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ABSTRACT 

The incorporat ion of radioactivity 
from orally administered linoleic acid- 
1-14C, linolenic acid-1-14C, arachidonic 
acid-3Hs, and docosahexaenoic acid A4C 
into the liver and brain lipids of suckling 
rats was studied. In both tissues, 22 hr 
after dosing, 2 distinct levels of incorpo- 
ration were observed: a low uptake (from 
18:2-1-14C and 18:3-1-14C) and a high 
uptake (from 20:4-3H8 and 22:6-14C). 
In adult rats, the incorporat ion of radio- 
activity into brain lipids from 18:2-1-14C 
and 20:4-3H was considerably lower than 
the incorporation into the brains of the 
young rats. In the livers of the suckling 
rats, the activity from the 18 carbon acids 
was associated mostly with the triglycer- 
ide fraction, whereas the activity from 
the 20:4-3H8 and 22:6-14C was concen- 
trated in the phospholipid fraction. In the 
brain lipids, the activity from the differ- 
ent fatty acids was associated predomi- 
nantly with the phospholipids. In the liver 
and brain phospholipid fat ty acids, some 
of the activity in the 18:2-1-14C and 
18:3-1-14 C experiments was associated 
with 20 and 22 carbon polyunsaturated 
fat ty acids; however, radioactivity from 
o r a l l y  admin i s t e r ed  20:4-3H8 and 
22:6-14C was incorporated intact into 
the tissue phospholipid to a much greater 
extent  compared with the incorporat ion 
of radioactivity into 20:4 and 22:6 in the 
e x p e r i m e n t s  where 18:2-1A4C and 
18:3-1-14C, respectively, were adminis- 
tered. Possible reasons for these differ- 
ences are discussed. Rat milk c o n t a i n s  a 
wide spectrum of polyunsaturated fat ty 
acids, including linoleate, l inolenate, 
a rach idona te ,  and docosahexaenoate.  
During the suckling period in the rat, 
there is a rapid deposition of  20:4 and 
22:6 in the brain. The results of  the 
present experiments suggested that die- 
tary 20:4 and 22:6 were important  
sources of brain 20:4 and 22:6 in the 
developing rat. 

1present address: The Russell Grimwade School of 
Biochemistry, University of Melbourne, Victoria, Aus- 
tralia. 

I NTRODUCTION 

Long chain polyenoic fat ty  acids are of 
particular interest in relation to the mammalian 
brain, since, in a wide variety of mammals, the 
brain grey matter  phosphoglycerides are charac- 
terized by the presence of  large amounts of 
20:4606, 22:4w6, and 22:6603 and by low 
levels of 18:26o6 and 18:3w3 (1). In the 
laboratory rat, a significant proport ion of  brain 
development occurs during the suckling period 
(2) and more than 70% of the long chain 
polyenoic fatty acids (20:4 and 22:6) in the rat 
brain are laid down by the end of the suckling 
period (3,4). Rat milk contains both  linoleate 
and 1.inotenate, as well as their longer chain 
metabolic products ,  such as 20:3606, 20:4606, 
22:4606, 20:5603, 22:5603, and 22:6603 (4,5). 

To investigate the possible role of dietary 
polyenoic fat ty acids in contributing to brain 
Iipids, we have examined the tissue uptake of  a 
series of radioactive fat ty  acids which were 
administered orally to suckling rat pups. Some 
preliminary results of these experiments have 
been published elsewhere (5,6). 

METHODS A N D  MATERIALS 

Animals and Diets 

Rat pups, 16-17 days old, were used in these 
experiments.  They were bred from female rats 
of the Wistar strain which were maintained on a 
semisynthetic diet (7). The diet contained 
14.4% of  i t s  ca lor ies  as fat, w h i c h  was a rnixture 
of soybean oil and linseed oil (SBOL) (5 : 1, v/v) 
and the linoleic:linolenic ratio in the diet was 
3.3:1. The animals were mated when ca. 4 
months old. During the first 24 hr after birth, 
large litters were reduced to 9 pups, and, if the 
size of  the litter fell below 6 during the suckling 
period, the litter was not  used. Owing to the 
association between l i t ter  size, body growth, 
and the extent  of brain development in rats (2), 
the l i t ter size was controlled in the above 
manner so that  results from different litters 
could be compared. Three adult  female rats 
(300 g) also were used after they had been on 
the above diet for 12 months.  

Radioactive Experiments 

Linoleic acid-l-14C (61mCi /mmole ) ,  r 
linolenic acid (60 mCi/mmole),  and arachidonic 
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TABLE I 

Incorporation of Radioactivity from Labeled Fatty Acids into 
Liver and Brain Lipids of Suckling and Adult Rats 

Liver lipids Brain lipids 

Specific a Specific 
Time isotope Percent dose activity Percent dose activity 

Suckling rats b 

22 hr 18:2-1-14C (6) c 2.69 + 0.24 155 + 14.5 0.44-+ 0.05 29.1 -+ 3.17 
20:4-3H 8(9)  14.9 +- 1.58 1050-+ 120 2.06 +0.36 157 +- 28.0 
18:3-1-14C (3) 3.29 +- 0.32 151 + 8.89 0.29 -+ 0.03 18.5-+ 2.74 
22:6-14C(4) 19.8 +-1.32 1360+153  2.71-+0.79 197-+57.0 

48 hr 18:2-1-14C (4) 1.84 +- 0.08 81.9 -+ 4.74 0.42 -+ 0.02 23.7 :t 1.84 
20:4-3H 8(3)  7.84+-0.68 341 • 37.7 1.66-+ 0.19 88.9 + 5.33 
18:3-1-14C(3) 0 .85+0.15  60.6+10.9  0.36-+0.05 26.1 J: 4.71 

Adult rats d 

22 hr 18:2-1-14C (3) 4.17 +- 0.17 54-+ 2.6 0.039-+ 0.003 1.2 +- 0.3 
20:4-3H8 (3) 19.3 +- 0.10 222 -+ 0.4 0.134 -+ 0.004 3.4 +- 0.1 

aSpecific activity = dpm/mg lipid//~Ci dose. 

b18:2-1-14C And 20:4-3H8 were injected simultaneously in 6 and 3 rats at 22 and 48 hr, respec- 
tively. The dose ratio (3H/14C) was 1.2:1 at 22 hr and 1.3:1 at 48 hr. 

CThe numbers in parenthesis represent the numbers of rats used. The results are shown as the mean 
-+ standard error of mean. 

dlsotopes injected simultaneously; the dose ratio (3H/14C) was 0.4:1. 

a c id - l -14C  (54  m C i / m m o l e )  were o b t a i n e d  
f rom the  Rad iochemica l  Centre ,  A m e r s h a m ,  
U.K. Arach idon ic  ac id -3Hs ,  m e t h y l  es ter  (32  
m C i / m m o l e )  was a gift f r o m  Uni lever  Research,  
Vlaard ingen,  The Ne the r l ands ,  and  docosahexa -  
eno ic  acid -14C, m e t h y l  es ter  (1.3 m C i / m m o l e )  
was p repa red  b io syn the t i ca l l y  in this  l a b o r a t o r y  
(8) .  Be tween  1-4 ~tCi each  i so tope  was given to 
each  ra t ,  excep t  in the  22 :6 -14C e x p e r i m e n t s  
where  0 .03/~Ci  was used.  A k n o w n  a m o u n t  of  a 
radioact ive  f a t t y  acid (in so lvent )  was in t ro -  
duced  in to  a vial con t a in ing  0.3 ml olive oil,  
a n d  the  so lvent  was evapora t ed  w i th  a s t r eam of  
N 2. The oil a n d  i so tope  m i x t u r e  t h e n  was 
drawn i n t o  a glass syringe (wi th  a b l u n t  18 
gauge need le )  and  a d m i n i s t e r e d  oral ly  to  un-  
ane s the t i z ed  animals .  The  i so tope  c o n t e n t  of  
the  residue in the  syr inge and  vial was esti-  
mated ,  giving by  d i f fe rence  the  ac tua l  dose. 
This  usually a m o u n t e d  to ca. 70% of  the  
act ivi ty  i n t r o d u c e d  i n to  t he  vial (see above) .  In 
some expe r imen t s ,  l inole ic-1-14C and  arachi -  
donic -3H8 were a d m i n i s t e r e d  s imul t aneous ly .  
The r ad iochemica l  pur i ty  of  the  i so topes ,  deter-  
m i n e d  by  gas l iquid  c h r o m a t o g r a p h y  (GLC) of  
the  m e t h y l  esters ,  was b e t t e r  t han  98%, excep t  
for  the  22 :6  -14C where  7% of  the  ac t iv i ty  was 
associa ted  w i t h  22: 5(03. 

Lipid Extraction and Liquid Scintillation 
Counting 

After  dosing, the  pups  were r e t u r n e d  to  the i r  

m o t h e r s  and  sampled  at 22 a n d  48 hr .  Animals  
were ki l led by  decap i t a t i on  and  the  liver and  
bra in  qu ick ly  r emoved ,  washed  in  ice-cold 
saline,  b l o t t e d  dry,  and  weighed.  These  t issues 
t h e n  were e x t r a c t e d  in c h l o r o f o r m - m e t h a n o l  
(2 :1 ,  con t a in ing  10 rag/ l i ter  2: 6-di-tert-butyl-p- 
cresol as an  a n t i o x i d a n t ) .  The  l ipid ex t rac t s  
were washed  acco rd ing  to t he  F o l c h  p rocedure  
(9) ,  and  the  to ta l  l ip id  wt was e s t ima ted  by  
weighing dried a l iquo ts  of  the  l ipid ex t rac t .  
A l iquo t s  of  the  to ta l  l ipids also were assayed 
for  rad ioac t iv i ty  by l iquid  sc in t i l l a t ion  c o u n t i n g  
us ing  a Packard  Tri-Carb mode l  3000  scinti l la-  
t ion  spec t rome te r .  The  sc in t i l l a t ion  so lu t ion  
cons is ted  of  4 g d ipheny loxazo l e  (PPO) and  0.2 
g d i p h e n y l o x o z o l e - b e n z e n e  (POPOP) / l i t e r  to lu-  
ene.  The  c o u n t i n g  ef f ic iency for  ca rbon  14 was 
no rma l ly  ca. 75% and  for  double - labe l  exper i -  
m e n t s  (14C and  3H), ca. 23% for  3H and  14C 
in t he  mixed  channe l ,  a n d  25% for  14C in the  
ca rbon  on ly  channe l .  The  e f f ic iency  of  c o u n t -  
ing was d e t e r m i n e d  by  use of  i n t e rna l  s t anda rds  
o f  n - h e x a d e c a n e - l - 1 4 C  and  n -hexadecane -  
1,2-3H (The Rad iochemica l  Centre ,  A m e r s h a m ,  
U.K.).  

A l iquo t s  o f  t issue lipids were separa ted  by  
th in  layer  c h r o m a t o g r a p h y  (TLC)  using Silica 
Gel G as the  a d s o r b e n t  and  l ight  p e t r o l e u m  (bp  
40-60) -d ie thy l  e ther-glacial  acet ic  acid (85-15-5 
or  90-10-1)  as the  solvents .  The  f rac t ions  were 
de t ec t ed  u n d e r  U V  l ight  a f te r  spray ing  the  TLC 
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TABLE II 

Percentage Distribution a of Isotopes in Liver and Brain Lipid Fractions b 
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Isotope 18:2-1-14C 20:4-3H8 18:3-1-14C 22:6 -14C 

Liver lipid fraction 

Triglyceride 69 + 3 20 + 2 82 + 2 28 + 3 
Phospholipid 25 + 3 78 + 2 14 + 2 70 + 3 
n c 6 6 4 4 

Brain lipid fraction 

Cholesterol 14 • 1 1 • 0.3 26 • 1 ND d 
Phospholipid 84 • 1 96 • 1 72 • I ND 
n 6 4 4 

aThe results are expressed as a percentage of the total isotope recovered from five 
different lipid fractions of the liver and brain (cholesteryl ester, triglyceride, free fatty 
acids, cholesterol + diglyceride, and phospholipid). The distribution was checked each time 
using two solvent systems (see "Methods and Materials"). The results are shown as mean + 
standard error of mean. 

bThe pups were killed 22 hr after dosing with the different fatty acids. 
CThe number of separate experiments. 
riND = not determined. 

plates with a methanolic solution (0.2%) of 
dichlorofluorescein. The radioactivity in the 
different fractions separated by TLC (phospho- 
lipids [PL],  cholesterol, free fatty acids, triglyc- 
erides [TG],  and cholesteryl esters) was mea- 
sured by the elution of  the samples from silica 
gel with 1 ml hyamine hydroxide (1 M in 
methanol) and 10 ml scintillation solution (5). 
This method proved unsatisfactory when esti- 
mating the distribution of I4C and 3H together 
in double-label experiments because of the 
quenching of  3H by the hyamine. In these 
experiments, the TLC fractions were eluted 
from the silica gel with 40 ml solvent (chloro- 
form-acetone-methanol-water, 10-1-5-0.1), and 
the samples were counted following evapora- 
tion of the solvents. Recoveries of  95.3 + 0.2% 
for 14C and 94.1 + 0.2% for 3H (mean + 
standard error of mean for 12 determinations) 
were obtained. 

Brain lipids also were treated with chloro- 
form-0. 2 N methanolic sodium hydroxide (2:1) 
(10) to convert ester-bound fatty acids to 
methyl esters. The lipid extract from this 

reaction was separated on TLC using light 
petroleum (bp 40-60)-diethyl ether-glacial ace- 
tic acid (90-10-1) as the solvent, and the 
fractions (fatty acid methyl esters, cholesterol, 
and alkali-stable lipids) were eluted from the 
silica gel and assayed for radioactivity. 

The distribution of the radioactivity in the 
fatty acids of  tissue TG and PL was determined 
by the separation and fraction collection of the 
methyl esters of  these lipids using a preparative 
GLC (5). The methyl esters were prepared as 
described previously (4), and the preparative 
GLC was carried out using a glass column 2.1 m 

in length x 7 mm inside diameter packed with 
10% ethylene glycol succinate methyl silicone 
polymer (EGSS-X) on Diatomite C-AW 60-70 
mesh (W.G. Pye and Co., Cambridgel U.K.) at 
190 C. The carrier gas flow rate was 170 
ml/min. 

Fatty acid fractions were decarboxylated by 
the Schmidt procedure as described by Gold- 
fine and Bloch (11). 

R ESU LTS 

Incorporation of Activity from Radioactive 
Fatty Acids into Total Lipids of Liver and Brain 

In the 16-17 day o ld  rat pups (22 and 48 hr 
after dosing), there was a substantially greater 
incorporation of  radioactivity from 20:4-3H 8 
and 22:6-14C into the total lipids of liver and 
brain by comparison with the incorporation of 
activity from 18:2-1-14C and 18:3-1-14C (Ta- 
ble I). With all fatty acids, there was a greater 
recovery of  activity in the liver llpids compared 
with brain llpids. 

In adult rats, there was also a greater 
recovery of  activity from 20:4-3H in liver and 
brain lipids by comparison with the uptake of 
14C from linoleic acid-l-14C (Table I). 

The percentage of the dose of  18:2-1-14C 
and 20:4-3H8 recovered in the brain lipids of  
the adult rats was less than 10% of the values 
obtained in the suckling rats, whereas the 
recovery of  the dose in the liver lipids was of 
the same order of  magnitude in adult and 
suckling rats. The values obtained for the adult 
rats are in close agreement with the results 
published in the literature for the recovery of 
activity from orally administered 18:2-1-14C 
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Percentage Dis tr ibut ion  a 
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TABLE IlI  

of Radioactivity in Fatty Acids of Liver Triglyeerides 

18:2-1-14C 18:3-1-14C 20:4-3H 8 22:6-14C 

Fat ty  acid fraction b Wt% c 22 hr 22 hr 22 hr 22 hr 

Solv. -14:0 5.7 ._d . . . . . . . . .  
16:0-16:1 21.6 . . . . . . . . . . .  
18:0-18:1 22.0 . . . . . . . . . . . .  
18:2 19.4 93 -+ 1.2 e . . . . . . . . .  
18:3-20:1 3.0 3.6 -+ 0.4 80 + 1.7 --- 2 
20:2-20:3 1.5 1.6 -+ 0.3 --  1.4 + 0.2 --- 
20:4 4.5 --- 2.5 • 0.4 79 + 0.7 1 
22:1-20:5 2.4 --- 7.5 • 0.8 3.1 -+ 0.4 3 
22:4-22:5 1.2 . . . . .  15 -+ 0.6 1 

22:5 5.6 --- 5.6 -+ 0.9 tl .5 -+ 0.5 8 
22:6 8.0 1.8 -+ 0.3 ~ 86 

n (3) (3) (3) (1) f 

aThe results are expressed as the percentage of radioactivity in a fraction relative to the total 
radioactivity collected for all fractions. 

bUnder the gas liquid chromatographic conditions used the 18:3-20:1 fraction would include 
18:36o6, 18:36o3, 20:0, and 20:1; the 20:2-20:3 fraction would include 20:26o9, 6o6, 18:46o3, and 
20:36o6; fraction 20:4 includes 20:46o6, 20:36o3, and 22:0; fraction 22:1-20:5 includes 22:1, 
20:4w3, and 20: 56o3; and fraction 22:4-22:5 includes 22:46o6, 22: 56o6, 24:0, and 24:1. 

CFatty acid composition (wt %) of liver triglycerides from 16-17 day old rats. 
dLess than 1%. 
eThe number of separate analyses is shown in parenthesis and the mean value • standard error 

of mean is shown. Fractions with greater than 10% of the total activity are underlined. 
fln the 22:6-14C experiment the liver "[G from four animals were pooled prior to analysis. 

and 20:4-1-14C in liver and brain lipids of  adul t  
rats (12-14). 

Recovery of Radioactivity in Whole-Body Lipids 
of 16-17 Day Old Suckling Rats 

The recovery of  radioact ivi ty  f rom the  
whole  b o d y  lipids, 22 hr af ter  dosing of  the 
pups wi th  20:4-1-14C, 22:6-14C,  18:2-1-14C, 
and 18:3-1-14C, was (as pe rcen t  o f  adminis-  
t e red  dose): 80.4 + 2.1, 65.4 -+ 3.2, 46.8 + 2.0, 
and 51.1 + 2.4, respect ively  (mean -+ s tandard  
error  o f  mean  for  3 animals  in each  group,  

excep t  the 22:6-14C group where 4 animals 
were used) .  The arachidonic  acid value was 
significantly greater ( p < 0 . 0 5 )  than  the  o the r  
three  values. 

Distribution of Radioactivity in Liver and Brain 
Lipid Fractions 

In the  liver lipids, radioact iv i ty  f rom the  4 
di f ferent  fa t ty  acids was found  in e i ther  the  TG 

or PL with  less than  5% of  the  act ivi ty being 
associated wi th  the free fa t ty  acids,  choles terol ,  
or choles teryl  esters.  Twen ty - two  hr af ter  dos- 
ing, the activity f rom the 18 ca rbon  acids (18:2  
and 18:3) was c o n c e n t r a t e d  in the  TG, whereas ,  
for  the longer  chain acids (20 :4  and 22:6) ,  
the  activity was associated p r e d o m i n a n t l y  wi th  
the  PL (Table II). 

In the  brain lipids,  the radioact ivi ty  f rom the  
di f ferent  fa t ty  acids mos t ly  was f o u n d  in the  
PL fract ion,  but ,  wi th  the  carboxyl- labeled 
fa t ty  acids (18:2  and 18:3),  some 14-26% of  
the  act ivi ty also was f o u n d  in the  TLC-fract ion 
cor responding  to  choles terol  (Table II). Diglyc- 
efides have similar Rf  values to  choles terol ;  
however ,  cleavage of  the  brain glyceride-ester  
lipids (see " M e t h o d s  and  Materials")  showed  
tha t  this activity was still associated wi th  
choles terol .  A l though  no t  r ep o r t ed  in Table II, 
the  d is t r ibut ion  in the  liver and brain lipids at 
48 hr was very similar to the d is t r ibut ion shown  
for  22 hr. 

Distribution of Radioactivity in Fatty Acids of 
TG and PL 

There were d i f ferences  in the  d is t r ibut ion  of  
the i so tope  in the individual  fa t ty  acids of  the  
three f ract ions  ex ami n ed  (liver TG, PL, and 
brain PL). 

In the  liver TG and PL, the  major i ty  o f  the  
radioact ivi ty  was associa ted wi th  the  fa t ty  acid 
which  had been  admin is te red  (Tables III and 
IV).  An excep t ion  to  this  occur red  in the  liver 
PL in the  l inolenic ac id- l -14C expe r imen t  
where mos t  o f  the activity was associated wi th  
the 22:6,  22:5,  and 20:5 f rac t ions .  In the  brain 
PL fa t ty  acids in the  l inoleic ac id- l -14C exper i -  
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1 8 : 2 - 1 - 1 4 C  1 8 : 3 - 1 - 1 4 C  2 0 : 4 - 3 H 8  
F a t t y  a c i d  
f r a c t i o n  b Wt  %c  2 2  h r  4 8  h r  22  h r  4 8  h r  22  h r  4 8  h r  

2 2 : 6 - 1 4 C  

22  h r  

S o l v . - 1 4 : 0  0 .6  ._.d . . . . . . . . . . . . . . . . . .  
1 6 : 0 - 1 6 : 1  2 4 . 4  . . . . .  3 .5 + 0 .6  4 . 4  +- 0 . 3  . . . . . .  1 
1 8 : 0 - 1 8 : 1  2 4 . 4  1.1 + 0 . 3  e 1.1 -+0.3  3 " 7 + - 0 " 5  ( 7 . 0 + 0 . 3  . . . . . .  1 
1 8 : 2  9 .3  83  -+ 1 .5  65  -+ 3 .7  --- f - . . . . . . . . .  

1 8 : 3 - 2 0 : 1  0.1 2 .3  +- 0 .5  2 . 8  -+ 0 . 8  8 .7  +- 0 . 8  8.1 -+ 0 .8  . . . . . .  1 
2 0 : 2 - 2 0 : 3  0 .9  2.1 +- 0 .2  2 .5  -+ 0 . 6  1 .0  -+ 0.1 . . . . . . . . . . . .  
2 0 : 4  19~4 7 .4  -+ 1~0 23  -+ 3 .8  5.9 -+ 0 . 3  5 .4  + 0 . 4  94  +- 1 . I  9 3  +- 1 .7  --- 

2 2 : 1 - 2 0 : 5  . . . . .  1 . 1 - + 0 . 3  1 1 - + 0 . 7  4 . 5 + - 0 . 4  4 . 4 - + 0 . 9  4 . 8 - + 1 . 4  1 

2 2 : 4 - 2 2 : 5  0 .5  . . . . . .  2 .9  -+ 0 .7  2.1 + 0 .2  1 .3  -+ 0.1 1 .4  -+ 0 . 3  2 

2 2 : 5  3 .0  1 t 2 6 - + 1 . 5  1 9 - + 2 . 4  . . . . . .  3 
2 2 : 6  1 4 . 7  1.5 +- 0 . 3  1.9 -+ 0 . 4  36-+ 3 .7  4 4  -+ 3.1 . . . . . .  9..O0 

n (6 )  (4 )  (3 )  ( 3 )  (8 )  ( 3 )  (1 )  f 

a , b , d , e , f S e e  f o o t n o t e s  T a b l e  I I I .  

C F a t t y  a c i d  c o m p o s i t i o n  ( w t  %) o f  l i ve r  p h o s p h o l i p i d s  f r o m  16 -17  d a y  o l d  r a t s .  

ment, the radioactivity was associated with th~ 
16:0 + 16:1, 18:0 + 18:1, 18:2, and 20:4 
fractions (Table V), whereas, in the linolenic 
acid- 1-14 C experiment, the activity mostly was 
found in the saturated and monounsaturated 
fatty acids and a little in the 22:6 fraction. In 
the arachidonic acid-3H 8 and docosahexaenoic 
acid-14C experiments, most of the activity was 
associated with the 20:4 and 22:6 fractions, 
respectively. 

In the linolenic acid-l-14C experiment, very 
little radioactivity was associated with the 
linolenate fraction of the brain PL (Table V). 
However, in the brain PL, 18:3w3 amounts to 
only 0.1% of the total fatty acids. The calcu- 
lated relative specific activity (RSA) of the 
brain linolenate was 0.09. This value was similar 
to the calculated RSA for brain 18:2, 20:4, and 
22:6 in the 18:2-1-14C, 20:4-3H8, and 
22:6 -14C experiments. In these experiments, 
the RSA were found to be 0.10, 0.13, and 0.13, 
respectively. (The RSA was calculated as fol- 
lows: for example, in the 18:2-1-14C experi- 
ment, 22 hr after dosing, percent dose in brain 
lipids = 0.44% (Table I); activity in brain PL as 
percent of total brain lipids = 84% (Table II); 
activity in brain PL 18:2 as percent of total PL 
fatty acids = 31% (Table V); and the wt percent 
of 18:2 in brain PL fatty acids = 1.2%. 
Therefore, RSA = 0.44 x 0.84 x 0.31 + 1.2 = 
0.10). 

Incorporation of Radioactivity from 18:2-1.14C, 
18:3-1-14C, and 20:4-1.14 C into Brain Lipids 

In view of the difference in the incorpora- 
tion of radioactivity from 1-14C fatty acids 
(18:2 and 18:3) and 3H-labeled arachidonic 

acid. into brain cholesterol (Table II) and 
saturated and monounsaturated fatty acids 
(Table V), it was decided to study the incorpo- 
ration of radioactivity from 20:4-1-14C into 

brain lipids. In this experiment, 3 animals were 
used, and it was found that 3% of the activity 
in the brain lipids was associated with choles- 
terol (1% in the 20:4-3H8 experiment, Table 
II), and ca. 6% of the 14C in brain PL was 
found in saturated and monounsaturated fatty 
acids (0.2% in 3H experiment). These differ- 
ences may, in part, be accounted for by the use 
of the different isotopes (20:4-3H vs 20:4-14C) 
which could result in a selective loss of 3H to 
body water relative to 14 C during the oxidation 
of arachidonic acid to acetyl CoA and CO2 and 
during the recyclization of the isotope to other 
compounds, e.g. fatty acids and cholesterol. 

When the results for three different car- 
boxyl-carbon labeled fatty acids (18:2, 18:3, 
and 20:4) were calculated as a percentage of 
the dose appearing in different fractions of the 
brain lipids, the incorporation of 14C into 
cholesterol and saturated plus monounsaturated 
fatty acids was the same for each fatty acid 
(Table VI). The differences in the incorporation 
of radioactivity from these three 1-14C fatty 
acids into the total lipids of the brain could be 
accounted for entirely by the differences in the 
incorporation of the 14C into the polyunsatu- 
rated acids of the brain. 

Decarboxylation Studies 

In both the linoleic acid-l-14C and linolenic 
acid-I-14 C experiments, the low activity in the 
carboxyl carbon atoms of the 20:4606, 20:5603, 
and 22:5 + 22:6w3 fractions (Table VII) 
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T A B L E  V 

Percentage  Dis t r ibu t ion  a o f  Rad ioac t iv i ty  in F a t t y  Acids  o f  Brain Phosphol ip ids  

18:2-1-14C 18:3-1-14C 2 0 : 4 - 3 H  8 
Fa t t y  acid 
f rac t ion  b Wt %c 22 hr  48  hr 22 hr  48  hr  22 hr  48 hr  

22 :6 -14C 

22 hr  

Solv . -14:0  1.5 __d . . . . . . . . . . . . . . . .  
16 :0 -16 :1  28 .8  21 + 1.0 e 21 -+ 1 . 8  39 + 1.8 36 + 0.6 . . . . . . . . .  

- I 18:0-18 :1  32.4 14 + 0.6 17 + 0.8 26 -+ 1.1 32 +- 2.6 --- 7 

18:2  1.2 31 + 0.8 18 +- 1.4 1.8 -+ 0.2 2.0 +- 0.2 . . . . . .  

18 :3-20:1  0.4 2.0 + 0.4 2.1 + 0.3 4.4 -+ 0.5 2.5 + 0.1 . . . . . .  
2 0 : 2 - 2 0 : 3  0.5 4.7 -+ 0.5 4.2 +- 0.4 . . . . . . . . . . . .  ; 3  
2 0 : 4  13.1 24 + 0.9 31 +- 2.8 3.0 -+ 0.4 1.6 -+ 0.6 85 -+ 1.1 83 -+ 3.1 

2 2 : 1 - 2 0 : 5  0.1 1.2 -+ 0.2 1.2 + 0.2 3.1 -+ 0.2 1.3 + 0.1 2.3 -+ 0.4 3.3 + 0.7 2 
22 :4 -22 : 5  4 .0  2.9 + 0.2 4.3 + 0.3 2.4 +- 0.3 2.7 + 0.2 11 -+ 1.1 12 -+ 1.0 6 

22 :5  0.3 1.0 + 0.2 1.0 + 0.1 15 -+ 1.9 - 1.0 -+ 0.2 1.1 -+ 0.2 
2 2 : 6  14.3 - - 15 + 1.1 78 
n (6)  (4)  (3)  (3)  (5)  (3)  (1)  f 

a ,b ,d , e , f s ee  f o o t n o t e  Table  I lL  

CFatty acid c o m p o s i t i o n  (vet %) o f  brain  phosphol ip ids  f r o m  16-17 day  old rats.  

T A B L E  VI  

I n c o r p o r a t i o n  of  Rad ioac t iv i ty  f r o m  C a r b o x y l - L a b e l e d  Fa t t y  Acids  in to  To ta l  
Lipids, Choles tero l ,  and F a t t y  Acids  o f  Brain 

I so tope  Tota l  l ipid 

Percen tage  o f  dose r e c o v e r e d  in bra in  [ipids 

Phosphol ip id  f a t t y  acids a 
1 - | I 

Choles te ro l  b 16:0  to  18:1 18:2 to  2 2 : 6  

18:2-1-14C 0 .47  -+ 0 .12  c 0 .07  -+ 0 .002  0 .16  + 0.001 0.25 -+ 0.01 
18:3-1-14C 0 .29  + 0 .03  0.07-+ 0 .007  0.19-+ 0 .03  0.03 +- .004 
20 :4-1-14C 2 .58  -+ 0 .14  0 .07  + 0 .003  0.16 -+ 0 .02  2.35 -+ 0 .12  

aThe  f a t t y  ac id  m e t h y l  esters f r o m  brain phosphol ip ids  were  f r a c t i o n a t e d  using prepara-  
t ive gas l iquid c h r o m a t o g r a p h y  (see " M e t h o d s  and  Mater ia l s" ) ,  and  t w o  f rac t ions  were  
col lec ted:  f r o m  16 :0-18 :1  and  f r o m  18 :2 -22 :6 .  

b S e p a r a t e d  f r o m  to ta l  lipids by  TLC (see " M e t h o d s  and  Mater ia l s" ) .  

CThe results  are f r o m  3 separa te  e x p e r i m e n t s  wi th  each i so tope  (t = 22 hr)  an d  are pre- 
s en t ed  as the  m e a n  -+ s t a n d a r d  e r ror  of  mean .  

suggested that the ingested fatty acids were 
incorporated intact into their respective longer 
chain metabolites. 

In the brain, the carboxyl-carbon activity in 
the 16 carbon fatty acids was very close to the 
value predicted for de novo synthesis from an 
acetate molecule with only one of its two 
carbon atoms labeled. Such a molecule would 
be produced by /3-oxidation of an even chain 
fatty acid labeled in the carboxyl position. In 
the 18 carbon saturated and monounsaturated 
acids of the brain, the result for the carboxyl- 
carbon activity suggested that a combination of 
de novo synthesis from acetate and chain 
elongation of 16 carbon acids was responsible 
for the labeling of these acids. 

Incorporation of Radioactivity from Linoleic 
Acid-l-14C and Arachidonic Acid-3H8 into 
Tissue 20:4 

T h e r e  w a s  a g r e a t e r  i n c o r p o r a t i o n  o f  r a d i o -  

activity from the exogenous arachidonate (-3148) 
into tissue 20:4 compared with the endogenous 
formation of arachidonate from linoleic acid- 
1-14C (Table VIII). Similarly, by calculation 
of the amount of activity in the 22:6 of liver and 
brain PL from 22:6-14C compared with the in- 
corporation of 14C into 22:6 from linolenic 
acid-l-14C, it was shown that the former com- 
pound yielded 95 times and 59 times as much 
activity in the 22:6 of liver and brain, respectively. 

Linoleic acid is the chief precursor of arachi- 
donate, and a possible reason for the difference 
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TABLE VII 

Decarboxylation Studies on Fatty Acids Collected from Preparative Gas Liquid Chromatography 

Relative carboxyl activity a 
18:2-1-14C (3) b 18:3-1-14C (3) 

Fatty acid Liver phospholipid Brain phospholipid Liver phospholipid Brain phospholipid 
fraction 22 hr 22 hr 

16:0+ 16:1 .__c 0.13 --- 0.13 
18:0 + 18:1 -- 0.17 --- 0.19 
18:2 0.91 0.99 . . . . . .  
18:3 . . . . .  0.96 --- 
20:4 0.08 0.03 . . . . . .  
20:S . . . .  0.05 --- 
22:5+22:6 . . . . . .  0.03 0.03 

aRadioactivity in the -COOH gToup/activity in total fatty acid. 
bThe number of separate experiments is shown in parenthesis, and the results are presented as the mean. The 

relative carboxyl activity also was determined for the liver and brain fatty acids at 11 and 48 hr after dosing 
rats with linoleic acid-l-14C, and the results were almost identical to those shown for 22 hr. 

CNot determined. 

in the 3H/14C ratio in the tissue a rachidonate  
could be the di lut ion of  the l inole ic- l -14C 
during dosing. 

In the preceding double-label  expe r imen t s ,  
the 18:2-1-14C and 20:4-3H 8 were given to  the 
pups in 0.3 ml olive oil. This oil con ta ined  8% 
of  its fa t ty  acids as 18:2, and,  the re fo re ,  0.3 ml 
oil would  provide ca. 23 mg l inoleate.  This 
would dilute the specif ic  act ivi ty of  the 
18:2-1-14C in the dose relative to  the 
20:4-3H8 . To test. the effect  o f  the specif ic  
activity of  the dose upon  the uptake of  
3H-20:4 and 14C-18:2 in to  tissue lipids,  pups 
were dosed wi th  the olive oi l - isotope mixture  to  
which was added  14, 43, or 86 mg methy l  
a rachidonate  (Table IX). The addi t ion  of  the  
cold arachidonate  was associated wi th  a small 
decrease of  the 3H/14C ratio in the  tota l  lipids 
of  liver and brain; however ,  it had li t t le e f fec t  
upon the 3H/14C ratio in the  a rach idona te  
f rac t ion of  the liver and brain PL. Therefore ,  
even when the specific activity of  the 20:4-3H8 
was lower  than  the  specif ic  activity of  the  
18:2-1-14C (expe r imen t s  3 and 4, Table IX), 
the 3H incorpora t ion  was still s ignificantly 
greater than the 14C incorpora t ion  in to  tissue 
20:4.  

In these expe r imen t s ,  the  diet fed to  the  
dams had a linoleic to l inolenic  ratio of  3.3 to  
1. The incorpora t ion  of  radioact ivi ty  f rom 
linoleic ac id- l -14C and arachidonic  acid-3H8 
into  tissue lipids also was s tudied  in pups  whose  
mothe r s  were fed a diet in which  the l inoleic to  
l inolenic ratio was 48:1 (Table X). The feeding 
o f  this diet (which  was a lmost  comple te ly  
devoid of  l inolenic acid) was associated wi th  an 
increased convers ion o f  l inoleic to  a rachidonic  
acid in the liver PL (decreased 3H/14C in 20:4).  
However,  there  was no change in the 3H/14C 

TABLE VIII 

Incorporation of Radioactivity from 20:4-3H 8 and 
18:2-1-14C into Liver and Brain Arachidonate a 

Ratio of 3H/I4cb 

Liver phospholipid Brain phospholipid 
Time(hr) n c 20:4 20:4 

22 6 140 -+ 11 d 22 • 2.1 
48 3 73• 10 14 • 2.3 

aMethyl arachidoante was isolated from the total 
phospholipid methyl esters by preparative gas liquid 
chromatography (see "Methods and Materials"). 

bThis ratio = 3H/14C of collected 20:4 + 3H/14C 
of dose. The dose ratio was 1.2:1 in the 22 hr experi- 
ment and 1.3:1 in the 48 hr experiment. 

CNumber of separate experiments. 
dResults are presented as the mean • standard error 

of mean. 

ratio in the 20:4 of  the brain PL. 

DISCUSSION 

In the  developing rat ,  the  incorpora t ion  of  
radioact ivi ty  f rom 20:4-3H 8 and 22:6-14C into  
liver and brain to ta l  lipids was very much  
greater  than the incorpora t ion  of  radioact ivi ty  
f rom 18:2-1-14C and 18:3-1- t4C.  In the liver, 
this d i f ference  could be accoun ted  for  by the  
faster incorpora t ion  of  radioact ivi ty  f rom the  
longer  chain acids in to  PL and TG. In the brain,  
the d i f ferences  could be expla ined ent i re ly  by a 
faster  incorpora t ion  o f  radioact ivi ty  f rom the  
longer chain acids (20 :4  and 22:6)  into the  PL 
fract ion.  

Previous workers  have d e m o n s t r a t e d  that  
radioact ivi ty f rom 18:2-1-14C, 18:3-1-14C, and 
20:4-1-14C is i nco rpo ra t ed  in to  the  adult  rat 
brain (12-15).  This f inding was con f i rmed  in 
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the present experiments (Table I) where i t  also 
was demonstrated that there was a greater 
uptake of radioactivity from 20:4-3H8 by 
comparison with 18: 2-1-14 C in the adult brain. 

For  all fatty acids, the uptake of  radioactiv- 
i ty by the adult  rat brain was markedly lower 
than the uptake in the developing rat brain 
(Table I). Although this difference might be 
accounted for by a difference in the permeabil- 
i ty of brain membranes in rats of different ages, 
it also could be a reflection of the rapid rate of 
deposition of 20:4606, 22:4606, and 22:6603 in 
the developing rat brain (3,4). 

Although radioactive 20:4 and 22:6 were 
isolated from the liver and brain lipids follow- 
ing the dosing of the pups with 18:2-1-14C and 
18:3-1-14C, respectively, in the liver, at least, 
the bulk of the radioactivity was still present as 
the administered fat ty  acid. Thus, the compari-  
son of the uptake of the radioactivity from 
orally administered 20:4-3H 8 with the appear- 
ance of radioactivity in 20:4 from orally 
administered 18:2-1-14C showed that ,  in both  
liver and brain, most of  the radioactivity in the 
20:4 fraction was derived from the orally 
administered 20:4 (Table VIII)�9 This pat tern 
also was observed when the 22:6 formation 
from 18: 3-1-14 C was compared with the direct 
incorporat ion of 22: 6-14C. 

Several factors may have influenced the 
different uptake of radioactivity from linoleic 
acid-l-14C compared with arachidonic acid- 
3H s . First, in the initial experiments,  the 
specific activity of the 18:2-1-14C was lower 
than that of the 20:4-3Hs during dosing�9 When 
the arachidonic acid-3H8 specific activity was 
reduced below that  of  the linoleic acid-l-14C, 
the radioactivity in the liver and brain 20:4 was 
still mostly derived from the arachidonic acid- 
3H 8. Second, the SBOL diet ("Methods and 
Materials") contained both linoleic and lino- 
lenic acids, and it is known that  linolenic acid 
can reduce the conversion of linoleic to arachi- 
donic acid (16-18). In the absence of dietary 
linolenate (SSO diet, Table X), there was an 
increased formation of arachidonate (14C) 
from linoleic ac id - l - l aC  in the liver PL; how- 
ever, despite this, the majori ty of the radioac- 
tivity in the liver and brain PL arachidonate was 
derived from the orally administered 20:4-3H 8. 

Although linoleic acid is converted to arachi- 
donic acid in the body,  to explain the consist- 
ently greater uptake of dietary (exogenous) 
arachidonate by liver and brain lipids compared 
with the endogenous formation of  20:4 from 
dietary linoleate, the factors discussed below 
should be taken into account:  

Linoleic acid is oxidized to CO 2 faster than 
arachidonic acid (19), and this may explain the 
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TABLE X 

Effect of Dietary Fatty Acids upon Incorporation a of Radioactivity from 
18:2-1-14C and 20:4-3H 8 intoLiver and Brain Fatty Acids 
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Liver phospholipid Brain phospholipid 

Fatty acid 
fraction Diet SBOL b Diet SSO c Diet SBOL Diet SSO 

1 8 : 2  83 d 44 31 24 
18: 3-20:1 2.3 3.3 2.0 1.7 
20:2-20:3 2.1 2.6 4.7 6.6 
20:4 7.4 35 24 16 
3H/14C in 20:4 140 + 11 e 2 8  + 3 22 -+ 2 22 +_ 1 

aThe pups were killed 22 hr after dosing with 18:2-1-14C and 20:4-3H 8. The dose ratio 
(3H/14C) in the soybean oil and linseed oil (SBOL) experiment was 1.2:1 and 0.7:1 in the 
safflower seed oil (SSO) experiment. 

bSBOL diet (see "Methods and Mateials"), results from Tables IV, V, and VIII. 
cSSO diet = same gross composition as SBOL diet, except that fat was supplied as 

safflower seed oil. Linoleie to linolenic ratio in this diet was 48:1 and in the SBOL diet, 
3.3:1. Mean of results from three animals. 

dThe results are expressed as the percentage of radioactivity in a fraction relative to the 
total radioactivity collected for all fractions. 

eThis ratio = 3H/14C in collected 20:4 + 3H/14C in dose. 

re ten t ion  o f  80% of  the 1 4 C in the whole body  
lipids fol lowing the dosing of  pups with  
20:4-1-14C compared  with  a re ten t ion  of  only  
47% of  the 14C when pups were dosed with 
18:2-1-14C. 

The turnover  of  l inoleic acid is faster than 
arachidonic acid in tissue lipids (20,21);  this 
may mean that l inoleic acid is more f requent ly  
exposed to the /3-oxidation enzymes  than  ara- 
chidonic  acid. 

In the liver, l inoleic acid-1-14C was preferen-  
tiaily incorpora ted  into  TG, whereas arachi- 
donic acid-al l8  was concent ra ted  in the PL. If 
it is assumed that  this dis tr ibut ion applied to  all 
tissues and organs, then  it  would  result  in a 
dilution of  the l inoleic acid-1-14C relative to  
arachidonic ac id-a l l  8 owing to  the different  
pool  sizes of  TG and PL in the  whole animal.  

The slow rate of  conversion of  l inoleic acid 
to arachidonic acid may, in part ,  be accounted  
for by the substrate compe t i t i on  and end- 
product  inhibi t ion of  the enzymes  involved in 
this process (16,17).  In the present  experi-  
ments ,  substrates and end-products  are found  in 
the pups '  diet (4,5). 

The greater up take  of  14C f rom 22:6-14C 
compare  d wi th  18: 3-1 - 14 C into  the  tissue lipids 
of  developing rats may be accounted  for by 
similar processes to those described above.  

In view of  these observat ions,  i t  would  be 
wrong to equa te  1 molecule  o f  dietary l inoleic 
and l inolenic acids wi th  1 molecule  of  dietary 
arachidonic and docosahexaenoic  acids, respec- 
tively. Thus, a l though only relatively small 
amount s  o f  these longer chain acids (20:4eo6 
and 22:6eo3) are present in the  pups '  diet 

(milk) during this period of  brain deve lopment ,  
quant i ta t ively they  may be of  considerable 
impor tance  in supplying tissues wi th  longer  
chain fa t ty  acids. 

A significant amount  of  the radioact ivi ty  in 
the brain lipids was associated wi th  choles terol  
and the saturated and monounsa tu ra t ed  fa t ty  
acids fol lowing the adminis t ra t ion o f  carboxyl-  
labeled fa t ty  acids (Tables II, V, and VI). It was 
calculated that ,  as a p ropor t ion  of  the adminis- 
tered dose of  18:2,  18:3,  and 20 :4  (all 1-14C), 
the ex ten t  of  labeling of  cholesterol ,  saturated,  
and monounsa tu ra t ed  fa t ty  acids in the brain 
was 8, 4, and 5 t imes,  respect ively,  greater than 
the labeling of  the same compounds  in the liver. 
In these exper iments ,  the radioact ivi ty  in the  
carboxyl-carbon of  brain 16:0 and 16:1 sug- 
gested that  these fa t ty  acids were being synthe-  
sized de novo f rom acetate.  This acetate was 
most  probably  derived by the /3-oxidation of  
the fed carboxyl- labeled fa t ty  acid. Aceta te  is 
an eff icient  precursor  of  choles terol  and satu- 
rated and monounsa tu ra ted  fat ty  acids, and, 
in suckling rats, the brain has a marked pref- 
erence over the liver for incorpora t ing  carboxyl-  
labeled acetate  in to  lipids (22,23). This pref- 
erence may  be explained by the observat ions 
that ,  during the suckling period,  the rate of  syn- 
thesis and chain e longat ion of  fa t ty  acids in the 
brain is greater than that  of  the liver (24,25). 

The high content of  20:4,  22:4,  and 22:6  
relative to  18:2 and 18:3 in rat brain is well 
recognized,  and, indeed,  this pa t te rn  has been 
observed in the brains of  a number  of  different  
mammal ian  species (1). This pat tern  could  
originate because of  a rapid desaturat ion and 
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chain e longat ion  of  18:2 and 18:3 in the  brain. 
Alternat ively,  it  may be a result  of  a specif ic  
up take  of  longer  chain po lyunsa tu ra t ed  fa t ty  
acids by the  brain. The results  o f  the  present  
exper iments  demons t ra t e  that  the  po lyunsa tu -  
ra ted fa t ty  acids of  the  developing rat  brain  are 
derived f r o m  two sources,  one  endogenous  and 
the o the r  exogenous .  The endogenous  source is 
tha t  fo rmed  in the  liver f rom dietary precursors  
(18:26o6 and  18:36o3) and s u p p l e m e n t e d  in 
part by that  f o rm ed  in the  brain in situ. A 
larger source (exogenous)  is the p r e fo rmed  
dietary po lyunsa tu ra t ed  acids ( 2 0 : 4 ~ 6  and 
22:6603). 
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