a raw

soybean diet at any age of the chicks, but 
the older chicks appear to overcome the 
inhibiting action of raw soybean more 
rapidly.

Saxena et al. (6 )  reported that the 
growth-inhibiting effect of a raw  soybean 
diet decreased as the age at which the 
chicks were transferred to the raw  soybean 
diet increased, and ceased at 6 weeks of 
age. Pancreatic hypertrophy was evident 
up to 12 weeks of age.

It was the purpose of this study to 
establish (a )  whether the inhibition of 
proteolytic activity in the small intestine 
occurs only in very young chicks, or 
whether it is related to the transfer to 
a raw  soybean diet at any age, and (b ) 
whether the length of the period required 
for overcoming the inhibition of proteo
lytic activity changes with the age at 
which chicks start to be fed the raw  soy
bean diet.

EXPERIMENTAL

The diets used for control and experi
m ental chicks consisted of an all-vegetable 
ration (21%  protein) that contained 30%

R ece iv ed  fo r  p u b lic a tio n  M arch  11, 1964.
1 P a r t  o f a  P h .D . th e s is  to  be  su b m itte d  by  Z a f r i ra  

N its a n  to  th e  F a c u lty  o f A g ric u ltu re  o f th e  H eb rew  
U n iv e rs ity , Je ru sa le m .

2 C o n tr ib u tio n  fro m  th e  N a tio n a l  a n d  U n iv e rs ity  
I n s t i tu te  o f A g ric u ltu re , R ehovo t, Is ra e l ,  1964 S eries , 
no . 690-E.
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heated, raw  or underprocessed soybean 
meal, respectively. Two trials were car
ried out with raw soybean m eal and one 
with underprocessed soybean m eal (com 
mercial m eal passed through a horizontal 
desolventizer for about 40 m inutes at ap
proximately 98° without addition of mois
tu re). The processing of the raw  and 
heated soybean m eals used and the diet 
composition are described in  a previous 
paper (2 ) .

One hundred white Leghorn male 
chicks were raised with a heated soybean 
diet up to one week of age. At that time, 
and at 2, 3, 4 and 6 weeks of age, 12 
chicks were transferred  each time to a 
separate com partm ent where they were 
fed the raw  soybean diet. The food was 
removed for the n ight and returned in  the 
m orning to insure intensive food con
sum ption of all chicks at the same time, 
so that the intestines would contain ap
proximately the same am ounts of chyme 
(e.g., the weights of the intestinal con
tents at 4 weeks of age were: (g /ch ick ) 
3.7 in control chicks and 4.5, 3.6, 3.8 
and 4.1 after 1, 2, 4 and 8 days, respec
tively, with the raw  soybean d iet). Chicks 
fed the raw  soybean diet consum ed 80 to 
90% of the feed consum ed by control 
chicks. In the first 2 hours 40% of the 
daily intake was consum ed by both groups.

At one, 2, 4 and 8 days after the trans
fer to the raw soybean diet, 3 chicks were 
killed 2 hours after they had started eating 
in the morning. Three control chicks fed 
the heated soybean diet were killed at each 
age, on the first day of each experim ental 
period.

The following m easurem ents were per
formed on experim ental and control 
chicks: proteolytic activity and nitrogen 
content of the chyme of the small intes
tine, pancreas weight, its dry m atter and 
nitrogen content. The proteolytic activity 
was determ ined as follows. The intestinal 
chyme from the posterior end of the duo
denum  up to the juncture with the cecum 
was squeezed out and the m ucus sepa
rated. The chyme was homogenized with 
10 volumes of distilled water in  an  Ultra- 
Turrax apparatus. The proteolytic activity 
of the homogenate was determ ined by the 
Kunitz m ethod (7 ) , the extent of casein 
digestion being expressed as the increase

of the optical density at 280 mp against 
a blank m ade at zero time. Dry m atter 
was determ ined by drying at 105° over
night. Total nitrogen was determ ined by 
the Kjeldahl method.

The degree of toasting of the soybeans 
was established by Frohlich’s cresol-red 
absorption test (8 ) . The raw  soybean 
m eal absorbed 2.7 mg cresol-red/g, the 
underprocessed 3.0 m g/g , and the heated 
meal, 3.8 m g/g.

RESULTS

The proteolytic activity in  the small 
intestine of chicks that were transferred 
to the raw soybean diet at different ages, 
at various times after starting the new 
diet, is shown in figure 1.

At all ages at which the chicks were 
exam ined im mediately after transferring 
to the raw  soybean diet, there was a 
m arked inhibition of the proteolytic activ
ity in the small intestine.

In one-week-old chicks, the inhibition 
lasted practically throughout the 8 days 
of the experiment. Even though some 
beginning of proteolytic activity could be 
observed at the eighth day, the curve was 
low in com parison with that of the con
trols.

W hen the chicks’ feed was changed to 
the raw  soybean diet at the age of 2 weeks, 
they were able to overcome the inhibitory 
factors more rapidly and on the eighth day 
of the experim ent the enzyme curve was 
normal. In the following week, overcom
ing of the inhibitory factors occurred even 
more quickly, and norm al proteolytic ac
tivity, such as that shown by the control 
chicks, was reached on the fourth day.

Four-week-old chicks showed slower 
adaptation to the raw soybean diet. The 
enzyme curves, even though norm al in 
shape, had not reached control levels by 
the eighth day.

At the age of 6 weeks, norm al proteo
lytic activity was restored between the 
second and the fourth day after starting 
the raw soybean diet.

The proteolytic activity in  the small 
intestine of chicks that were transferred 
to the underprocessed soybean diet at vari
ous ages, is shown in figure 2.

W hen the chicks were transferred  to 
underprocessed soybean diet they over-
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Fig. 1 Proteolytic activity in  the sm all intestine of chicks fed the heated soybean diet (H SD ) 

and chicks transferred to the raw soybean diet (R SD ) at various ages. The num bers at the curves 
indicate the days after transfer to the raw soybean diet. The curves represent averages of 6 chicks.

Fig. 2 Left, proteolytic activity in  the sm all in testine of one-week-old chicks fed  the 
underprocessed soybean diet (U P SD ). The num bers at the curves indicate the days after 
transfer to this diet. Right, proteolytic activity in  the sm all intestine of chicks 2 to 6 weeks 
old on the first day after transfer to the underprocessed soybean diet. The num bers at the 
curves indicate the age in  weeks at w hich the chicks were transferred to this diet.
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TABLE 1
Pancreas weight-to-body w e igh t  ratio in  chicks fed  the heated soybean diet  compared w i th  

that  for chicks transferred to the raw soybean and underprocessed soybean  
diets a t  various ages

P a n c re a s  w eigh t-to -body  w e ig h t ra t io  1

A ge in  
w eek s H e a te d Days following transfer 

from heated soybean diet
L.S.D.

( a t  P  = 0 .0 5 )
diet 1 2 4 8

Raw soybean diet
I 0.42 1 — 0.52 0.60 — 0.10
2 0.43 0.66 0.55 0.76 — 0.20
3 0.48 0.67 0.60 0.53 0.69 0.16
4 0.38 0.44 0.47 0.54 0.63 0.15
6 0.35 0.42 0.40 0.46 0.36 0.05

Underprocessed soybean diet
3 0.57 2 0.63 0.75 0.78 0.59 0.06
4 0.43 — 0.45 0.56 0.63 0.11

1 P a n c re a s  w e ig h t ( g ) /1 0 0  g body  w e ig h t. T h e  n u m b e rs  a re  av e rag e s  o f 6 c h ic k s  f ro m  th e  2  tr ia ls .
2 A verages  o f 3 ch ick s.

came the inhibited proteolytic activity in 
the intestine m uch more rapidly than  did 
those fed raw  soybean diet. At the ages 
of 2 to 6 weeks the chicks reached a level 
of proteolytic activity sim ilar to tha t of 
control chicks 2 days after they had  been 
transferred to the underprocessed soybean 
diet. Also in  this experim ent the 3-week- 
old chicks showed greater ability to over
come the inhibitory factors than  did the
4-week-old ones.

The raw  and underprocessed soybean 
diets, even when fed for such brief periods 
as one to 8 days, caused pancreas hyper
trophy. The pancreas weights, calculated 
on the basis of 100 g body weight, are 
shown in table 1. The transfer of the 
chicks to the raw  soybean diet brought 
about an im m ediate response in  the pan
creas. The pancreas-to-body weight ratios 
were consistently higher in  chicks fed the 
raw  soybean diet than  in  those receiving 
the heated soybean diet, although some 
variation was observed on the different 
experim ental days.

The average dry m atter of the pancreas 
of chicks fed both the heated and the raw 
soybean diets was 24.6% . Average nitro
gen content was 30 m g /g  fresh tissue 
(from  26 to 32 m g /g ) . No consistent 
differences between groups were observed.

The nitrogen content of the chyme of 
the small intestine is shown in table 2.

The nitrogen content of the intestinal 
chyme was higher at all ages in  chicks

TA BLE 2

Nitrogen conten t  of  in tes tinal chym e of chicks  
fed  heated soybean and raw  soybean diets 1

Age in 
weeks

Heated
soybean

diet

Days following transfer 
to raw soybean diet

2 4
mg nitrogen/g chyme

i 9.52 11.63 8.81
2 6.81 9.04 8.95
3 7.81 10.51 8.13
4 7.39 13.66 9.59
6 7.91 9.59 8.04

Average 7.89 10.89 8.70

L.S.D. at P = 0.05 1.48

1 E a c h  n u m b e r  is  th e  av e rag e  o f 3 c h ic k s  (e x p . 1 ) .

fed the raw  soybean diet than  in  those 
receiving the heated soybean diet. The 
difference was significant after two days’ 
consum ption of the raw  soybean diet, but 
not after that.

DISCUSSION
The results presented show that the 

ability of chicks to overcome the inhibition 
of proteolytic activity caused by the raw  
soybean diet is influenced both by the age 
of the chick and by the length of time 
the chicks were fed the raw  soybean diet.

Young chicks, of one and two weeks of 
age, suffer from inhibition of proteolytic 
activity longer than  older chicks. The 
length of inhibition is related to the length 
of the period fed the heated soybean diet 
preceding the one with the raw  soybean
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diet, e.g., chicks m aintained with the raw 
soybean diet from  the first days of life 
had depressed proteolytic activity at 3 
weeks of age (2 ) , whereas in  the present 
experiment, chicks which were transferred 
from heated soybean to the raw  soybean 
diet at 2 weeks of age reached norm al 
activity at the eighth day (i.e., at 3 weeks 
of age) when tested under the same con
ditions.

It appears that overcoming the inhibi
tion can be a result of several interacting 
factors: 1) the ability of the pancreas to 
grow rapidly and to secrete enzymes, p ar
ticularly at the rising part of the curve 
of the pancreas-to-body ratio (2 ) ;  and 2) 
the ratio between the m axim al am ount 
of enzymes that can be secreted at a given 
age and the am ount of the inhibitor con
sumed with the feed.

The different behavior of chicks at vari
ous ages m ay be a result of dom ination of 
one of the above factors. For instance, at 
3 weeks of age the first reason m ay pre
dominate: the pancreas is probably at its 
highest ability for growth and secretion. 
At this age the curve of the pancreas-to- 
body ratio reaches a peak (2 ) . On the 
other hand, in  adult hens that, according 
to Saxena et al. (6 ) , do not develop hyper
trophic pancreas, the am ount of enzymes 
secreted by m ature pancreas may be suffi
cient to counteract the antitrypsin present 
in the feed.

The differences in  behavior of 4- and 
6-week-old chicks can be based on the 
different rates at which feed consum ption 
is increased. From 3 to 4 weeks there is 
usually an increase of 33% in feed intake, 
whereas from 5 to 6 weeks the increase 
m ay be only 20% (9 ) . Since during this 
period the pancreas-to-body weight ratio 
is on the descending part of the curve (2 ) , 
it is easier to overcome the inhibition at 
6 weeks than  at 4 weeks.

In a separate trial, run  parallel to trial 3 
of Bornstein and Lipstein (5 ) , 8-week-old 
chicks overcame the inhibition only after 
the eighth day of the experiment. The rela
tively long inhibition for this age m ay be 
related to the fact that the trial was car
ried out with heavy crossbred chicks 
(Cornish X W hite Rock). Also these 
chicks developed pronounced pancreas hy
pertrophy.

The higher nitrogen content in  the 
small intestine of chicks fed the raw  soy
bean diet compared with that of chicks 
receiving the heated soybean diet (table
2 ) is in  accord with disturbed proteolytic 
activity observed at all ages immediately 
after transfer to the raw  soybean diet. 
Carroll et al. (10, 11) reported that diges
tibility coefficients when calculated from 
the level of nitrogen in the small intestine 
were m uch lower in  rats fed raw  soybean 
than  in  those receiving a heated soybean 
diet. These coefficients were also lower 
than  those calculated on the basis of n itro
gen in the feces. These authors showed 
that part of the nitrogen of the raw  soy
bean diet is absorbed in  the cecum and 
colon. The latter fact was observed also 
in  a previous study (1 2 ) in  which chicks 
fed a raw soybean diet digested and ab
sorbed part of the nitrogen in  their ceca; 
hence chicks with ceca retained more n i
trogen than  chicks from which the ceca 
had been removed.

Therefore it appears that, although part 
of the higher level of nitrogen in  the 
small intestine of chicks fed the raw  soy
bean diet m ight be from a pancreatic 
source, the largest part is from the food 
and is digested later as it reaches the 
cecum.

The results of the experim ent with the 
underprocessed soybean diet agree well 
with those of other workers (5, 13), who re
ported m uch less growth depression of 
chicks fed the underprocessed soybean 
diet than  of those fed the raw  soybean 
diet. In the underprocessed soybean diet, 
part of the inhibitors are destroyed (14,
15), and therefore the chicks reach nor
m al levels of proteolysis in  a shorter time 
than  when fed the raw  soybean diet
(fig- 1).

Several authors (5 , 16, 17) have re 
ported that a raw  soybean diet causes 
growth depression not only in  young 
chicks but also in  older ones when trans
ferred to a raw  soybean diet. The results 
of this study point to the possibility that 
transferring chicks from a heated soybean 
to a raw soybean diet at any age is accom
panied by inhibition of intestinal proteo
lysis and pancreas hypertrophy resulting 
in  growth depression.
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Phosphorus, Calcium and Magnesium Relationships 
in Ovine Urolithiasis * 1

L .  V .  P A C K E T T  a n d  J .  P .  H A U S C H I L D

D e p a r tm e n t  o f  B i o c h e m is t r y ,  P u r d u e  U n iv e r s i t y ,  L a fa y e t t e ,  I n d ia n a

A B S T R A C T  L a m b s  w e r e  m a i n t a i n e d  w i t h  a  n a t u r a l  c a l c u l o g e n i c  d i e t  c o n t a i n i n g  
4 5 %  s o r g h u m  g r a i n  o r  c o r n ;  t h e  i n c i d e n c e  o f  g r o s s  c a l c u l i  w a s  5 6  a n d  3 9 % ,  r e s p e c 
t i v e l y .  S t o n e s  w e r e  p r e d o m i n a n t l y  m a g n e s i u m  p h o s p h a t e .  T h e  p h y s i o l o g i c a l  r e s p o n s e  
t o  b o t h  d i e t s  w a s  s i m i l a r  w i t h  a  s i g n i f i c a n t  i n c r e a s e  ( P  <  0 . 0 1 )  i n  s e r u m  p h o s p h o r u s  
l e v e l  e v i d e n t  a f t e r  o n l y  3  w e e k s  ( f r o m  6 . 7  m g / 1 0 0  m l  t o  9 . 4 ) ,  a  s l i g h t  b u t  n o n s i g 
n i f i c a n t  d e c r e a s e  i n  s e r u m  c a l c i u m ,  a n d  a  s i g n i f i c a n t  i n c r e a s e  ( P < 0 . 0 1 )  i n  s e r u m  
m a g n e s i u m  t h a t  g r a d u a l l y  i n c r e a s e d  t o  t h e  e n d  o f  t h e  8 4 - d a y  e x p e r i m e n t  ( 2 . 6  m g /  
1 0 0  m l  t o  4 . 1 ) .  A n i m a l s  d e v e l o p i n g  g r o s s  c a l c u l i  h a d  s i g n i f i c a n t l y  h i g h e r  s e r u m  p h o s 
p h o r u s ,  ( P  <  0 . 0 1 ) ,  e x c r e t e d  m o r e  p h o s p h o r u s  i n  t h e  u r i n e  a n d  h a d  a  h i g h e r  c o n c e n 
t r a t i o n  o f  u r i n e  p h o s p h o r u s  ( P < 0 . 0 1 )  t h a n  a n i m a l s  n o t  d e v e l o p i n g  g r o s s  c a l c u l i .  
T h i s  w a s  e v i d e n t  a t  t h e  f i r s t  a n a l y s i s  a t  3  w e e k s  a n d  t h r o u g h o u t  t h e  e x p e r i m e n t .  
A v e r a g e  u r i n e  c a l c i u m  e x c r e t i o n  a n d  s e r u m  c a l c i u m  l e v e l s  w e r e  l o w e r  i n  t h e  g r o s s  
c a l c u l i  g r o u p ,  b u t  t h e  d i f f e r e n c e s  w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  M a g n e s i u m  l e v e l s  
i n  t h e  s e r u m  a n d  u r i n e  w e r e  h i g h  i n  b o t h  c a l c u l i  a n d  n o n c a l c u l i  a n i m a l s .  T h e  d a t a  
s u g g e s t  t h a t  a  p h y s i o l o g i c a l  e x c e s s  o f  p h o s p h o r u s  m a y  p r o d u c e  e l e v a t e d  s e r u m  p h o s 
p h o r u s  a n d  m a g n e s i u m  e v e n  t h o u g h  t h e  d i e t s  m e e t  N R C  r e c o m m e n d a t i o n s  f o r  c a l c i u m  
a n d  p h o s p h o r u s  l e v e l  a n d  r a t i o .

Dietary m ineral im balance has long 
been suggested as an etiological factor in 
ovine phosphatic urolithiasis. High dietary 
phosphorus in  particular has been asso
ciated with calculi development (1 , 2 ). 
However, neither Eveleth et al. (3 )  nor 
Glenn et al. (4 )  could induce appreciable 
calculi incidence with diets having a low 
Ca-to-P ratio. Still, Lindley et al. (5 )  and 
Elam et al. (6 )  have shown that K2HPO< 
supplem ented diets are extremely calculo- 
genic.

More recently, Packett et al. (7 )  and 
Udall (8 )  have induced high calculi inci
dence using fattening diets, balanced with 
respect to calcium and phosphorus content 
but containing a high percentage of sor
ghum  grain or corn along with cottonseed 
meal. Emerick et al. (9 )  have observed 
high serum  phosphorus in  lam bs with uro
lithiasis although not receiving a high 
phosphorus diet. Emerick and Embry (10) 
have observed that increasing the level of 
calcium in the diet appears to provide 
partial protection against the occurrence 
of urinary calculi in  sheep receiving high 
levels of dietary phosphorus. Crookshank 
and Robbins (1 1 ) have also observed that 
supplem ental dietary calcium  is protective 
against urolithiasis. Kunkel et al.2 have

found that the incipience of calculi was 
related to the level of serum m agnesium  
and th a t there was a significantly wider 
Ca-to-P ratio in  the sera of lam bs with 
incipient urolithiasis.

This investigation was conducted to fu r
ther clarify the role played by phosphorus, 
calcium and m agnesium  in ovine urolithi
asis produced experim entally with natural 
diets balanced in calcium and phosphorus.

E X P E R I M E N T A L

This experim ent was conducted over an 
84-day period during the sum m er m onths. 
Thirty-four Texas wether lambs were allot
ted to 2 groups on the basis of weight, 
the average weight being 31 kg. The diet 
was the reported calculogenic diet, or a 
modification, of Packett et al. (7 )  as given 
in  table 1 along with the respective m in
eral analyses. The experim ent was con
ducted under dry lot conditions. The 
sandy surface of the lots provided good
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a n d  H. R. C ro o k sh an k  1961 R e la tio n s h ip  o f se ru m  
m a g n e s iu m , c a lc iu m  a n d  p h o s p h o ru s  to  in c id e n c e  of 
u r in a ry  c a lc u li  in  la m b s . J. A n im a l Sci., 20: 940 
( a b s t r a c t ) .
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T A B L E  1

C o m p o s i t i o n  o f  d i e t 1

G r o u p  n u m b e r

1 2

% %

S o r g h u m  g r a i n 4 5 —
C o r n — 4 5
C o t t o n s e e d  m e a l 1 0 1 0
C o t t o n s e e d  h u l l s 2 7 2 7
A l f a l f a ,  d e h y d r a t e d 8 8
M o l a s s e s 1 0 1 0

M i n e r a l c o m p o s i t i o n

P h o s p h o r u s 0 . 3 0 0 . 2 6
C a l c i u m 0 . 3 0 0 . 2 4
M a g n e s i u m 0 . 2 2 0 . 2 1

1 T h e  d i e t  w a s  p e l l e t e d  a n d  f e d  f r e e  c h o i c e  i n  t h e  
p r e s e n c e  o f  N a C l  a n d  w a t e r .

drainage and did not necessitate the use 
of litter.

Blood samples were taken initially and 
at the end of 3, 7 and 11 weeks of the 
experim ent to follow the pattern  of m in
eral change. Three- to five-day urine col
lections were m ade during the fourth, 
eighth and twelfth weeks.

Serum inorganic phosphorus and cal
cium were determ ined, respectively, by an 
adaptation of the method of Fiske and 
Subbarow (1 2 ) and by the method of 
Ferro and Ham (1 3 ). Serum m agnesium  
was determ ined by atomic absorption spec
troscopy according to the m ethod of Grif
fith et al. (1 4 ).

Total urine phosphorus was determ ined 
by the procedure described by Hawk et al.
(15) . Urine calcium and m agnesium  were 
determ ined by atomic absorption spectros
copy according to the m ethod of Willis
(1 6 )  . For urine calcium, the m ethod re
quiring the initial precipitation of calcium 
oxalate was used.

At the term ination of the experim ent 
the anim als were killed and the urinary 
bladders and kidneys were removed and 
examined for gross calculi incidence. No 
evidence of gross calculi incidence was 
observed in  5 lambs from the same flock, 
which were killed at the beginning of the 
experiment.

R E S U L T S

All anim als gained well during the 
course of the experiment. Uniform weight 
gains in  both groups indicate no signifi
cant variation in  dietary intake between 
individual animals.

The calculi produced under the condi
tions of this experim ent were predom i
nantly  m agnesium  phosphate. A typical 
stone contained 15.7 ±  0.9% P and 17.9 
±  1.0% Mg. Positive incidence of urolithi
asis was taken as the occurrence of gross 
calculi, obstructive or otherwise, in  the 
kidney, bladder or u re thra of the experi
m ental animal.

Calculi incidence and serum  phos
phorus, calcium and m agnesium  levels for 
groups 1 and 2 are presented in  table 2. 
Both diets were calculi-provoking and elic
ited the same metabolic response. Serum 
phosphorus and m agnesium  levels were 
significantly increased (P  <  0.01) in  both 
groups w ithin 3 weeks and rem ained at 
elevated levels throughout the experiment. 
Serum calcium levels tended to decrease 
slightly. These changes in  serum m ineral 
levels are essentially the same as had been 
previously observed (3, 4) with diets hav
ing a low Ca-to-P ratio. In these earlier 
investigations however, no appreciable cal
culi incidence was reported.

Urine phosphorus, m agnesium  and cal
cium  concentrations of individual anim als 
in groups 1 and 2 are shown in  figures 1,

TA BLE 2

C a lc u l i  i n c id e n c e  a n d  s e r u m  p h o s p h o r u s ,  c a lc iu m .
a n d  m a g n e s i u m  le v e ls  a s  i n f l u e n c e d  b y  d i e t  

a n d  l e n g th  o f  e x p e r im e n t a l  p e r io d

G r o u p  1 G r o u p  2

N o .  o f  a n i m a l s  1 6 1 8

C a l c u l i  i n c i d e n c e ,  %  5 6 3 9

w e e k s m g /1 0 0  m l m g /1 0 0  m l

0

S e r u m  p h o s p h o r u s

6 . 8 3  ± 0 . 2 6  '-2 6 . 6 1  ± 0 . 2 1  3
3 9 . 4 2  ± 0 . 4 4 9 . 3 7  ±  0 . 4 0
7 9 . 6 6  ± 0 . 3 8 9 . 4 1  ± 0 . 4 1

1 1 1 0 . 1 6 ± 0 . 5 1 9 . 3 4  ± 0 . 6 0

0

S e r u m  c a l c i u m  

8 . 7 9 ± 0 . 1 4 8 . 8 1  ± 0 . 0 9
3 8 . 3 6  ±  0 . 1 6 8 . 5 1  ± 0 . 2 1
7 8 . 4 5  ± 0 . 2 5 8 . 4 3  ± 0 . 1 9

1 1 8 . 4 6  ±  0 . 2 1 8 . 4 3 ± 0 . 1 8

0

S e r u m  m a g n e s i u m  

2 . 4 8  ± 0 . 1 1  2 2 . 6 5 ± 0 . 1 1  3
3 3 . 7 3  ± 0 . 1 6 3 . 8 6 ± 0 . 1 7
7 3 . 9 3  ± 0 . 1 7 4 . 0 7  ±  0 . 1 3

1 1 3 . 9 1  ±  0 . 1 1 4 . 2 6  ± 0 . 0 9

1 SE.
2 S i g n i f i c a n t d i f f e r e n c e  (P  <  0 .0 1 ) f r o m  g r o u p  1

v a l u e s  a t  3 ,  7 a n d  1 1  w e e k s .
3 S i g n i f i c a n t d i f f e r e n c e  ( P  <  0 . 0 1 ) f r o m  g r o u p  2

v a l u e s  a t  3 ,  7 a n d  1 1  w e e k s .
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2 and 3, respectively. Great individual 
variation occurred, especially so with 
phosphorus levels. Although there were 
no noticeable differences between groups, 
differences occurred w ithin each group Ire- 
tween anim als th a t did or did not develop 
urolithiasis. These differences were most 
noticeable in  the urine phosphorus con
centrations (fig. 1). In general, those 
anim als developing calculi had  urine phos
phorus concentrations above 20 m g /100 
ml, especially during the later weeks of 
the experim ent when a clearer distinction 
between anim als with and w ithout uro
lithiasis would be expected. M artin and 
Pierce (1 7 ) have reported norm al urine 
phosphorus levels to vary between negli
gible and 18 m g /100 ml.

A com parison of the urine phosphorus 
picture of anim als, divided into groups 
designated as gross calculi and non-cal-
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F i g .  1  I n d i v i d u a l  u r i n e  p h o s p h o r u s  c o n c e n 
t r a t i o n  v a l u e s  o f  g r o u p  1  a n d  2  a n i m a l s  a t  4 ,  8  
a n d  1 2  w e e k s  o f  t h e  e x p e r i m e n t ;  +  s i g n  i n d i c a t e s  
a n i m a l s  s u b s e q u e n t l y  f o u n d  t o  h a v e  g r o s s  c a l c u l i ,  
a n d  o p e n  c i r c l e  ( O )  i n d i c a t e s  t h o s e  h a v i n g  n o  
c a l c u l i .

F i g .  2  I n d i v i d u a l  u r i n e  m a g n e s i u m  c o n c e n 
t r a t i o n  v a l u e s  o f  g r o u p  1  a n d  2  a n i m a l s  a t  4 ,  8  
a n d  1 2  w e e k s  o f  t h e  e x p e r i m e n t ;  +  s i g n  i n d i 
c a t e s  a n i m a l s  s u b s e q u e n t l y  f o u n d  t o  h a v e  g r o s s  
c a l c u l i ,  a n d  o p e n  c i r c l e  ( O )  i n d i c a t e s  t h o s e  h a v 
i n g  n o  c a l c u l i .

culi, is presented in  table 3. The urine 
phosphorus concentration of the gross cal
culi group was significantly greater ( P <  
0.01) than  that of the non-calculi group 
at 8 and 12 weeks. That this difference 
was not due simply to variations in  urine 
volume is shown by the sim ilar urine vol
um es in  each group and by the fact that 
the total am ount of phosphorus excreted 
in  the urine of the gross calculi anim als 
was significantly greater ( P < 0 .0 1 )  than  
that for the non-calculi anim als at 8 and 
12 weeks. No significant differences were 
noted between the urine m agnesium  or 
calcium  concentration values of gross and 
non-calculi anim als, although the calcium  
values of the latter tended to be higher.

Although no significant differences were 
found between the urine m agnesium  levels 
of gross calculi and non-calculi anim als, 
both groups had  m agnesium  excretion val-
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G R O U P  1 G R O U P  2

F ig .  3 I n d iv id u a l  u r in e c a lc iu m  c o n c e n tr a -
t i o n  v a l u e s  o f  g r o u p  1  a n d  2  a n i m a l s  a t  4 ,  8  a n d  
1 2  w e e k s  o f  t h e  e x p e r i m e n t ;  +  s i g n  i n d i c a t e s  
a n i m a l s  s u b s e q u e n t l y  f o u n d  t o  h a v e  g r o s s  c a l c u l i ,  
a n d  o p e n  c i r c l e  ( O )  t h o s e  h a v i n g  n o  c a l c u l i .

TA B LE 3
Urine v o l u m e  a n d  p h o s p h o r u s  excretion at 4, 8 

a n d  12 w e e k s  of experiment; gross calculi 
vs. non-calculi animals

P e r i o d G r o s s
c a l c u l i N o n - c a l c u l i

weeks
U r i n e  v o l u m e ,  m l / d a y

4 8 4 9  ± 1 2 9  ( 8 )  1 7 0 9  ± 1 2 2  ( 8 )
8 9 2 0  ±  8 4  ( 9 ) 7 0 3  ± 9 2  ( 1 2 )

1 2 7 6 5  ±  6 5  ( 7 ) 5 6 8  ± 5 2  ( 1 3 )

U r i n e  p h o s p h o r u s , m g / 1 0 0  m l

4 4 7 . 9 ±  1 2 . 5  ( 8 ) 1 8 . 1 ± 4 . 7 ( 8 )
8 4 5 . 8  ±  9 . 0  s ( 9 ) 1 1 . 4 ± 3 . 4 ( 1 2 )

1 2 4 7 . 2 ±  5 . 6  4 ( 7 ) 1 3 . 6 ± 3 . 4 ( 1 3 )

U r i n e  p h o s p h o r u s ,  m g / d a y

4 4 8 1  ± 1 6 7  ( 8 ) 1 5 5  ± 5 8  ( 8 )
8 4 5 7  ± 1 1 9  3 ( 9 ) 1 0 9  ± 4 9  ( 1 2 )

1 2 3 5 6  ±  4 5 4 ( 7 ) 8 2  ± 2 2  ( 1 3 )

1 SE.
2 N u m b e rs  in  p a re n th e s e s  in d ic a te  n u m b e r  o f ob

se rv a tio n s .
3 S ig n if ic an t d iffe ren c e  ( P  <  0 .0 1 ) f ro m  n o n -c a lc u li 

g ro u p  a t  8 w eeks.
4 S ig n if ic an t d iffe ren c e  ( P  <  0 .0 1 ) f ro m  n o n -c a lc u li 

g ro u p  a t  12 w eeks.

TABLE 4
S e r u m  p h o s p h o r u s , c alcium a n d  m a g n e s i u m  

levels; gross calculi vs. non-calculi 
animals

P e r i o d G r o s s
c a l c u l i N o n - c a l c u l i

weeks m g / 1 0 0  m l m g / 1 0 0  m l

S e r u m  p h o s p h o r u s

0 6 . 9 0  ± 0 . 2 1 6 . 5 0  ± 0 . 2 2  3
3 1 0 . 3 1  ± 0 . 3 8  3 8 . 7 0  ± 0 . 2 4
7 1 0 . 1 8  ± 0 . 3 6  4 8 . 9 5  ± 0 . 3 6

1 1 1 0 . 7 5 ± 0 . 3 7  3 8 . 9 5  ± 0 . 5 6

S e r u m  c a l c i u m

0 8 . 7 0  ±  0 . 1 5 8 . 8 7  ±  0 . 0 7
3 8 . 0 0  ± 0 . 2 0  3 8 . 8 2 ±  0 . 1 5
7 8 . 1 8  ±  0 . 2 2 8 . 8 2  ± 0 . 2 0

1 1 8 . 1 8  ±  0 . 1 4 8 . 6 2  ± 0 . 2 0

S e r u m  m a g n e s i u m

0 2 . 6 2 ±  0 . 1 2  2 2 . 5 4 ± 0 . 1 0  2
3 3 . 9 7  ±  0 . 1 6 3 . 6 3  ± 0 . 1 4
7 4 . 2 0  ± 0 . 1 2 3 . 8 3 ± 0 . 0 9

1 1 4 . 1 6 ± 0 . 1 3 4 . 0 5 ± 0 . 1 0

1 SE.
2 S ig n if ic an t d iffe ren c e  (P  <  0 .0 1 )  fro m  re sp ec tiv e  

3, 7 a n d  11 w eek s  levels.
3 S ig n ific an t d iffe ren ce  (P  <  0 .0 1 ) fro m  n o n -c a lc u li 

levels.
4 S ig n if ic an t d iffe ren ce  (P  <  0 .0 5 ) f ro m  n o n -c a lc u li 

levels.

ues greater than  those previously reported 
in  the literature (5, 11, 18).

A com parison of serum phosphorus, 
calcium and m agnesium  values of gross 
calculi vs. non-calculi anim als is presented 
in  table 4. Serum phosphorus levels in 
both of these groups were significantly 
greater ( P < 0 .0 1 )  at 3, 7 and 11 weeks, 
than  the initial values. The values for the 
gross calculi group at 3, 7 and 11 weeks 
were significantly higher than  the corre
sponding values for the non-calculi group 
(P  <  0.01, <  0.05, and <  0.01, respec
tively).

Although the calcium levels of the gross 
calculi group were consistently lower than  
those of the non-calculi group, the only 
statistically significant difference (P  <  
0.01) occurred at 3 weeks.

No significant differences were found 
between serum m agnesium  levels with re 
spect to calculi incidence; however, sig
nificant ( P < 0 .0 1 )  increases in  serum 
m agnesium  levels were observed w ithin 
3 weeks in  both groups.

D IS C U S S IO N

The significant relationship between 
gross calculi incidence and high serum
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and urine phosphorus, implicates phos
phorus as a m ajor determ ining factor in 
the development of urinary  calculi. This 
is consistant with the observations of Lind- 
ley et al. (5 )  using K2H P 04 supplem ented 
diets. However, our results m ay not be 
explained on the basis of increased dietary 
phosphorus, since both the gross calculi 
and non-calculi anim als received equiva
lent am ounts of dietary phosphorus. The 
occurrence of urolithiasis appears to be a 
result of differences in  m ineral m etabo
lism between individuals.

In designating anim als as “non-calculi,” 
we do not m ean to imply th a t these ani
m als are to be regarded as norm al, since 
sim ilar changes in  serum  and urine m in
eral levels occurred in  all individuals. The 
data suggest that all anim als were sus
ceptible to urolithiasis when fed the diets 
used in this experim ent, but that the ac
tual form ation of gross calculi was deter
m ined by the degree of change of certain 
metabolic variables, i.e., high phosphorus 
levels in the serum  and urine accompanied 
by high m agnesium  levels. It appears 
that the increased levels of serum phos
phorus and m agnesium  are responsible 
for the increased urinary  excretion of 
these m inerals.

Increases in  serum phosphorus and 
m agnesium  could not be predicted from 
the diet components or m ineral composi
tion. Serum phosphorus levels of the order 
of 10 m g /100 ml were not reported by 
Emerick and Embry (1 0 ) until the diet 
contained 0.62% phosphorus. Lindley et 
al. (5 )  produced the above serum  phos
phorus levels using diets with 0.72% 
phosphorus. Thus, phosphorus intake can 
not be used to explain the differences in  
serum levels which we have observed. It 
is also doubtful that the dietary intake of 
m agnesium  is responsible for the increases 
in  serum  m agnesium , since sim ilar diets 
containing 0.2% m agnesium  have been 
fed to lambs w ithout any increase in  the 
serum  m agnesium  levels (1 9 ).

The failure to explain the observed 
changes in  phosphorus and m agnesium  
levels on the basis of dietary intake of 
these m inerals, gives further support to 
the observation of Kunkel et al.3 tha t the 
problem of phosphatic ovine urolithiasis 
can be explained in  metabolic as well as

nutritional terms. The results of Kunkel 
et al. indicate tha t changes in  m agnesium  
metabolism are determ ining factors in  the 
development of urolithiasis, whereas our 
results implicate abnorm al phosphorus 
metabolism as the m easurable factor in 
gross calculi development, although in 
creases in  serum  m agnesium  levels did 
occur.
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Influence of Dietary Factors upon S a lm on ella  
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D e p a r t m e n t  of Agricultural Chemistry, University of Missouri, C o l u m b i a

A B S T R A C T  M o r e  t h a n  1 1 0 0  g u i n e a  p i g s  w e r e  u s e d  t o  s t u d y  t h e  e f f e c t  o f  d i e t a r y  
f a c t o r s  u p o n  s u s c e p t i b i l i t y  o f  t h e  a n i m a l s  t o  s a l m o n e l l o s i s  i n d u c e d  b y  i n o c u l a t i o n  w i t h  
Salmonella t y p h i m u r i u m .  T h e  c h i e f  c r i t e r i o n  o f  a  p r o t e c t i v e  e f f e c t  w a s  r e d u c t i o n  i n  
m o r t a l i t y ,  b u t  s u r v i v a l  a s  m e a s u r e d  b y  t h e  t i m e  a t  w h i c h  o n e - h a l f  o f  a  g r o u p  h a d  
d i e d  w a s  a l s o  c o n s i d e r e d  t o  b e  s i g n i f i c a n t .  D r i e d  c o o k e d  c a b b a g e  w a s  a n  e f f e c t i v e  
s u p p l e m e n t ,  r e d u c i n g  m o r t a l i t y  f r o m  7 3 . 5  t o  5 0 . 8 %  a m o n g  a n i m a l s  f e d  a  c a s e i n  
b a s a l  d i e t .  S o y b e a n  p r o t e i n  a l s o  e x e r t e d  a  p r o t e c t i v e  e f f e c t  b u t  a l f a l f a  m e a l  w a s  
i n e f f e c t i v e .  T h e  f a c t o r  i n  c a b b a g e  w a s  s t a b l e  t o  h e a t ,  w a s  n o t  r e a d i l y  s o l u b l e  i n  w a t e r ,  
w a s  n o t  p r e s e n t  i n  t h e  a s h  a n d  a p p a r e n t l y  i s  n o t  i d e n t i c a l  w i t h  a r g i n i n e  n o r  t h e  a n t i 
b a c t e r i a l  c o m p o u n d s  c o m m o n l y  o c c u r r i n g  i n  c a b b a g e .  I n c r e a s i n g  t h e  d i e t a r y  p h o s 
p h o r u s  l e v e l  f r o m  a b o u t  0 . 4  t o  1 . 0 %  c a u s e d  a  m a r k e d  r e d u c t i o n  i n  m o r t a l i t y  r e g a r d 
l e s s  o f  t h e  p r o t e i n  s o u r c e ,  b u t  e x c e s s  p h o s p h o r u s  a d d e d  t o  t h e  s o y b e a n  d i e t  w a s  t h e  
m o s t  p r o t e c t i v e .  A l t h o u g h  t h e  r e l a t i o n s h i p  b e t w e e n  d i e t a r y  p h o s p h o r u s  a n d  t h e  f a c t o r  
i n  c a b b a g e  i s  n o t  k n o w n ,  t h e s e  c o m p o u n d s  a r e  c l e a r l y  n o t  i d e n t i c a l .

The effect of nutritional status upon 
resistance to disease has been investigated 
ra ther extensively, but most of the experi
m ental work has been restricted to pro
tein and vitam in levels and to a lesser 
extent to unrecognized nutrients. Minerals 
have received little or no attention. The 
observation of Schneider and W ebster (1 ) 
th a t natu ra l products contain a dietary 
factor which promotes resistance against a 
Salmonella organism  has led to a series 
of publications related to the unrecognized 
factor which has been term ed the salm on
ellosis resistance factor (SRF) (2 -4 ) . Re
cently Hill et al. (5 )  reported that, in the 
presence of “norm al” vitam in levels and 
SRF, increasing levels of protein reduced 
mortality in  mice, but in  the absence of 
SRF, extra protein increased mortality. 
W hen excessive levels of vitam ins were 
fed, SRF exerted no effect, suggesting a
3-way interaction among SRF, protein and 
vitamins.

Although the guinea pig has not been 
widely used for disease-resistance studies, 
the consum ption of cabbage by this species 
has been shown to prolong survival time 
when experim ental tuberculosis was in 
duced (6 ) . O’Dell et al. (7 )  observed that 
an ad libitum  supplem ent of fresh cabbage 
lowered the m ortality rate among Salmon
ella-infected guinea pigs fed a diet based 
on casein and sucrose. The protective

factor could not be identified with any of 
the known nutrients. Spector and Callo
way (8 )  and Calloway et al. (9 )  used 
guinea pigs in  a study of radiation protec
tion and observed th a t dietary supple
m ents of cabbage, broccoli or alfalfa re
duced the m ortality among x-irradiated 
anim als fed a simple diet of bran and oats.

This paper is concerned with additional 
observations relative to the properties of 
the unidentified factor found in  cabbage 
and with the significance of m inerals in  
preventing m ortality in  guinea pigs due 
to salmonellosis. The protective factor in  
cabbage appears not to be a recognized 
nu trien t and the evidence suggests that 
it is not identical to the radiation protec
tive factor or to the SRF of Schneider. A 
dietary supplem ent of phosphorus in 
creases resistance to salmonellosis but the 
effect of cabbage is not due to its phos
phorus content.

M E T H O D S  A N D  M A T E R IA L S

The experim ental anim als were female 
guinea pigs that were 5 to 11 weeks of age * 1 2

R ece ived  fo r  p u b lic a tio n  F e b ru a ry  20, 1964.
1 C o n tr ib u tio n  fro m  th e  M isso u ri A g r ic u ltu ra l  E x 

p e r im e n t S ta tio n , J o u rn a l  Series no . 2684. S u p p o rted  
in  p a r t  by  N a tio n a l S c ience  F o u n d a tio n  G ra n t G19100. 
T a k e n  f ro m  a  th e s is  su b m itte d  to  th e  G ra d u a te  School, 
U n iv e rs ity  o f M isso u ri, by  D. P . N ab b  in  p a r t ia l  f u l 
f il lm e n t o f th e  re q u ire m e n ts  fo r  th e  Ph .D . degree.

2 P re s e n t a d d re ss : T ox ico logy  S e c tio n ,_ C o m m u n ic 
ab le  D isease  C en ter , P u b lic  H e a lth  Serv ice , A tla n ta ,  
G eorgia .

J . N u t r it io n , 8 4 : ’64 191
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TA B LE 1

C omposition of basal diets

C a s e i n
b a s a l

S o y  p r o t e i n  
b a s a l

% %

A c i d - w a s h e d  c a s e i n  1 3 0 . 0 —

I s o l a t e d  s o y  p r o t e i n  2 — 3 0 . 0

S u c r o s e 4 2 . 3 4 1 . 1

C e l l u l o s e  1 2 3 1 5 . 0 1 5 . 0

S o y b e a n  o i l 2 . 0 2 . 0

S a l t s  I  4 4 . 0 —

S a l t s  I I 5 — 5 . 0

P o t a s s i u m  a c e t a t e 2 . 7 2 . 5

M a g n e s i u m  o x i d e  
W a t e r - s o l u b l e  v i t a m i n s

0 . 5 0 . 5

i n  s u c r o s e  6 

F a t - s o l u b l e  v i t a m i n s

1 .0 1 .0

i n  s o y b e a n  o i l 7 2 . 0 2 . 0

A s c o r b i c  a c i d 0 . 2 0 . 2

C h o l i n e  c h l o r i d e 0 .1 0 . 2

D L - M e t h i o n i n e 0 . 2 0 . 5

C h l o r t e t r a c y c l i n e  • H C 1 0 . 0 0 2 5 0 . 0 0 2 5

M i n e r a l  e l e m e n t s  s u p p l i e d  b y  s a l t s  p r e m i x e s

C a 0 . 8 4 0 . 9 6

P 0 . 2 0 0 . 6 0

M g 0 . 0 3 9 0 . 0 6

M n 0 . 0 2 5 0 . 0 2

N a 0 . 1 1 0 . 3 1

K 0 . 4 8 0 . 4 0

F e 0 . 0 1 8 0 . 0 0 6

C u 0 . 0 0 1 4 0 . 0 0 0 8

C o 0 . 0 0 0 0 7 —

A1 0 . 0 0 0 0 4 —

Z n 0 . 0 0 0 5 6 0 . 0 0 8 0

F 0 . 0 0 1 8 —

I 0 . 0 0 2 3 0 . 0 0 1 0

C l 0 . 3 8 0 . 5 2

s 0 . 0 3 0 0 . 0 9 2

1 C o m m erc ia l c a s e in  w as  d isso lved  in  d ilu te  N aO H , 
p re c ip ita te d  w ith  HC1 a n d  w a sh e d  f re e  o f s a lt  w ith  
ta p  w a te r . A fte r  d ry in g  a t  65° in  a  fo rc e d -d ra f t oven 
i t  w as  g ro u n d  in  a  h a m m e r  m ill.

2 P ro m in e  I t, C e n tra l Soya C o m p an y , In c ., C h icago .
3 W ood p u lp  (S o lk a  F lo e ) ,  B ro w n  C o m p an y , B er lin , 

N ew  H a m p sh ire .
4 S a lts  I  s u p p lie d : ( g /1 0 0  g o f  d ie t )  CaCOs, 2 .05; 

M gCOs. 0 .10; M g S 0 4, 0 .05; M n S 0 4 H 20 ,  0 .08; N aC l, 
0 .28: KC1, 0 .45; K H 2P 0 4, 0.83; F e P 0 4 ( s o lu b le ) ,  0 .16; 
C u S 0 4 -5HoO, 0 .0056; Z nS 0d*7H 20 ,  0 .0025; CoC12 -6H 20 ,  
0 .0003; A 1K (S04) 2- 12HoO, 0 .0007; N a F , 0 .004 ; KI, 
0.003.

5 S a lts  I I  s u p p lie d : (g /1 0 0  g o f d ie t)  CaCOs, 0.90; 
C a H P 0 4 ( a n h y d .) ,  2 .04 ; M g S 0 4 ( a n h y d .) ,  0 .30; 
M nS O j-H 20 ,  0 .06; N aC l, 0 .26; N a 2H P 0 4, 0 .64; KC1, 
0 .77; F e  c itra te ,  0 .036 ; C u S 0 4 ( a n h y d .) ,  0 .002; ZnCO s, 
0 .0143; K IO 3 , 0.0017.

6 W ate r-so lu b le  v ita m in s  s u p p lie d : (m g /1 0 0  g d ie t)  
th ia m in e  HC1, 1.0; r ib o flav in , 1.0; p y rid o x in e -H C l, 1.0; 
C a p a n to th e n a te ,  3 .0; n ia c in ,  5 .0; fo lic  ac id , 0.6; 
in o s ito l, 100; D -biotin, 0 .02; c y a n o c o b a la m in , 0.003.

7 F a t-so lu b le  v ita m in s  su p p lie d  p e r  100 g d ie t: v i ta 
m in  A p a lm ita te ,  2000 IU ; v i ta m in  D 3 , 285 IU ; a- 
to co p h e ry l a ce ta te , 2.0 m g ; m e n a d io n e , 1.0 m g ; a n t i 
o x id a n t (S a n to q u in , M o n sa n to  C h em ica l C o m p an y , St. 
L o u is ) ,  12.5 m g.

and weighed, on the average, about 500 g. 
They had been used in  a growth factor 
assay prior to these studies and were 
randomly divided into the experim ental 
groups described here. Groups of two were 
housed in raised wire-floor cages and kept 
in a continuously lighted room m aintained 
between 23.3 and 25.5°. The mortality 
was recorded daily for 31 to 42 days, a 
period long enough to insure that the sur
vivors were no longer in  jeopardy. W eights 
were recorded 3 times weekly and fresh 
feed and w ater were supplied daily, ad 
libitum.

The composition of the basal diets for 
the guinea pigs is shown in table l . 3 The 
casein and soybean protein rations con
tained different m ineral m ixtures, the 
composition of which is also shown in the 
table. Chlortetracycline has been used 
routinely in  our guinea pig diets for sev
eral years because it is beneficial in the 
prevention of cervical lym phadenitis and 
certain types of infectious enteritis, but 
does not protect against salmonellosis.4 
Prelim inary observations showed that 
chlortetracycline did not influence the re 
sults obtained in  the salmonellosis resist
ance assay and its value in prevention of 
secondary infection justified its inclusion 
in the assay diet. Supplements were added 
at the expense of the entire ration. The 
rations were moistened with water at the 
time of feeding so as to make a dough-like 
consistency and thus increase their accept
ability.

After 2 weeks to allow adjustm ent to the 
environm ent and the respective rations, 
the test anim als were infected with Sal
monella typhim urium . The organisms 
were isolated originally from a naturally  
infected guinea pig that had died of sal
monellosis. The organisms were serologi
cally identified, and were m aintained bv 
periodic culture in the trypticase soy broth 
(BBL) followed by growth on nutrien t 
agar. The organisms from the nutrien t 
agar slopes were suspended in trypticase,

3 T h e  a u th o rs  g ra te fu lly  ack n o w led g e  g if ts  f ro m  th e  
fo llo w in g  d o n o rs : F o la c in  a n d  C h lo rte tra c y c l in e  HC1, 
A m e ric a n  C y an a m id  C o m p an y , P e a r l  R iv e r, N e w  Y ork ; 
b io tin , H o ffm an n -L aR o ch e  In c ., N u tle v , N ew  Je rse y ; 
V ita m in  A, D is ti l la t io n  P ro d u c ts  In c ., R o ch e s te r, N ew  
Y ork; S a n to q u in , M o n san to  C h em ica l C o m p an y , St. 
L ou is; o th e r  v ita m in s , M erck  S h a rp  a n d  D o h m e, 
R ah w a y , N ew  Jersey .

4 O ’D ell, B. L., W . O. R eg a n  a n d  A. G. H o g an .
P roc. Soc. E xp . B iol. M ed., 96; 553, 1957.
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and small aliquots were frozen on glass 
beads at —40° for storage until needed 
for inoculum  preparation. To prepare the 
inoculum , a culture from the beads was 
grown in trypticase at 37° for 22 hours. 
The organism s were centrifuged for 30 
m inutes in  a Spinco Model L ultracentri
fuge at 7500 rpm  using a SW 25.1 rotor, 
resuspended in  sterile tap water, and di
luted so as to give a transm ittance of 80% 
in a “Spectronic 20” colorimeter at 650 mu. 
One-half m illiliter of a 1:500 dilution of 
the suspension was injected intraperi- 
toneally into the guinea pigs with a semi
autom atic hypodermic syringe. This dose 
was estim ated to contain about 200,000 
organisms.

R E S U L T S

Adequacy of purified diets. To assess 
the adequacy of the basal diets for u n 
infected anim als, these diets were com
pared with a commercial guinea pig chow 
and were supplem ented with a commonly 
used natu ra l product, raw  cabbage. As 
shown by the results presented in  table 2, 
both the casein and soybean protein basal 
diets supported a ra te of gain equivalent to 
tha t of diets of natu ra l foods, and the rate 
of m ortality was essentially nil. In fact 
only 11 deaths have been recorded among 
over 3,000 anim als fed sim ilar diets for a 
period of 4 weeks. Cabbage supplem enta
tion of the basal diets caused significant 
( P < 0 .0 1 )  growth stimulation. Ascorbic 
acid adm inistered daily by m outh did not 
improve the growth rate. Although these 
results suggest tha t cabbage provides a 
nu trien t required to support the m axim al 
growth rate, the basal diets were adequate

for survival and growth as com pared with 
a commonly used practical diet.

Studies relating to the protective factor 
found in  cabbage. The rates of mortality 
and in  some instances the time required 
for 50% of the anim als to die (ST50) were 
used as the criteria for assessing the effi
cacy of a supplem ent. Other observations, 
such as the average survival times, liver 
and spleen dam age as m easured by weight 
or inspection, and rates of gain or loss in  
body weight, were made, but none of these 
param eters was satisfactory as an  index 
of Salmonella resistance. All comparisons 
presented here are based on data  collected 
from  anim als tha t were under observation 
at the same time.

Fresh cabbage was used as the source 
of the protective factor in  the first experi
m ents (7 ) ,  but it was difficult to control 
the quantity of the supplem ent consumed. 
To reduce this variable it was desirable to 
prepare a dry supplem ent which could be 
incorporated into the diet. Consequently, 
a dry supplem ent was prepared by cooking 
chopped cabbage with steam  until tender. 
The cooked pulp and juice were then  dried 
at 55° for 72 hours in  a forced-draft oven 
and finely ground in  a ham m er mill. Table 
3 shows the results obtained with the 
dried cooked cabbage supplement. Two 
levels, 8.5 and 10% , were fed but, since 
there was no difference in response, the 
data were combined. The average m or
tality ra te among 132 anim als fed the 
dried cabbage supplem ent was 50.8% for 
10 trials, whereas the m ortality among 
those fed the basal diet was 73.5% . The 
difference, 22.7% , was highly significant 
(x2 =  15.83, df =  1; P <  0.005) as calcu-

T A B L E  2

A d e q u a c y  of purified diets for g r o w t h  a n d  survival of uninfected guinea pigs

D i e t
N o .  o f  

a n i m a l s

A v g
d a i l y
g a i n ,

4  w e e k s

M o r t a l i t y

9 %

C a s e i n  b a s a l 2 3 5 . 9  ± 0 . 3  1 0

C a s e i n  b a s a l  +  r a w  c a b b a g e ,  a d  l i b i t u m 3 1 7 . 4  ± 0 . 2 0

S o y b e a n  p r o t e i n  b a s a l 4 2 6 . 4  ± 0 . 4 2 . 4
S o y b e a n  p r o t e i n  b a s a l  +  r a w  c a b b a g e ,  a d  l i b i t u m 1 2 7 . 5 ±  0 . 2 0

S o y b e a n  p r o t e i n  2 b a s a l +  3 0  m g  a s c o r b i c  a c i d  d a i l y 2 4 6 . 3  ± 0 . 1 4 0

C o m m e r c i a l  c h o w  p e l l e t s  3 4 3 6 .1  ± 0 . 2 2 . 3

1 s e  o f  m e a n .
2 N o  a s c o r b i c  a c i d  w a s  a d d e d  to  t h i s  d i e t .
3 P u r i n a  L a b o r a t o r y  C h o w ,  R a l s t o n  P u r i n a  C o m p a n y ,  S t .  L o u i s .
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TA B LE 3

E f f e c t  o f  d r ie d  c o o k e d  c a b b a g e  u p o n  m o r t a l i t y  r a te  a m o n g  g u in e a  p ig s  
i n f e c t e d  w i t h  S a lm o n e l la  t y p h i m u r i u m

T r ia l
B a s a l c a s e in  d ie t B a s a l + d r ie d  co oked  c ab b ag e

M o rta lity ST5(4 M o rta lity ST50

% d a ys % d a y s
i 9 0 ( 9 / 1 0 ) 2 13 5 0 ( 5 / 1 0 ) 3 4
2 6 2 ( 8 / 1 3 ) 2 1 3 3 ( 4 / 1 2 ) 4 2  +
3 83 ( 1 0 / 1 2 ) 15 73 ( 8 / 1 1 ) 19
4 1 0 0 ( 1 3 / 1 3 ) 13 5 0 ( 7 / 1 4 ) 2 4
5 93 ( 1 4 / 1 5 ) 1 0 4 2 ( 5 / 1 2 ) 4 2  +
6 3 6 ( 5 / 1 4 ) 4 2  + 19 ( 3 / 1 6 ) 4 2  +
7 9 3 ( 1 4 / 1 5 ) 1 1 6 0 ( 9 / 1 5 ) 34
8 6 6 ( 1 7 / 2 6 ) 2 4 4 6 ( 5 / 1 1 ) 4 1  +
9 75 ( 1 5 / 2 0 ) 1 1 8 9 ( 1 7 / 1 9 ) 9

1 0 4 6 ( 6 / 1 3 ) 31  + 3 3 ( 4 / 1 2 ) 31  +

A v e ra g e 7 3 . 5 ( 1 1 1 / 1 5 1 ) 19 + 5 0 . 8 ( 6 7 / 1 3 2 ) 3 2  +

1 ST50 in d ic a te s  th e  tim e  a t  w h ic h  50%  o f th e  a n im a ls  h a d  d ied ; (+ )  in d ic a te s  50%  h a d  n o t d ied  
by  e n d  o f tr ia l.

’ 2 R a tio  o f n u m b e r  o f a n im a ls  th a t  d ie d  to  n u m b e r  in fe c te d .

lated by the Chi-square analysis described 
by Schneider and W ebster (1 ) . Analysis 
of the data for homogeneity was also made 
by the Chi-square method. If 73.5% is 
accepted as the true m ortality ra te for the 
10 trials, then it can be shown th a t the 
m ortality rate of anim als fed the casein 
diet did not differ from  trial to trial more 
than  can be accounted for by chance alone 
(x2 =  7.93; df =  9; P >  0.50). The ra ther 
high Chi-square value (xz =  11.70; df =  9; 
P >  0.10) for the anim als fed the cabbage 
supplem ent was accounted for m ainly by 
the very low m ortality rate of anim als in 
trial 6 and the high ra te in  trial 9. The 
ST50 for the anim als fed the basal diet was 
19+ days and for the supplem ented ani
mals, 3 2+  days.

The results of experim ents designed to 
determ ine other properties of the cabbage 
factor are presented in  table 4. For com
parative purposes the casein basal diet was 
used as the negative control and the diet 
supplem ented w ith 10% of dried cabbage 
as a positive control. A hot w ater extract 
of fresh cabbage was prepared by extract
ing chopped cabbage 3 times with boiling 
water. The extract was concentrated to 
a thick syrup in  vacuo and was added to 
the casein diet a t a level of 5% on a dry 
basis, an am ount equivalent to 17% of 
dried cabbage. A second concentrate was 
prepared under different conditions which 
reduced the exposure of the extract to 
oxidative conditions. In this case the

chopped fresh cabbage was autoclaved at 
120° for 45 m inutes. The juice was 
pressed from  the pulp and concentrated 
in  vacuo using 10 m g of m ercaptoethanol/ 
liter of juice as an antioxidant. The ex
tract was offered to the anim als as a 5% 
solution in  w ater bottles and they con
sumed about 3.7 g of dry m atter/day . The 
dry residues rem aining after the 2 extrac
tions were added to the basal diet at levels 
of 8.5 and 10% . The data indicate tha t 
both extracts and both residues caused a 
slight reduction in  mortality. Although 
the residues, especially the autoclaved one, 
were more effective than  the extracts, they 
were not as effective as the dried cabbage 
supplement. Both the anim als fed the 
autoclaved extract and those fed the resi
due had longer ST50 values th an  the basal 
anim als, indicating a slight protective 
effect.

Several antibacterial compounds or their 
precursors have been isolated from cab
bage and related species (1 0 -1 2 ). Of 
these compounds, three were chosen for 
testing for possible anti-salmonellosis ac
tivity. They were added to the casein 
ration as ethanol solutions to supply the 
following percentages of pure com pounds: 
allyl isothiocyanate, 0.001; methvlthiol- 
sulfinate, 0.01; and S-methylcysteine sulf
oxide, 0.2. None of these compounds low
ered the m ortality ra te appreciably.

Ross et al. (13, 14) reported th a t chicks 
fed fresh chicken feces or those inoculated
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TA B LE 4

E f f e c t  o f  s u p p le m e n t s  r e la t e d  to  c a b b a g e  u p o n  r a te  o f  m o r t a l i t y  a m o n g  g u in e a  p ig s  
i n f e c t e d  w i t h  S a lm o n e l la  t y p h i m u r i u m

D e sc rip tio n  of B asa l d ie t B a s a l + d r ie d  cooked  cab b ag e B asa l + su p p le m e n t
su p p le m e n t M o rta lity ST501 M o rta lity ST50 M o rta lity s t 50

H o t w a te r  e x t r a c t ;  
6 %  d r y  m a t t e r  
a d d e d  to  f e e d

% days % d a ys % d a ys

1 0 0 .0 (  1 3 / 1 3 ) 2 13 5 0 . 0 ( 7 / 1 4 ) 24 8 4 . 6 ( 1 1 / 1 3 ) 1 2

H o t w a te r -  
e x t r a c t e d  
r e s id u e ,  8 .5 % 1 0 0 . 0 ( 1 3 / 1 3 ) 13 5 0 . 0 ( 7 / 1 4 ) 24 7 6 . 9 ( 1 0 / 1 3 ) 16

J u ic e  o f  a u t o 
c la v e d  f r e s h  
c a b b a g e ,  o f f e r e d  
a s  a  5 %  
s o lu t io n ,  
a d  l i b i t u m 9 3 . 3 ( 1 4 / 1 5 ) 1 0 4 1 . 7 ( 5 / 1 2 ) 4 2  + 7 6 . 9 ( 1 0 / 1 3 ) 2 1

R e s id u e  o f
a u to c la v e d  f r e s h  
c a b b a g e ,  1 0 % 9 3 . 3 ( 1 4 / 1 5 ) 1 0 4 1 . 7 ( 5 / 1 2 ) 4 2  + 5 3 . 3 ( 8 / 1 5 ) 2 7

A lly l i s o th io 
c y a n a t e ,  0 .0 0 1 % 9 0 . 0 ( 9 / 1 0 ) 13 5 0 . 0 ( 5 / 1 0 ) 3 4 9 1 . 7 ( 1 1 / 1 2 ) 2 1

M e th y lc y s te in e  
s u l f o x id e ,  0 .2 % 8 3 . 3 ( 1 0 / 1 2 ) 15 7 2 . 7 ( 8 / 1 1 ) 19 7 5 . 0 ( 1 5 / 2 0 ) 13

M e th y l th io l -
s u l f in a te ,  0 .0 1 % 9 0 . 0 ( 9 / 1 0 ) 13 5 0 . 0 ( 5 / 1 0 ) 34 7 5 . 0 ( 9 / 1 2 ) 13

A rg in in e -H C 1 , 
0 .5  o r  1 .2 5 % 7 2 . 7 ( 5 6 / 7 7 ) 2 0  + 4 0 . 7 ( 2 2 / 5 4 ) 4 0  + 7 1 . 8 ( 5 1 / 7 1 ) 2 6  +

A l f a l f a  l e a f  
m e a l ,  1 0 % 7 2 . 0 ( 1 8 / 2 5 ) 18 5 2 . 2 ( 1 2 / 2 3 ) 31 + 7 2 . 7 ( 1 6 / 2 2 ) 16

1 ST50 in d ic a te s  th e  tim e  a t  w h ic h  50%  
tr ia l.

o f th e  a n im a ls  h a d  d ied ; (+ ) in d ic a te s 50%  h a d  n o t d ied by e n d  o f

2 R a tio  o f n u m b e r  o f a n im a ls  t h a t  d ie d  to  n u m b e r  in fe c te d .

with S. pidlorum, exhibited prolonged sur
vival times when they were injected intra- 
peritoneally with arginine, citrulline or 
urea. Since the arginine level in the casein 
diet is m arginal for the guinea pig (15-17) 
and cabbage protein is relatively high in 
arginine (1 8 ) , the effect of arginine upon 
Salmonella resistance was tested in the 
guinea pig. L-Arginine • HC1 was added to 
the casein ration at the 0.5 and the 1.25% 
levels. The data for the 2 levels were com
bined since no difference was observed 
between them. The average m ortality rate 
among anim als fed the arginine supple
m ents was 71.8% , among those fed the 
casein ration, 72.7% , and am ong those 
fed the dried cooked cabbage supplem ent, 
40.7% . Judging from these results the 
protection due to dried cooked cabbage 
could not be accounted for by its arginine 
content.

In view of the protective effect that cab
bage, broccoli and alfalfa leaf m eal have 
for x-irradiated guinea pigs (8, 9 ), alfalfa 
was tested in  Salmonella-infected guinea 
pigs. Alfalfa leaf m e a l5 was added at the 
rate of 10% to the casein diet. There was 
no difference between the rates of m or
tality of anim als fed the alfalfa supple
m ent and those fed the basal diet.

Effect of  protein source and m ineral sup
plem ent upon salmonellosis. This phase 
of the research evolved from the studies 
relating to arginine supplem entation. A 
soybean protein diet was compounded to 
test the effect of a protein naturally  high 
in  arginine (1 9 ). This diet, which con
tained a somewhat simplified and presum 
ably more nearly adequate m ineral m ix

5 T h is  a lf a lf a  m e a l w as  k in d ly  su p p lie d  by  D r. 
D oris  C allo w ay  f ro m  a  b a tc h  sp ec ia lly  p re p a re d  fo r  
r a d ia t io n  p ro te c tio n  s tu d ie s  c a r r ie d  o u t a t  th e  Q u a r te r 
m a s te r  Food  a n d  C o n ta in e r  In s t i tu te ,  C h icago .
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ture, was compared with the casein basal 
diet with and without supplements. The 
results are shown in  table 5. Arginine 
alone was ineffective, the dried cabbage 
was effective as usual, but the soybean 
protein diet afforded by fa r the most pro
tection. As was shown previously, the 
m arked reduction in  mortality was not 
likely due to the high arginine content of 
the soybean protein. The comparison of 
casein and soybean protein diets was then 
extended to a total of 9 trials. The aver
age mortality of anim als fed the casein- 
ration was 64.1% (36 to 93% ), whereas 
the mortality of those fed the soy bean 
protein ration was only 25.8% (14 to 
50% ). This difference, 38.3% , was highly 
significant (x2 =  37.0; d f =  1; P <  0.005). 
The average ST50 of anim als fed the soy
bean protein diet was 35+  days compared 
with 2 3+  days for those fed the casein diet.

Besides the difference in  source of pro
tein in  the casein and soybean protein 
basal diets, there were m ajor differences 
in the composition of the m ineral supple
ment. To test the effect of the m ineral

m ixtures as well as of the protein source, 
an  experim ent was run  using a 2 X 2 fac
torial design. As shown in table 6 the 
source of both protein and salts had  a 
significant effect upon the rate of m ortal
ity, but an analysis of variance, using the 
arcsin transform ation of the percentages 
of m ortality, indicates tha t there was 
no significant protein-mineral interaction. 
The effect of salts was clearly independent 
of the effect of protein, and the simple 
effect of m inerals was the same for each 
of the proteins w ithin the limits of chance 
variation. Even so, the m axim um  protec
tion occurred with salts II m ixture in the 
presence of soybean protein.

Subsequent experim ents were designed 
to determ ine the m ineral element respon
sible for the m arked depression in m ortal
ity. The soybean protein diet containing 
salts I was supplem ented with specific 
salts to provide the same level of the m in
eral elements as supplied by salts m ixture 
II. The results are presented in  table 7. 
N either the addition of a combination of 
zinc and iodine salts nor the omission of

TA B LE 5

C o m p a r is o n  o f  c a s e in  a n d  s o y b e a n  p r o t e i n  d ie ts  w i t h  a n d  w i t h o u t  s u p p le m e n t s

D iet
d e sc rip tio n M o rta lity ST50!

% d a ys
C a s e in  b a s a l 6 5 . 5 ( 3 6 / 5 5  + 2 6  +
C a s e in - j-  1 0 %  d r ie d  c o o k e d  c a b b a g e 4 0 . 5 ( 1 7 / 4 2 ) 3 9  +
C a s e in  +  1 .2 5  %  a r g in in e  ■ HC1 7 5 . 0 ( 3 6 / 4 8 ) 2 4  +
S o y b e a n  p r o t e i n  b a s a l 2 2 . 7 ( 1 0 / 4 4 ) 3 9  +

1 ST50 in d ic a te s  th e  tim e  a t  w h ic h  50% of th e  a n im a ls  h ad l d ied ; (+ )  in d ic a te s  50%  h a d  n o t d ied
by  e n d  o f tr ia l.

2 R a tio  o f  n u m b e r  o f a n im a ls  th a t  d ied to  n u m b e r  in fe c te d .

TA BLE 6

E f f e c t  o f  p r o t e i n  s o u r c e  a n d  t y p e  o f  m i n e r a l  m i x t u r e u p o n  th e  m o r t a l i t y o f  g u in e a  p ig s
i n f e c t e d  w i t h  S a lm o n e l la  t y p h i m u r i u m

C ase in  d ie t C ase in  d ie t Soy p ro te in  d ie t Soy p ro te in  d ie t
( s a l ts  I") ( s a l ts  I I ) ( s a l t s  I I ) ( s a l ts  I )

% % % %
M o r ta l i ty  a v e r a g e  6 3 . 2 ( 4 8 / 7 6  + 4 2 . 9 ( 3 3 / 7 7 ) 2 7 . 6 ( 2 1 / 7 6 ) 5 6 . 7 ( 3 4 / 6 0 )

S ta n d a r d  d e v ia t io n  ±  1 3 .0 ± 1 0 . 5 ± 1 2 . 1

* 2

± 1 8 . 0

*

**

1 R a tio  o f  n u m b e r  o f a n im a ls  th a t  d ied  to  n u m b e r  in fe c te d .
2 A lin e  u n d e r  a n y  2 r a tio n s  in d ic a te s  a  s ta t is t ic a lly  s ig n if ic a n t d iffe ren c e  b e tw ee n  th e m . A ster isk s  

in d ic a te  leve l o f s ig n ific an ce . * = P  <  0 .05; a n d  ** = P  <  0.01.
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TA B LE 7

E f f e c t  o f  v a r io u s  m in e r a l s  u p o n  th e  m o r t a l i t y  o f  g u in e a  p ig s  
i n f e c t e d  w i t h  S a lm o n e l la  t y p h i m u r i u m

M o rta lity
S u p p le m e n t

B asa l d ie t B asa l + 
s u p p le m e n t

S o y  p r o t e i n  b a s a l  d ie t  w i th  s a l t s  I
0 .0 0 8 %  Z n  a s  Z n C 0 3 +  0 .0 0 1 %  I  a s  K IO s 
N o  a d d e d  F e  o r  C u
0 .4 %  C a a s C a H P O 4-2 H 2O +  0 .6 %  P  a s  N a H 2P 0 4-H 20  
0 .4 %  C a  a s  C a C 0 3 
0 .6 %  P  a s  N a H 2P 0 4 -H 20

%

6 9 .2 C 9 / 1 3 ) 1
5 6 . 0 ( 1 4 / 2 5 )
7 0 . 8 ( 1 7 / 2 4 )
5 0 . 0 ( 1 1 / 2 2 )
5 3 . 2 ( 2 5 / 4 7 )

%

6 9 . 2 ( 9 / 1 3 )
5 5 . 6 ( 1 5 / 2 7 )
2 8 . 0 ( 7 / 2 5 )
5 0 . 0 ( 1 2 / 2 4 )
2 2 . 9 ( 1 1 / 4 8 )

C a s e in  b a s a l  d ie t  w i th  s a l t s  I  
0 .6 %  P  a s  N a H 2P 0 4 H 20  
1 .9 %  C a b b a g e  a s h

5 9 . 1 ( 1 3 / 2 2 )
6 9 . 6 ( 3 2 / 4 6 )

1 6 . 0 ( 4 / 2 5 )
6 0 . 0 ( 1 8 / 3 0 )

1 R a tio  o f n u m b e r  o f a n im a ls  th a t  d ie d  to  n u m b e r  in fe c te d .

both iron and copper salts affected m ortal
ity. A com bination of 0.4% calcium and 
0.6% phosphorus as C aH P04-2H20  and 
NaH2P 0 4-H20  depressed the mortality rate 
from 70.8 to 28.0% . Calcium alone as 
the carbonate had no effect, but the addi
tion of 0.6% phosphorus as N aH 2P 0 4 H20  
depressed the m ortality markedly. A simi
la r protection was observed when the
O. 6% of phosphorus was added to the 
casein diet containing salts I. In a subse
quent trial, not shown here, an equivalent 
am ount of sodium, fed as sodium acetate, 
did not decrease the ra te of m ortality; 
hence the protective effect appears to be 
linked to the phosphate moiety. Further
more, there was an  inverse relationship 
between ra te  of m ortality and the phos
phorus content of the soybean protein diet 
as shown by the following results: 0.44%
P, 55.3% mortality (47 anim als); 0.78% 
P, 33.3% m ortality (48 an im als); 1.04% 
P, 22.9% m ortality (48 anim als).

W hen the ash of dried cooked cabbage 
was added to the casein diet (sa lt I )  at a 
level of 1.9% , the mortality was 60.0% 
compared with 69.9% with the basal. 
Since cabbage ash was not effective, the 
protection afforded by dried cooked cab
bage was probably not due to its m ineral 
composition.

D IS C U S S IO N  A N D  C O N C L U S IO N S

Disease resistance is complicated by 
m any factors which are not easily con
trolled, especially such factors as virulence 
of the infecting organism s and the sus
ceptibility of the host animals. During

these studies the organism s have m ain
tained a reasonably stable state of viru
lence presumably because of m inim al 
m anipulation and storage at low tem per
atures. Variations due to other factors 
such as the susceptibility of the host ani
mal, age and weight of the anim als, place
m ent w ithin the laboratory, and dietary 
history were controlled in  part by ra n 
domization. Although the procedures used 
to control the variation were reasonably 
successful, there were occasional cases of 
unusually high or low mortality which can
not be explained.

Gross observations m ade of the liver 
and spleen damage or weight of survivors 
of the infection did not indicate any ap
preciable differences between rations. This 
was also true of such observations as rate 
of gain or loss during the infection trial, 
body tem perature and feed consumption. 
The changes in these criteria appeared to 
be more closely related to the length of 
time that the anim als survived after infec
tion or to the severity of the infection than  
to an increased ability to survive.

The m ortality observed am ong the 
Salmonella-infected guinea pigs fed the 
casein diets occurred in  2 peaks, the first 
about 10 days and the second about 20 
days after infection. Cabbage supplem en
tation caused a depression of mortality 
chiefly during the first peak with little or 
no effect during the period of the second 
mortality peak. The soybean protein diet 
protected during the first peak to about the 
same degree as that observed with the 
cabbage supplem entation, but afforded
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additional protection during the second 
mortality peak. The reason for the en
hanced protection during the second peak 
is not clear, but it suggests a different 
protective m echanism  for the cabbage- 
supplem ented diet and soybean protein 
which contained the higher level of phos
phorus.

Dried cooked cabbage appeared to be 
ju st as effective as fresh cabbage for pro
moting Salmonella resistance in  the guinea 
pig. The protective factor of cabbage was 
not readily water-soluble and could not 
be extracted from  the cabbage pulp. Anti
bacterial compounds which are associ
ated with cabbage possessed no protective 
effect. The beneficial effect of arginine for 
chicks infected with S. pullorum  (13, 14) 
was not observed in  the guinea pig. The 
difference m ay be due to the greater effi
ciency of urea excretion in  the guinea pig 
which prevents urea accum ulation or to 
a difference in  urea tolerance between the 
organisms used to infect the chicks and 
those used to infect the guinea pigs. How
ever, the protection afforded the chicks 
was an increased survival of a few hours 
with no difference in  the mortality at the 
end of 4 days. In  the guinea pigs the ex
perim ental period was m uch longer and 
small differences in  survival time were not 
considered significant.

There are few reports concerning the 
interrelationships of m inerals and disease 
resistance. Edwards and Boyd (2 0 ) re 
ported that chicks have increased require
m ents for phosphorus and m agnesium  
when they are infected with either S. galli- 
narrnn or fresh chicken feces. W hether 
Salmonella infection increases the phos
phorus requirem ent of the guinea pig is 
not known, but recent experim ents in this 
laboratory 6 have shown tha t the addition 
of 0.6% phosphorus to the rations used 
in these studies did not improve the 
growth ra te of norm al animals. In fact it 
caused a slight depression of growth rate. 
The m echanism  by which phosphorus in 
creases resistance is not obvious, but 
possible effects m ay be suggested. The in 
fectious organisms m ay precipitate a phos
phorus deficiency by altering the intestinal 
m ucosa and thus decreasing absorption. 
Such a m echanism  would not likely be 
the prim ary cause of death, but it m ight

increase susceptibility. Certain defense 
m echanism s such as the endotoxin detoxi
fying com ponent (2 1 ) m ay require anions 
such as phosphate to be effective and the 
rapidly enlarging reticulo-endothelial tis
sues, such as the liver and spleen, m ay 
require greater am ounts of phosphorus 
during the infection. It is also possible 
tha t excess phosphorus enhances the ab
sorption of a resistance factor by reducing 
the availability of certain cations. Colburn 
et al.7 observed that SRF had greatly en
hanced activity in  the absence of cations. 
Additional work m ust be done before a 
satisfactory m echanism  can be suggested 
for increased resistance to salmonellosis 
which results from the higher levels of 
phosphorus.
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