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chick

Gregory J. Anderson,' William E. Connor, Julie D. Corliss, and Don 8. Lin
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Abstract The newly hatched chick obtains its fatty acids almost
completely from the lipids of the egg yolk as these are transferred
to the developing embryo during its 21-day period of incubation.
Since the diet of the laying hen greatly influences the fatty acid
composition of the egg lipids, and presumably also the fatty acid
composition of the resulting chick, we tested how quickly and to
what extent varying the amount of n-3 fatty acids in the diet of
the hen would modulate the level of n-3 fatty acids in the brain
and retina of the newly hatched chick. White Leghorn hens were
fed commercial or semi-purified diets supplemented with 10%
fish oil, linseed oil, soy oil, or safflower oil. Eggs, together with
the brain, retina, and serum of newly hatched chicks, were then
analyzed for fatty acid composition. The fatty acids of egg yolk
responded quickly to the hen’s diet with most of the change oc-
curring by 4 weeks. There was a linear relationship between the
linolenic acid content of the diets and levels of this fatty acid in
egg yolk and chick serum. In chicks from hens fed the fish oil
diet, the total n-3 fatty acids, including 22:6(n-3), were elevated
twofold in the brain and retina and sevenfold in serum relative
to commercial diet controls. The safflower oil diet led to a very
low n-3 fatty acid content in egg yolks and only 25% of the con-
trol n-3 fatty acid content in the brain and retina of chicks.
However, 5'-nucleotidase activity in chick brain homogenate was
unaffected by the various diets. B This study demonstrates that
the n-3 fatty acid content of neural tissue in newly hatched chicks
can be quickly and conveniently manipulated through the diet
of the laying hen.— Anderson, G. J., W. E. Connor, J. D. Corliss,
and D. S. Lin. Rapid modulation of the n-3 docosahexaenoic
acid levels in the brain and retina of the newly hatched chick.
J- Lipid Res. 1989. 30: 433-441.
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N-3 fatty acids from fish oils are the focus of increasing
research interest. These fatty acids in the diet are anti-
thrombotic and hypolipidemic and can be metabolized to
the 3-series prostaglandins (1, 2). The consumption of even
modest quantities of marine foods rich in n-3 fatty acids is
associated with decreased risk of cardiovascular disease (for
recent reviews see references 3, 4). N-3 fatty acids cannot
be synthesized by animals and birds and are required in

the diet. They have important structural functions, since
the membrane phospholipids of some tissues, such as the
brain, retina, and sperm are rich in docosahexaenoic acid
(22:6 n-3) (5-7). In addition, the activity of at least one
membrane-bound enzyme, 5-nucleotidase (8), has been
reported to depend on dietary linolenic acid (18:3 n-3).

Despite this circumstantial evidence for essentiality, the
consequences of a deficiency of n-3 fatty acidsiare subtle in
most animal species except for fish (for recent reviews see
references 9, 10). However, recent work with rhesus mon-
keys that were deprived in utero and raised from birth on a
liquid formula deficient in n-3 fatty acids has demonstrated
a substantial decrease of visual acuity and an abnormal
electroretinographic response (11, 12). The continuing in-
terest in the topic of n-3 fatty acid essentiality is of partic-
ular importance since some commercial infant formulas
contain very low amounts of n-3 fatty acids, and none con-
tain the fatty acid 22:6(n-3) which is present in human milk.
Experimental constraints, such as the expense of primate
studies and the need for multigeneration work with rats
(13), have slowed progress in this field. We reasoned that
the large lipid flux through the laying hen (5.5 g of fat per
day) should allow for rapid diet-induced modulation of the
fatty acid profile of the hen and her progeny. We wish to
report here that the laying hen/newly hatched chick is a
convenient model for the study of n-3 fatty acid metabolism
and for the development of dietary n-3 fatty acid deficiency.

METHODS

Animals and diets

Single-comb white Leghorn laying hens (commercial
strain) were housed individually under 16 hr light/day and

'To whom correspondence should be addressed.
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fed oil-supplemented diets designed to manipulate tissue
levels of n-3 fatty acids in the progeny. Diets 1-3, intended
to show the effect of normal to large amounts of n-3 fatty
acids in the diet, consisted of: 1) commercial chow for laying
hens, consisting principally of corn mash with 2.9% fat,
(control diet); 2) this same chow supplemented with 100 g
linseed oil/kg chow (linseed oil diet); and 3) chow supple-
mented with 100 g MaxEPA fish oil/kg chow (fish oil diet).
The linseed oil diet offered a very high concentration of
linolenic acid (18:3 n-3), while the fish oil diet contained
substantial amounts of the chain elongation/desaturation
metabolites of linolenic acid, namely eicosapentaenoic (20:5
n-3) and docosahexaenoic (22:6 n-3) acids. Diets 4 and
5 were intended to demonstrate the effects of a low intake
of n-3 fatty acids, and, therefore, required the use of a semi-
purified fat-free basal mix (Teklad, Madison, WI). This
base was supplemented with 100 g soy oil/kg diet (soy oil
diet) or 100 g saflower oil/kg diet (safflower oil diet), respec-
tively. The safflower oil diet had very little 18:3(n-3) and
in addition contained a high concentration of 18:2(n-6).
This high ratio of n-6/n-3 fatty acids is known to exacer-
bate the resulting n-3 fatty acid deficiency induced by the
diet, since the two families of fatty acids compete for the
same delta-6 desaturase enzyme (14). The soy oil diet served
as both a source of moderate quantities of dietary linolenic
acid and as an additional control for the semi-purified
deficient diet. In preparing the diets, the various oils were
combined directly with the powdered basal mixes. Diets
were stored at 4°C and made fresh weekly, while the feed
cups were changed daily. The composition of the semi-
purified diet is shown in Table 1, while the fatty acid com-
position of all the diets is shown in Table 2. The fatty acid

TABLE 1. Composition of semipurified diet for laying hens

100 g
Dextrose monohydrate 62.53
Fat-free casein 20.78
L-Arginine HCI 0.39
DL-Methionine 0.39
Cellulose 3.33
Salt mix* 12.20
Vitamin mix’ 0.38
Soy or safflower oil 10.00

“Salt mix (per 100 g diet): 6.82 g, CaCOs, 3.78 g CaHPO, - 2H,0,
0.77 g potassium citrate H,O, 0.57 g NaCl, 0.15 g MgO, 66.7 mg ferric
citrate, 17.1 mg MnSQO, « H;O, 20 mg ZnCOs3, 6.67 mg CuSO, - 5H,0,
3.22 mg CrK (S8O,); - 12H,0, 1.0 mg KIO;, 0.28 mg Na,MoO; « 2H,0,
50 pug Na,SeO; - 5H,0.

*Vitamin mix (per 100 g diet): 0.35 g choline bitartrate, 3.33 mg nia-
cin, 5.56 mg vitamin B,,, 1.67 mg calcium pantothenate, 2.22 mg thia-
mine - HCl, 1.78 mg menadione sodium bisulfite complex, 1.67 mg
pyridoxine, 1.67 mg riboflavin, 0.44 mg folic acid, 60 pg biotin, 11.11
mg vitamin E acetate (500 U/g), 3.33 mg vitamin A palmitate (500,000
U/g), 0.67 mg vitamin Dy (500,000 U/g).
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composition of the stored diets did not change after 1 week.

Every other night a white Leghorn rooster was placed
in the cage with the laying hens for insemination. Fertile
eggs were collected daily, stored at 40°F, and set in groups
of approximately seven eggs each in a Marsh Roll-X auto-
matic incubator at 98-99°F. The fatty acid composition of
the yolks of unincubated eggs was monitored weekly and
become stable after 4 weeks of the experimental diets fed
to the laying hens. The various experimental diets produced
no differences in egg production, fertility, or hatchability.

Chicks were killed within 12 hr of hatching and were not
fed. Blood was collected by heart puncture immediately
after exposure to a lethal dose of ether. Total lipids were
extracted from brain, retina, and egg yolk with chloro-
form-methanol 2:1. Fatty acids were liberated by incuba-
tion of a dried aliquot of extract with 2 ml of 6% ethanolic
KOH for 1 hr at 37°C. After addition of water, acidifica-
tion, and recovery of the fatty acids by hexane extraction,
methyl esters were prepared by heating the dried extract
with 1 ml of 12% BF; in methanol for 10 min at 100°C
in tightly sealed tubes with Teflon-coated screw caps (15).
Serum fatty acids were liberated directly by incubation of
0.1-ml aliquots with ethanolic KOH. All solvent evapora-
tions were carried out under a gentle stream of nitrogen
to prevent lipid peroxidation. Fatty acid methyl esters were
separated on a 30-meter Supelco SP 2330 fused silica capil-
lary column (column temperature 185-190°C) attached to a
Perkin-Elmer Sigma 3B gas chromatograph equipped with
an HP 85 computer/3390A integrator. Results are reported
as percent of total fatty acids, by weight. Lipid class com-
position was not determined in this study, since others have
found it not to change after similar modification of the fatty
acid composition of rat brain (16).

Diet-induced differences in levels of selected fatty acids
were examined by multiple ¢-tests using the Bonferroni in-
equality (17) to control the overall alpha level.

5'-Nucleotidase assays

Brains from freshly killed chicks were frozen at —70°C
and assayed within 1 month. Brain homogenate was pre-
pared in 0.1 M Tris-HCI, pH 7.4, containing 0.25 M su-
crose (7 ml buffer per gram tissue). Protein concentration
was estimated by the method of Hartree (18) with bovine
serum albumin as standard. 5'-Nucleotidase activity in the
homogenate was measured generally according to Bosmann
and Pike (19) at 37°C in 1.0 ml final volume containing
0.1 M Tris-HCI, pH 7.4, 10 mM MgCl,, 3 mM 5-AMP,
and 0.7 mg protein. The reaction was stopped by the ad-
dition of 0.5 ml 9% HCIO, and the precipitated protein
was removed by centrifugation. A 1.0-ml aliquot was re-
moved and the inorganic phosphate was determined accord-
ing to Fiske and SubbaRow (20), but including 0.4% Tri-
ton X-100 for greater sensitivity (21). Rates were calculated
from five time points (15-35 min), each with its own en-
zyme blank. 5-AMP (3 mM) was added to each blank, af-
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TABLE 2. Fatty acid composition of the control and experimental diets

Safflower Qil
Fatty Control Fish Oil Linseed Oil Soy Oil Diet
Acid Diet Diet Diet Diet (n-3)-Deficient

percent of total fatty acids

16:0 11.5 15.4 7.1 10.7 5.7
18:0 1.9 2.8 2.8 3.9 1.7
Total saturated 13.5 25.3 10.1 16.1 7.8
18:1(n-9) 25.0 14.7 22.7 22.5 8.8
Total monounsaturated 25.3 27.1 23.3 23.0 9.3
18:2(n-6) 58.2 12,5 29.4 54.0 81.7
20:4(n-6) -1 0.9 - - -
Total (n-6) 58.8 15.2 31.3 54.1 82.0
18:3(n-3) 1.4 1.2 34.6 6.5 0.2
20:5(n-3) - 13.1 - - -
22:6(n-3) ~ 8.5 - - -
Total (n-3) 1.4 27.7 34.6 6.5 0.2
(n-6)(n-3) ratio 37 0.55 0.9 8.3 400

“Dash indicates not detected.

ter stopping the reaction with HCIO,, in order to control
for any free phosphate in the substrate as well as to stan-
dardize the interference caused by AMP.

RESULTS

Transfer of n-3 fatty acids from hen to egg yolk

Egg yolks from hens consuming the fish oil and linseed
oil diets high in n-3 fatty acids contained more than ten

times the total n-3 fatty acids as those from the chow con-
trol group (Table 3). However, individual n-3 fatty acids
did not appear in the egg yolk in the same relative propor-
tions as found in the diet. For example, in egg yolks from
fish oil-fed hens there was a substantial increase in the
proportion of 22:6(n-3) and a substantial decrease in the
proportion of 20:5(n-3) relative to the concentration of these
fatty acids in the fish oil diet. This preferential metabolism
of 20:5(n-3) to 22:6(n-3) was also apparent in egg yolks
from hens fed linseed oil and soy oil. Although the increased

TABLE 3. Effect of hen’s diet on egg yolk fatty acid composition

Control Fish Oil Linseed Oil Soy Oil Saffower Oil
Fawy Diet Diet Diet Diet Diet
Acid (6) 12) (6) @) ®)

percent of total fatty acids

16:0 26.1 + 1.3 27.1 £ 0.9 18.7 + 0.6 22.4 + 0.2 24.0 + 3.0
18:0 95+ 0.5 10.7 + 1.0 12.5 + 0.3 11.3 + 1.5 10.8 + 0.7
Total saturated 36.3 + 1.3 39.2 + 0.8 31.9 + 0.5 34.0 + 1.3 349 + 2.3
18:1(n-9) 403 + 1.9 35.6 ¢ 1.1 33.0 £ 1.1 33.1 + 0.4 250 + 1.8
Total monounsaturated 444 4+ 2.3 399 ¢+ 0.9 350 + 1.2 35.2 + 0.7 27.7 + 1.7
18:2(n-6) 14.7 + 2.1 8.2 + 0.6 17.5 1 0.5 23.4 + 0.8 30.0 + 2.6
20:4(n-6) 2.1 3 0.2 0.7 & 0.1 14 + 0.3 2.1 £ 0.5 3.2 £ 03
22:5(n-6) 0.5 + 0.1° 0.08 ¢+ 0.07° -t - 0.9 + 0.2°
Total (n-6) 178 + 2.1° 9.6 ¢ 0.5° 19.7 £ 0.5° 25.2 + 2.3° 35.9 + 2.9¢
18:3(n-3) 0.4 1 0.1° 0.4 3 0.1° 9.4 3 1.2% 1.7 + 0.3 0.06 + 0.04°
20:5(n-3) - 2.1 + 0.1 0.3 + 0.04 - -
22:6(n-3) 0.6 + 0.1° 6.3 3+ 0.2° 2.2 + 0. 1.8 + 0.1° 0.2 & 0.1¢
Total (n-3) 1.0 + 0.2° 10.1 + 0.8° 126 ¢ 1.0° 3.1 2 0.5¢ 0.3 £ 0.1°
Total (n-6) + (n-3) 18.8 + 1.5 19.7 ¢ 0.7 32.3 + 0.8 28.3 + 1.7 36.2 ¢ 2.0
(n-6)/(n-3) ratio 17.8 1.0 1.6 8.1 120

Values are shown as mean + SD. Results with unlike superscripts were found to be different at an overall P < 0.01; dash indicates not detected;

number of eggs analyzed per diet in parentheses.
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amount of 18:3(n-3) in these diets relative to chow con-
trols led to significantly higher levels of 22:6(n-3), the final
desaturation-elongation product of 18:3(n-3) in the yolks,
there was almost no build-up of 20:5(n-3), one of the in-
termediates in this conversion.

Even very high levels of dietary 18:3(n-3), such as in the
linseed oil diet, were not as effective in raising the concen-
tration of 22:6(n-3) in yolk as the relatively modest amount
of pre-formed 22:6(n-3) contained in the fish oil diet (Table
3). In addition, the quantity of 18:3(n-3) found in the soy
oil diet (one-fifth of that in the linseed oil diet) increased
egg yolk levels of 22:6(n-3) to the same degree as the lin-
seed oil diet. Clearly, there was a block in the conversion
of 18:3(n-3) to 22:6(n-3) by the hen.

Feeding the semi-purified diet very low in 18:3(n-3) and
very high in 18:2(n-6) (saflower oil diet) resulted in almost
no 18:3(n-3) and very little 22:6(n-3) in the egg yolk, there
being a 70% depletion of total n-3 acids relative to con-
trol. When all the diets were examined with regard to trans-
fer of 18:3(n~3) from hen to egg, a linear relationship was
seen between 18:3(n-3) in the diet and the amount of
18:3(n-3) appearing in the egg yolk (r = 0.99).

Dietary fatty acids: effect upon the fatty acid
composition of the chick tissues

The fatty acid compositions of the brain, retina, and se-
rum of chicks, hatched from eggs laid near the same time as
the eggs whose yolk fatty acids were analyzed, are shown
in Tables 4-6. There was a linear relationship between
18:3(n-3) in the diet and 18:3(n-3) in the serum of newly
hatched chicks from all diets groups (r = 0.99) (Table 4).
There was no detectable 18:3(n-3) in the serum of the

n~-3-deficient (safflower oil) group, and other n-3 fatty acids
were barely detectable, the total being 0.5%. Eicosapen-
taenoic acid (20:5 n-3), which was much lower in the “fish
oil” egg yolk relative to the other n-3 fatty acids in the fish
oil diet, was present in the serum of chicks hatched from
“fish oil” eggs at a higher ratio relative to 22:6(n-3) than
in the egg yolk. As seen in previous studies with fish oil
feeding (22, 23), the great increase in serum n-3 fatty acids
to 16.4% of total fatty acids [mainly due to increased
20:5(n-3) and 22:6(n-3)] led to a substantial reduction in
serum total n-6 fatty acids. With linseed oil feeding, how-
ever, a similar increase in total n-3 fatty acids [predom-
inantly 18:3(n-3)] in egg yolk and chick serum occurred
without appreciably lowering total n-6 fatty acids, proba-
bly because of the higher n-6 fatty acid content in linseed
oil vis-a-vis fish oil. This disparity between the effects of
fish oil and linseed oil on tissue n-3 fatty acids is also seen
when chicks are fed directly (24-26).

Dietary fatty acids had a great effect upon the fatty acid
composition of the lipid-rich chick brain and retina (Table
5 and Table 6). Very high levels of 22:6(n-3) were found
in the brain and retina of chicks from hens fed the fish oil
diet, while low levels were found in “saffiower oil” chicks.
Accompanying the decrease in 22:6(n-3) from the safflower
oil diet was an increase in 22:5(n-6), the elevation of which
is characteristic of n-3 fatty acid deficiency (14). All of the
n-3 fatty acid-supplemented diets produced higher levels
of n-3 fatty acids in the brain and retina than did the con-
trol diet. Nevertheless, the level of 22:6(n-3) in ethanola-
mine glycerophospholipids of control brain (25% of fatty
acids, data not shown) was within the range seen in vari-
ety of species, including the rat and primates (5), showing

TABLE 4. Effect of the hen’s diet on serum fatty acid composition of newly hatched chicks

Control Fish Oil Linseed Oil Soy Oil Safflower Oil
Fatty Diet Diet Diet Diet Diet
Acid ® ™ © @ 2

percent of total fatty acids

16:0 18.0 + 0.9 19.6 £ 3.0 15.3 + 0.3 17.9 + 0.9 9.5 + 3.5
18:0 12.0 + 0.3 108 + 1.0 14.0 £ 1.2 13.6 + 0.5 15.7 + 0.8
Total saturated 30.7 £ 1.1 31.7 + 2.4 30.0 + 1.2 325 ¢+ 0.7 258 + 2.8
18:1(n-9) 28.0 + 1.0 29.1 + 3.3 22.2 + 3.0 204 + 0.8 16.1 + 1.9
Total monounsaturated 295 + 1.3 31.8 + 3.0 23.0 + 3.0 215 + 0.9 16.7 + 1.9
18:2(n-6) 24.1 + 0.7 140 + 1.7 26.9 + 1.2 27.7 + 0.6 32.1 + 1.8
20:4(n~6) 9.4 1+ 1.0 2.8 + 0.5 54 + 0.4 106 + 0.6 17.4 + 1.9
22:5(n-6) 1.1 & 0.2¢ 0.1 + 0.1 0.04 + 0.05° 0.4 + 0.1° 2.9 + 0.8°
Total (n-6) 36.2 + 1.4° 17.7 + 1.8 33.5 + 1.3° 40.4 + 0.3 55.8 + 2.0°
18:3(n-3) 0.3 + 0.06° 0.3 & 0.1° 6.0 + 0.5 0.8 + 0.05° -
20:5(n-3) 0.1 + 0.06° 59 + 0.9° 1.5 + 0.2° 0.4 + 0.3 e
22:6(n-3) 1.5 + 0.3° 8.4 4 1.1° 3.5 + 0.6° 3.3 ¢ 0.1° 0.4 + 0.3
Total (n-3) 2.2 + 0.2° 16.4 + 2.0° 12.0 + 0.7° 4.8 + 0.4¢ 0.5 + 0.3
Total (n-6) + (n-3) 38.4 + 1.0 34.1 &+ 1.9 45.0 + 1.0 45.2 + 0.4 56.3 + 1.4
(n~6)/(n-3) ratio 16.5 1.1 2.8 8.4 112

Values are reported as the mean + SD. Values with unlike superscripts were found to be different at an overall P < 0.02; dash indicates not

detected; number of animals per diet in parentheses.
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TABLE 5. Effect of the hen’s diet on the brain fatty acid composition of newly hatched chicks

Control Fish Oil Linseed Oil Soy Oil Safflower Oil
Fatty Diet Diet Diet Diet Diet
Acid I (8) © (10) (15

percent of total fatty acids

16:0 26.8 + 0.9 206 + 3.8 25.0 + 2.0 23.4 + 4.4 22.7 £ 3.8
18:0 15.7 + 0.7 17.7 + 1.3 16.7 + 5.8 19.0 + 1.7 19.2 £+ 0.8
Total saturated 444 + 1.4 399 + 45 446 + 1.9 4.1 + 4.2 429 + 3.3
18:1(n-9) 15.2 + 1.0 169 + 1.7 15.1 + 4.5 13.9 + 1.1 13.2 + 1.7
Total monounsaturated 18.4 + 1.1 195 + 2.2 18.2 + 2.3 16.3 + 1.3 16.0 + 2.1
18:2(n-6) 2.0 + 0.3 0.20 + 0.13 2.9 + 0.4 2.1 + 0.4 2.6 + 0.3
20:4(n-6) 10.2 + 0.5 36 + 1.4 73 + 0.6 10.8 + 1.3 133 £ 1.6
22:4(n-6) 2.7 + 0.2 0.50 + 0.28 1.5 + 0.1 2.8 + 0.4 54 + 0.9
22:5(n-6) 3.7 £+ 0.4° 0.31 £ 0.31° 0.30 + 0.11° 1.2 + 0.2 136 + 2.1%
Total (n-6) 19.1 ¢ 2.1° 74+ 1.9 13.3 + 0.8° 17.7 + 2.4° 37.3 + 3.6
90:5(n-3) - 2.1 + 1.0° 0.91 + 0.3 0.12 + 0.07¢ -
22:6(n-3) 13.6 + 0.9° 246 + 3.6 18.7 + 1.5° 19.6 + 3.7° 2.6 + 0.7
Total (n-3) 13.8 + 0.9° 29.3 1+ 4.4° 219 + 1.6 20.2 + 3.8° 2.7 + 0.7¢
Total (n-6) + (n-3) 329 + 1.6 36.7 + 3.4 352 + 1.3 379 + 3.2 40.0 + 2.6
(n-6)/(n~3) ratio 1.4 0.3 0.6 0.9 14

Values are shown as mean + SD. Results with unlike superscripts were found to be different at an overall P < 0.02; dash indicates not detected;

number of animals per diet in parentheses.

that the chick brain has a representative fatty acid compo-
sition. The lower level of retinal 22:6(n-3) seen in “linseed
oil” chicks versus “soy” chicks (Table 6) is difficult to ex-
plain. We believe that it is not an artefact, however, be-
cause similar results were obtained in the follow-up study
(data not shown).

The time course of the changes in chick brain 22:6(n-3)
and 22:5(n-6) during feeding of the safflower oil diet to the
hen is shown in Fig. 1. A severe deficiency of brain

22:6(n-3) was evident in the progeny just 2 weeks after the
hen began to consume the n-3 fatty acid-deficient saflower
oil diet. By about 4 weeks, this deficiency had reached ca.
80% relative to chow controls and there was little change
in chick brain 22:6(n-3) and 22:5(n-6) subsequently.
When 18:3(n-3) was the only n-3 fatty acid in the diet
(soy and linseed oils), the level of total n~3 fatty acids [prin-
cipally 22:6(n-3)] in the chick brain was increased by in-
creasing the amount of 18:3(n-3) in the diet of the hen.

TABLE 6. Effect of the hen’s diet on the retinal fatty acid composition of newly hatched chicks

Control Fish Oil Linseed Oil Soy Oil Safflower Oil
Fatty Diet Diet Diet Diet Diet
Acid (6) 4) (O] (5) (13)

percent of total fatly acids

16:0 236 + 1.6 105 + 4.5 24.3 + 6.0 140 + 5.8 10.5 + 5.7
18:0 20.6 + 1.4 21.7 + 1.0 19.1 + 2.1 23.1 + 1.8 225 + 23
Total saturated 47.8 + 3.4 336 + 3.6 46.8 + 7.9 40.1 + 3.5 378 £ 7.2
18:1(n-9) 139 + 1.3 149 + 1.5 13.3 + 0.8 14.1 + 1.0 13.5 + 3.7
Total mono 16.7 + 1.4 169 + 2.0 17.3 + 1.5 174 + 1.3 16.7 + 4.3
18:2(n-6) 1.5 + 0.5 1.3 £+ 0.2 21+ 13 1.6 + 0.3 2.1 £ 0.4
20:4(n-6) 89 + 1.2 45 + 06 59 + 1.3 9.2 + 0.7 11.1 + 2.5
22:4(n-6) 2.7 + 0.4 1.0 + 0.4 1.3 + 0.4 2.8 + 0.4 6.4 + 2.0
22:5(n-6) 41 £ 0.7° b 0.44 + 0.18° 1.7 + 0.4¢ 17.1 + 4.9°
Total (n-6) 18.2 + 3.0° 8.0 + 0.5° 11.3 + 1.9 17.0 + 1.3° 39.4 + 9.1¢
20:5(n-3) e 3.7 + 1.7 0.90 + 0.22° 0.43 + 0.15¢ -
22:6(n-3) 15.1 + 2.2° 33.0 1 5.0° 17.5 + 3.7° 23.7 &+ 2.1° 3.7 + 1.3
Total (n-3) 15.8 + 2.6%° 39.3 + 6.4 20.2 + 3.6°° 246 + 1.8 41 1 1.1¢
Total (n-6) + (n-3) 34.0 + 2.8 473 + 45 31.5 + 2.9 41.6 + 1.6 43.5 + 6.5
(n-6)/(n-3) ratio 1.2 0.2 0.6 0.7 9.6

Values are shown as mean t+ SD. Results with unlike superscripts were found to be different at an overall P < 0.03; dash indicates not detected;

number of animals per diet in parentheses.
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Fig. 1. Reciprocal replacement of 22:6(n-3) by 22:5(n-6) in the brains
of newly hatched chicks from hens that were changed from the control
diet to the safflower oil diet. The brain fatty acid values are from chicks
whose mothers were fed the safflower oil diet for periods of time (0 to 120
days).

However, large amounts of dietary 18:3(n-3), as found in
the linseed oil diet, were no more effective in raising brain
n-3 fatty acid levels than the modest amounts of 18:3(n-3)
found in the soy oil diet. This relative ineffectiveness of lin-
seed oil versus soy oil was also seen in the chick retina,
although linseed oil did increase n-3 fatty acid levels in egg
yolk and chick serum more than soy oil did.

Brain 5'-nucleotidase

The functional consequences of these changes in brain
fatty acid composition were examined by assaying brain
5 -nucleotidase, an enzyme that has been reported to be
much lower in rats fed an n-3-deficient diet (8). As can
be seen in Table 7, however, brain 5 -nucleotidase activity
in newly hatched chicks did not vary significantly over the
more than tenfold range of brain n-3 fatty acid concentra-
tions after the five different diets.

DISCUSSION

The results presented here indicate that the levels of n-3
fatty acids in the plasma, brain, and retina of the newly
hatched chick can be quickly and conveniently modified
over a more than tenfold range by feeding appropriate diets
to laying hens. Within a month of initiating a given ex-
perimental diet to the hens, eggs were laid which gave rise
to newly hatched chicks whose serum and tissues, includ-
ing the brain and retina, reflected completely the fatty acid
composition of the hen’s diet.

The effects of various oil supplements fed to laying hens
on egg and chick fatty acid composition has been examined
previously (27-31, review 32), but generally either before
adequate methodology was available or before the recent
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interest in the metabolism of n-3 fatty acids. For instance,
it has long been known that the fatty acid composition of
egg yolk responds to that of the hen’s diet. In fact, safflower
oil fed to hens has been shown to lower n-3 fatty acid levels
in egg yolk and chick plasma and heart (30, 31). What has
not been appreciated is the dramatic effect that short-term
changes in the hen’s diet, such as switching to a low n-3
fatty acid diet based on safflower oil, can have on the fatty
acid composition of the brain and retina of the newly
hatched chick. We found that the n-3 fatty acid content
of these tissues could be reduced by 75-80% within 4 weeks
of changing the henr’s diet. Thus, a severe n-3 fatty acid
deficiency can be induced quickly and inexpensively in the
nervous tissue of newly hatched chicks. Such chicks are im-
mediately available for further experimentation, including
dietary manipulation. This is in contrast to a mammalian
model such as the rat, where the brain of the suckling new-
born is subjected (indirectly) to the mother’s stores of n-3
fatty acids. This presents problems in the production of
n-3 fatty acid deficiency, since n-3 fatty acids are notori-
ously difficult to deplete once they have been incorporated
into the brain (33). A severe deficiency could be achieved
with the laying hen/newly hatched chick model in much
less time than in comparable experiments with rats (23,
34), and, because of the prodigous reproductive capacity
of the laying hen, the potential exists to produce large num-
bers of deficient animals in order to test the consequences
of the deficiency.

The n-3 fatty acid content of the newly hatched chick
brain and retina could also be dramatically increased by
feeding fish oil to the hen. For example, total n-3 fatty acids
in the brain and retina of the chick rose to 29 and 39%,
respectively, relative to control. Thus, the n-3 fatty acid
content of newly hatched chick nervous tissue could be
manipulated over a more than tenfold range by feeding the
laying hen an n-3 fatty acid-deficient diet (saflower oil diet)
on the one hand, or a fish oil diet (containing large amounts
of n-3 fatty acids) on the other.

Regardless of diet, it is interesting to note the bio-
magnification of 22:6(n-3) which is evident as egg yolk

TABLE 7. 5-Nucleotidase activity in the brain of newly hatched
chicks

Brain n-3 Fatty

Hen'’s Diet 5 -Nucleotidase Activity Acid Content”
umol phosphate~ br'* - mg protein”*

Fish oil 1.31 + 0.14 (6)" 29.3 & 4.4

Linseed oil 1.41 + 0.32 (8) 219 + 1.6

Soy oil 1.34 + 0.32 (4) 20.2 + 3.8

Control 1.46 + 0.11 (4) 13.8 + 0.9

Safflower oil 1.60 + 0.27 (4) 2.7 £ 0.7

“These data are from Table 5.
’Number of animals in parentheses.
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fatty acids are mobilized into chick serum, brain, and re-
tina. This relative enrichment of nervous tissue with n-3
fatty acids is a general phenomenon (5) and may be due
in part to preferential uptake of n-3 fatty acids by the de-
veloping brain (35). Thus, irrespective of the 22:6(n-3) con-
tent of the diet, the hen passed 22:6(n-3) to the egg, sug-
gesting that the hen can draw on stores to supply a need
for this fatty acid by the developing chick.

With respect to n-3 fatty acid deficiency in the chick, it
should be noted that the commercial chow (control) diet of
the hen contained a high proportion of linoleic acid and
relatively little linolenic acid, the type of diet which can lead
to n-3 fatty acid deficiency. A hallmark of n-3 fatty acid
deficiency is the appearance in the brain and retina of
significant levels of the fatty acid 22:5(n-6) (7, 12, 14). This
fatty acid was in fact present at almost 4% of total fatty
acids in the brains of chicks fed commercial chow,
suggesting that the chow diet may not supply adequate lino-
lenic acid.

A question of interest that this chick model may address
is the effect of specific n-3 fatty acids in the diet, such as
18:3(n-3) versus 20:5(n-3) versus 22:6(n-3). o-Linolenic
acid [18:3(n-3)] is the precursor for the ultimate formation
of 20:5(n-3) and 22:6(n-3) through the desaturation-
elongation pathway. Our results from feeding large amounts
of 18:3(n-3) to laying hens are in agreement with human
studies (36-39, review 40) showing dietary 18:3(n-3) to be
less efficient in increasing serum and tissue levels of
20:5(n-3) and 22:6(n-3) than oils containing these pre-
formed fatty acid species directly. However, other studies
with rats (41) and even chicks (42) have found high tissue
levels of 20:5(n-3) after feeding relatively high levels of
18:3(n-3). These studies may not be generally applicable,
since the rats (41) were fed a diet lacking in n-6 fatty acids,
while the chicks (42) were fed a diet lacking in vitamin E.
Nevertheless, the quite high tissue levels of 20:5(n-3) that
were obtained by these workers [16.6% of total fatty acids
in the chick livers (42) and 16.4% in the rat kidneys (41)]
indicate that more research is needed to determine under
what conditions dietary 18:3(n-3) can enhance tissue levels
of 20:5(n-3) and 22:6(n-3).

Another question is the fate of dietary 20:5(n-3). We
found that feeding a laying hen a fish oil-supplemented diet,
containing 20:5(n-3) and 22:6(n-3) at 13% and 9% of total
fatty acids respectively, yielded egg lipids with 2% 20:5(n-3)
and 6% 22:6(n-3). That is, the ratio of 20:5(n-3) to
22:6(n-3) in egg lipids was much reduced relative to the
ratio in the diet. Three simple explanations for this rela-
tive depletion of 20:5(n-3) are possible: 1) differential trans-
fer of these two fatty acids to the egg; 2) greater retroconver-
sion or oxidation of 20:5(n-3) than would occur for
22:6(n~3); or 3) desaturation and elongation of most of the
dietary 20:5(n-3) to 22:6(n-3) by the hen. The first alterna-
tive is unlikely, since Marion and Edwards (43) and Menge,
Calvert, and Denton (31) found a much reduced ratio of

20:5(n-3) to 22:6(n-3) (vis-a-vis the diet) in the liver and
plasma, respectively, of hens fed fish oil. Thus, the relative
depletion of 20:5(n-3) is already evident in the hen before
transfer of lipids to the egg. As for the second alternative,
we found no evidence that the 20:5(n~3) was retroconverted.
Since 20:5(n-3) is an intermediate in the synthesis of
22:6(n-3) and is positioned after the rate limiting step [the
A® desaturation of 18:3(n-3)], it is likely that the 20:5(n-3)
was converted to 22:6(n-3). This model would be useful
to study further the metabolism of different n-3 fatty acids
in the hen-chick system and the influence of diet thereon.

[t has been proposed that there is a biochemical mechan-
ism for the maintenance of a certain amount of unsatura-
tion in brain lipids (23). This hypothesis is based partly
on the observation that the brain responds to a shortage of
n-3 polyunsaturated fatty acids by increasing the levels of
n-6 polyunsaturates, in order to maintain an approximately
equivalent amount of total unsaturation. However, it is not
clear whether this homeostatic mechanism is fully operative
in both directions. For instance, is there an upper limit to
brain unsaturation or n-3 fatty acid content? White and
co-workers (22) and Miller and White (44) have found that
the n-3 fatty acid content of chick brain can be increased
dramatically by feeding fish oil to newly hatched chicks for
3 weeks. The laying hen/chick model could be used to ex-
plore this question further in a controlled fashion.

As a functional test of the consequences of manipulating
tissue n-3 fatty acid levels over a tenfold range, we assayed
5'-nucleotidase activity in newly hatched chick brain. The
activity of this membrane-bound enzyme has been reported
to rise in liver plasma membranes of fish oil-fed rats (45),
while dietary supplements of 18:3(n-3) were necessary to
restore full activity in brain homogenates of rats reared on
fat-free diets (8). However, we saw no effect of any of the
diets on chick brain 5'-nucleotidase activity, indicating that
this enzyme does not respond simply to the membrane con-
centration of n-3 fatty acids. Our observation that n-3 fatty
acid deficiency per se does not lower enzyme activity
confirms results by Tinoco et al. (16) and argues that the
lowering of activity seen by Bernsohn and Spitz (8) was
probably connected to the feeding of a fat-free diet. Bl
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