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Abstract Semi-purified diets supplemented with either a high
linoleate (n-6) (safflower) oil or a high a-linolenate (n-3)
(perilla) oil were fed to mouse mothers and their offspring
through 6 weeks of age. The proportions of n-3 and n-6 highly
unsaturated fatty acids in brain phospholipids reflected the
n-3/n-6 balance of the diets while no difference was found in
phospholipid compositions or cholesterol/phospholipid ratios. In
the elevated plus maze task, the total number of entries into the
open- and enclosed-arms was smaller and the time spent in the
dark enclosed arms tended to be longer in the perilla group than
the safflower group. The time required to reach a safe platform
in Morris's water maze test was less in the perilla group, but no
significant difference was observed in the entries into the arms
darkened with a movable cover in Y-maze dark-preference task.
The safflower group was more sensitive to pentobarbital; the
anesthesia onset time was less and the anesthetic time was longer
than in the perilla group. Increased locomotion induced by
scopolamine injection was less in the saflower group as com-
pared with the perilla group. B These results indicate that in
mice the dietary «-linolenate/linoleate balance affects the
n-3/n-6 ratio of brain phospholipid acyl chains and that this is
accompanied by general behavioral changes as well as changes
in sensitivities to drugs known to affect behavior. — Nakashima,
Y., S. Yuasa, Y. Hukamizu, H. Okuyama, T. Ohhara, T.
Kameyama, and T. Nabeshima. Effect of a high linoleate and
a high a-linolenate diet on general behavior and drug sensitivity
in mice. J Lipid Res. 1993. 34: 239-247.
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There 1s a widely held perception that functions of the
central nervous system are not easily affected by the choice
of foods in mammals. This is based mainly on two facts.
First, high molecular weight food constituents such as
proteins and nucleic acids are hydrolyzed during diges-
tion in the gastrointestinal tract, and second, the blood-brain
barrier discriminates carefully among blood-borne
nutrients to maintain homeostasis of the central nervous

system. However, certain fatty acids do not fit this gener-
alization. Different foods contain different proportions of
n-3 (a-linolenate) and n-6 (linoleate) fatty acids, and the
choice of foods affects the n-3/n-6 ratio of membrane
phospholipid acyl chains in all mammalian tissues, in-
cluding those of the central nervous system (1).

The effects of dietary fatty acids on brain functions
were first studied by evaluating the effect of fat-free diets
(n-3 and n-6 dual deficiency) on animal behavior (2, 3)
as reviewed by Wainwright (4). These studies were then
extended to estimate the effect on brain functions of an
n-3 deficiency in the presence of n-6 fatty acids (5-7); this
latter question was of particular interest because docosa-
hexaenoate (22:6n-3) derived from a-linolenate (n-3) is
enriched in such tissues as brain and retina. Earlier
studies using simple maze tests led to apparently conflict-
ing conclusions. Lamptey and Walker (7) reported in-
ferior learning by rats fed an a-linolenate-deficient diet in
a simple Y-maze test; however, this finding could not be
reproduced using a more complex X-maze test (5) as
reviewed by Bivins et al. (8). Harman et al. (6) have
reported that the number of errors in an intelligence test
(maze) was the highest in an n-3-enriched (fish oil) diet
group as compared with n-3-deficient corn oil and
saflower oil diet groups. Only recently, we (9-12) and
others (13-16) have established, using more sophisticated
experimental conditions, that long-term a-linolenate
(n-3) deficiency affects retinal function and some aspects
of behavior in mammals.

'To whom correspondence should be addressed at: Faculty of Phar-
maceutical Sciences, Nagoya City University, 3-1 Tanabedori, Mizuhoku,
Nagoya 467, Japan.
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In establishing the essentiality of a-linolenate for the
maintenance of brain functions, we used an operant-type
brightness-discrimination learning apparatus (10-12). In
this test, discrimination between a bright light and a dim
light was conditioned. However, other experiments by
Benolken, Anderson, and Wheeler (13), Neuringer et al.
(16), and Watanabe et al. (9) revealed that n-3 deficiency
also causes a decrease in retinal function. This raises the
question of whether decreased retinal function is the only
defect induced by n-3 deficiency and whether the
decreased discrimination performance in the brightness-
discrimination learning test is secondary to decreased
visual sensitivity (17). Circumstantial evidence supports
the conclusion that n-3 deficiency induces decreases in
both brain and retinal functions as discussed previously
(11, 12), but more direct evidence is necessary to support
this conclusion. The next step would be to find a clue to
the biochemical bases for a link between essential fatty
acids and behavior.

In this study, we have examined the effects of the
dietary «-linolenate/linoleate balance on behavior and on
the sensitivities to drugs known to affect behavior of mice.

MATERIALS AND METHODS

Animals and diets

Semi-purified diets (Nihon Clea Co., Ltd.) containing
10% perilla oil or saflower oil (10) were fed to ICR mice
(Nihon SLC Inc., Shizuoka, Japan) from weaning. These
mice were then mated at 11 weeks of age, and the offspring
were fed the same diet as their dams. The major fatty
acids of safflower oil were 16:0 (8.6%), 18:0 (2.5%),
18:1n-9 (12.5%), 18:2n-6 (73.5%), and 18:3n-3 (0.2%)
while those of perilla oil were 16:0 (6.5%), 18:0 (1.9%),
18:1n-9 (19.6%), 18:2n-6 (13.6%), and 18:3n-3 (57.8%).

The offspring (both male and female from several
mothers) at 6 weeks of age were used for behavioral tests;
1 week later some of the offspring were subjected to tests
for either drug sensitivity or pain threshold and then they
were killed. The combinations for the tests were: elevated
plus maze test (memory)-diethyl ether treatment (10
males), Y-maze-scopolamine treatment (10 males), water
maze (19 males)-pain threshold test (10 males), elevated
plus maze test (anxiety)-diazepam treatment (10 fe-
males), Y-maze~pain threshold test (10 females), and pen-
tobarbiturate treatment (15-18 females, 5 or 6
animals/dose). Animals were kept at 23 + 2°C, 55 + 5%
humidity on a 12-h dark-light cycle (8:00-20:00). Diets
and water were fed ad libitum. Behavioral tests were per-
formed between 10:00 and 18:00.

Lipid analysis

After the behavioral tests described below, mice were
killed and their brains were stored at —80°C until analy-
sis. Lipids were extracted from the frozen brains with
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chloroform-methanol, separated by silica gel thin-layer
chromatography, extracted from the silica gel, and fatty
acids of individual phospholipids were analyzed by gas
chromatography with a capillary column (Supelco Wax
10) essentially as described previously (10). Cholesterol
was measured by gas-liquid chromatography as its
trimethylsilyl ether with 5a-cholestane as an internal
standard.

Elevated plus maze test

An elevated plus maze apparatus was made with two
white open-arms (21 x 7.5 cm) and two black enclosed-
arms (21 x 7.5 x 20.5 cm high) attached cross-wise to a
white central platform (7.5 x 7.5 cm) (18, 19). The ap-
paratus was placed 50 cm above the floor. In one test to
evaluate anxiety and dark preference, a mouse was placed
on the central platform with its head toward an open-arm.
The frequency of entry into the open- and enclosed-arms
and the time spent in the open-arms during 5 min were
determined. Most mice prefer a dark, enclosed space. In
another test to evaluate memory, a mouse was placed at
the end of an open-arm with the head toward the outside
of the arm. The time it took the mouse to enter its body
and four limbs into the enclosed-arms was measured
(transfer latency) on day 1 and on the next day (18).

Water maze test

Morris’ water maze (20) was made of a vinyl pool 80 cm
in diameter and 30 cm deep. A platform 5 cm in diameter
was placed 1 cm below the surface of the water and at the
center of the pool. Black India ink was added to the water
so the mice could not see the platform. On the walls of the
room, there were many black, white, or gray boards in
order to give mice clues to recognize the environment.
Mice were placed into the pool facing the wall randomly
from five different starting points, and the time it took for
the mouse to reach the platform and stay there for more
than 30 sec was measured. This trial was performed daily
for 10 days. The cut-off time was 100 sec,

Dark-preference in Y-maze

Dark-preference in a Y-maze was measured using an
apparatus made of three arms each 5 x 10 x 17 cm and
12 cm in height, which was set in a dark room (21). An
electric bulb (100 W) was placed 50 cm above the appara-
tus. To darken one side of the Y-shaped arm, a movable
black cover was set. The inside of the apparatus was white
while the outside was black. A mouse was placed in an
open arm and its entry into the darkened or open arms
in the first trial was recorded. The cover was moved ran-
domly and five trials/mouse were performed.

Pain threshold test

Pain threshold was determined by the tail-flick method
(22). The tip of tail was painted with a black marker, radi-
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ant heat was applied, and the time elapsed before the
animal moved its tail was measured.

Sensitivity to anesthetics

Sensitivity to pentobarbital in inducing anesthesia was
determined after intraperitoneal injection of 30-50 mg/kg
of sodium pentobarbital. The time of onset and duration
of anesthesia were measured using the loss of righting-
reflex. In measuring the anesthetic action of ether, 10 ml
of diethyl ether was put into an observation chamber
(10 x 12 x 8.5 cm), which was then covered. After 1 min,
a mouse was placed in the chamber and the onset time for
anesthesia was measured using the loss of righting-reflex.
Immediately after the loss of righting-reflex, the mouse
was taken out of the chamber and anesthesia duration
time was measured.

Sensitivity to muscle relaxant

Muscle relaxation was induced by subcutaneous injec-
tion of 7.5 mg/kg of diazepam; control animals received
a 5% gum arabic solution which was used as a vehicle.
Muscle relaxation was measured with a retraction test at

15-min intervals for 90 min. In the retraction test, a steel
wire (2 mm diameter) was anchored 80 cm above the
floor, and the mouse that showed no retraction reaction
within 5 sec after touching the forelimb to the wire was
judged as “muscle relaxation positive”

Sensitivity to scopolamine

Scopolamine-induced hyperlocomotion was determined
by measuring locomotor activity with an Automex
(Columbus Instruments) at 15-min intervals for 1 h after
intraperitoneal injection of 2 mg/kg of scopolamine or sa-
line as a control.

Statistical analyses

The Student’s ¢-test was used for analyzing data for the
behavior in elevated plus maze test, for the tail-flick pain
test, for the sensitivity test to diethyl ether, and for the
fatty acid compositions. The fatty acid compositions were
also analyzed by the Bonferroni’s test. Mann-Whitney’s U
test was used in comparing data for the locomotor activity
and the darkness preference Y-maze test. Fisher’s proba-
bility test was used for muscle relaxation induced by di-

TABLE 1. Fatty acid compositions of total lipids, ethanolamine phospholipid, and choline phospholipid from brains of mice fed a perilla oil

diet or a safflower oil diet

Ethanolamine Phospholipid Choline Phospholipid Total Lipids
Fatty Acid Perilla Safflower Perilla Safflower Perilla Safflower
% of total fatty acid

14:0 2.3 ¢+ 27 1.0 + 0.6 0.7 + 0.7 0.6 + 0.5 06 + 0.1 0.7 + 0.3
14:1 0.4 + 0.3 1.2 + 0.3 0.7 + 0.8 0.2 + 0.2 0.2 + 0.1 0.2 + 0.1
16DMA 44 + 0.8 29 + 1.0 0.4 + 0.5 tr 1.7 + 0.2 1.7 £ 0.3
16:0 75 + 1.6 6.1 + 1.0 42.2 + 5.2 44.4 + 2.4 179 + 1.2 18.4 + 1.2
16:1 0.7 + 0.5 1.4 £+ 0.5 16 + 1.6 09 + 0.7 1.2 + 0.2+ 0.2 £ 0.1
18DMA 7.6 + 0.9 7.5 + 0.4 0.4 + 0.7 tr 3.2 + 0.2 3.1 + 0.2
18:1DMA 48 + 0.8 5.0 + 0.6 tr tr tr tr

18:0 18.6 + 1.5 17.7 + 1.4 128 + 1.0 136 + 1.1 21.3 + 0.6 21.3 + 1.1
18:1 11.1 + 1.2 11.8 + 5.4 27.3 + 3.5 258 + 2.8 20.5 + 3.0 16.8 + 1.9
18:2n-6 0.3 + 0.2 16 + 1.6 0.4 + 0.1 0.7 £+ 0.2 0.9 + 0.6 1.2 + 0.4
18:3n-3 0.2 + 0.2 06 + 0.5 tr tr 0.3 + 0.3 0.2 + 0.2
20:1 26 + 0.4 2.8 + 1.1 0.6 + 0.1 2.3 + 2.7 24 + 1.3 24 + 1.6
20:3n-3 0.6 + 0.2 0.5 £ 0.2 0.4 + 0.1 0.2 + 0.1 09 + 0.5 09 + 1.2
20:4n-6 84 + 1.2 10.2 + 1.0 4.1 + 0.3° 56 + 0.4 7.7 + 0.7*4 10.3 £+ 1.9
20:5n-3 0.3 + 0.2 0.1 + 0.2 03 + 0.2 0.1 £+ 0.2 0.3 ¢+ 0.1 0.4 + 0.2
22:4n-6 2.9 + 0.3 48 + 0.8 0.5 + 0.2 0.6 + 0.1 1.6 + 0.1 2.1 + 1.3
22:5n-6 tr 29 + 15 1.0 £+ 1.9 0.7 + 0.4 0.1 + 0.0° 2.0 + 1.2
22:5n-3 2.5 + 2.4 0.2 + 0.2 0.3 + 0.2 0.1 £ .1 0.7 + 0.2° 0.2 + 0.2
22:6n-3 24.1 + 2.4° 17.5 + 3.1 33+ 1.0 3.1+ 03 17.2 + 1.1° 14.5 + 1.7
Total n-3 27.1 + 4.6° 18.4 + 3.5 40 + 1.2 3.2 £+ 0.2 18.5 + 0.8° 153 + 1.7
Total n-6 12.2 + 1.5 204 + 2.7 6.4 + 2.2 7.7 + 0.8 11.4 + 1.2° 17.8 + 3.4
n-3/n-6 2.28 1+ 0.71%% 0.92 + 0.26 0.64 + 0.16° 0.42 + 0.06 1.63 + 0.20%° 0.90 + 0.27

mg/g
Total 1.19 + 0.16 1.02 + 0.20 0.89 + 0.12 1.04 + 0.08 3.52 + 0.19 3.57 + 0.25

Averages + SD for four mice in each group are presented. Fatty acids are designated by the number of carbons: the number of double bonds,
and the first double bond numbered from the methyl terminus is designated as n-3 or n-6. DMA denotes dimethylacetal derived from plasmalogen;
tr, trace.

“ P <0.05° P<0.01; P< 0.001: statistical significance in Student’s ¢ test.

4 P<0.05°% P<0.01: significance in Bonferroni test.
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azepam. Two-way ANOVAs were used for the Morris’
water maze test, the scopolamine-induced hyperlocomo-
tion test, and the sensitivity tests for pentobarbital.

RESULTS

Lipid compositions of the brain

The amounts of total lipids, ethanolamine phos-
pholipids, and choline phospholipids were not different
between the safflower and perilla groups (Table 1). The
fatty acid compositions of the total lipids and phos-
pholipids are shown in Table 1. The difference in the o-
linolenate (18:3n-3)/linoleate (18:2n-6) ratios of the diets
was reflected mainly in the differences in the proportions
of 22-carbon highly unsaturated fatty acids (22:5n-3 +
22:6n-3)/(22:4n-6 + 22:5n-6) in the total lipids and
ethanolamine phospholipids. The proportions of
arachidonate (20:4n-6) were also affected, but to a lesser
degree than the changes seen in 22-carbon highly unsatu-
rated fatty acids. In choline phospholipids, essentially no
difference was detected in the proportions of n-3 and n-6
highly unsaturated fatty acids with 22 carbons, although
the proportions of arachidonate and the n-3/n-6 ratios
were affected by the diets (Student’s ¢-test). These changes
in the fatty acid compositions seen in mice were quantita-
tively less than those seen in rats fed similar diets (10).
When the fatty acid compositions of the two dietary
groups were analyzed in Bonferroni test, the differences
were significant for the limited number of parameters as
shown in Table 1.

The cholesterol/phospholipid ratios (ug/nmol phos-
pholipid) of brains were the same in the two dietary
groups; 0.29 + 0.01 and 0.28 + 0.01 for the safflower
group and the perilla group, respectively.

Behavior in elevated plus maze test

When a mouse was placed on the center platform with
its head toward an open-arm, the total number of entries
into the open- and enclosed-arms was significantly larger

in the high linoleate (safflower oil) group than in the high
a-linolenate (perilla oil) group (Fig. 1). The time spent in
open-arms as well as the frequency of entry into the open-
arms tended to be higher in the safflower oil group, but
these differences were not statistically significant (only female
mice were examined).

When a mouse was placed at the end of an open-arm
with its head toward the outside of the arm, the time spent
before entering the enclosed arm was not significantly
different on day 1 between the two dietary groups of the
male mice. On the 2nd day, the time spent before entering
the enclosed arm was significantly shorter than that on the
first day, but there was no significant difference in the
times between the two dietary groups (data not shown).

Morris’ water maze test

The time required to reach the platform (goal latency)
decreased rapidly during the first few days, achieving
plateau levels in both dietary groups. The goal latency
was significantly longer (F(1,360) = 31.56, P < 0.01 in
two-way ANOVA, diet vs. time) in the safflower group
than in the perilla group, indicating that the performance
in this task was poorer in the saffower group than in the
perilla group (Fig. 2).

Dark-preference in Y-maze

The entries from the open arm, where the mouse was
placed, to the arm darkened with a movable cover or to
the other open arm not covered were measured. The fre-
quency of entry into the darkened arm was ca. 60% and
no significant difference was observed between the two
dietary groups (male and female) (data not shown).

Pain threshold

When a radiant heat was applied to the black-painted
tail, the elapsed time before the animal moved the tail
(pain threshold) was 3.8-4.5 sec under the conditions
used, and no statistically significant difference was ob-
served between the two dietary groups or between male
and female mice (data not shown).

Fig. 1. Effect of dietary oils on behavior in an
elevated plus-maze test. A mouse was placed on the
central platform with its head toward an open-arm,
and the entries into the open- and enclosed-arms as
well as the time spent in the open-arms were deter-

*e mined. Averages of 10 female mice (+ SEM) were
presented. **, P < 0.01 vs. safflower group in Stu-
dent’s ¢-test.
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Fig. 2. Effect of dietary oils on acquisition in the
water maze test. Mice were placed into the pool facing
the wall randomly from five different starting points,
and the time it took for the mouse to reach the plat-
form was measured. Each point represents the average
of 19 male mice (+ SEM). The difference between the
two dietary groups was statistically significant in a
two-way ANOVA (dietary groups vs. time).
F(1,360)=31.56, P < 0.01.
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Sensitivity to pentobarbital and diethylether

Intraperitoneal injection of 30-50 mg/kg of pentobarbi-
tal induced anesthesia. The time to enter anesthesia
(anesthesia onset time) was significantly shorter in the
safflower group than in the perilla group as analyzed by
a two-way ANOVA (dietary group vs. dose of drug),
F(1,27) = 13.00, P < 0.01. The duration of anesthesia
was also significantly longer (F(1,27) = 4.68, P < 0.05 in
two-way ANOVA) for the safflower group (Fig. 3). When
diethyl ether was used, however, no significant difference
was found in anesthesia onset or duration of the two
dietary groups (data not shown).

Diazepam-induced muscle relaxation

Muscle relaxation was apparent at 15 min after diaze-
pam injection (Fig. 4). No relaxation was seen in the con-
trol groups receiving vehicle. The action of diazepam
tended to be weaker in the safflower group than in the
perilla group, but the difference was not statistically
significant in Fisher’s probability test (P > 0.05) (Fig. 4).
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Scopolamine-induced hyperlocomotion

Locomotor activities in the saline-injected control
groups were similar between the safflower and perilla
groups (Fig. 5). The locomotor activities measured after
scopolamine injection increased significantly in both the
safflower oil group (F(1,216) = 500.79, P < 0.01) and the
perilla group (F(1,216 = 617.97, P < 0.01) in two-way
ANOVA (drug vs. time). The scopolamine-induced loco-
motor activities were significantly lower in the safflower
group than in the perilla group as examined by two-way
ANOVA (dietary group vs. time of scopolamine),
F(1,216 = 28.67, P < 0.01).

DISCUSSION

Many papers have reported that foods can affect the be-
havior of mammals. In addition to the protein/carbohy-
drate ratio of foods (23) and the food constituents (24),
the types of fats and oils have been examined extensively

o ot
(=1 I
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(=]

Anesthesia Duration, min

o
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30 40 50.

Dose of Pentobarbital-Na, mg / kg, i.p.

Fig. 3. Effect of dietary oils on pentobarbital-induced anesthesia. Sodium pentobarbital (30-50 mg/kg) was in-
jected intraperitoneally and the time of onset of anesthesia and the duration of anesthesia were measured using the
loss of righting reflex as an indication of anesthesia. Each point represents the average (+ SEM) of six female mice
(safflower group, @) and five female mice (perilla group, O). The difference in the onset times of the two groups
was statistically significant in a two-way ANOVA (dietary groups vs. dose of drug, F(1,27) = 13.00, P < 0.61) and
that of anesthesia duration was also significant in a two-way ANOVA (F(1,27 = 4.68, P 0.05. Significance in Stu-
dent’s t-test is shown as *, P < 0.05 or **, P < 0.01 vs. safflower group.
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in relation to behavioral patterns and drug sensitivity.
The behavior known to be affected by dietary fats and oils
includes exploratory activity and T-maze learning (25),
retention of memory (26), pain threshold and ther-
moregulation (27), macronutrient selection (protein or
carbohydrate) (28), pentobarbital-induced anesthesia
(29), and interleukin-induced anorexia (30). Most studies
have focused on evaluations of the effects of linoleate (n-6)
deficiency, saturated/unsaturated ratios, or fatty acid
chain lengths. Comparisons of component fatty acids,
particularly of the n-3 and n-6 fatty acids, are difficult to
estimate for these experiments. Furthermore, feeding
times have been relatively short and changes in the fatty
acid compositions of the nervous system have not been
characterized (31).

Safflower oil and perilla oil provide for good experimen-
tal comparisons because the proportions of saturated and
monoenoic acids as well as the tocopherol compositions
are similar, but there is a major difference in the propor-

Fig. 4. Effect of dietary oils on diazepam-induced muscle relaxation.
Muscle relaxation was induced by subcutaneous injection of 7.5 mg/kg
diazepam; control animals received a 5% gum arabic solution which was
used as vehicle. Muscle relaxation was measured by traction test. Each
point represents the average of 10 female mice. The difference between
the two dietary groups was not significant in Fisher’s probability test.

tions of linoleate (18:2n-6) and «-linolenate (18:3n-3). By
using these two dietary oils, we have shown that feeding
o-linolenate-deficient and -enriched diets to mothers and
their offspring induces significant changes in the n-3/n-6
ratio of brain phospholipid acyl chains, and that these
changes are accompanied by changes in performance on
a brightness-discrimination learning task (food-
reinforced) (10-12) and retinal functions in rats (9).
Bourre et al. (14) have observed similar changes in retinal
function and learning performance using a different com-
bination of vegetable oils, although Leat et al. (32) did not
observe such a change. In the present experiments, per-
formance in a spatial learning task (Morris’s water maze)
was affected by n-3 deficiency (Fig. 2) as reported by
Coscina et al. (31). Very recently, Wainwright et al. (33)
reported that n-3 deficiency during gestation and lacta-
tion did not affect discrimination learning performance in
a water maze test or visual acuity in mice. These results
appear to be inconsistent with the present observations.
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2
c
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Px —&—  Saffiower-Scopolamine (10)
$ aooo | —o—  Saffiower-Control (10)
-1:6 —-a——  Perilla-Scopolamine (10)
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Fig. 5. Effect of dietary oils on scopolamine-induced hyperlocomotion in mice. Locomotor activity was measured
with an Automex at 15-min intervals for 1 h after intraperitoneal injection of 2 mg/kg scopolamine or saline as a
control. Each point represents the average of 10 male mice (+ SEM). The difference between the two dietary groups
treated with scopolamine was significant in a two-way ANOVA (dietary group vs. time). F(1,216) = 28.67, P < 0.01.
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However, there is a critical difference in the dietary condi-
tions used in these two studies; animals were weaned onto
laboratory chow containing n-3 fatty acid in the experi-
ments by Wainwright et al. (33), but in our experiments
animals were tested while still undergoing dietary treat-
ment. It should be noted that an n-3 deficiency-induced
change in learning performance is a reversible process;
supplementation with n-3 fatty acid after weaning
reversed the inferior learning performance (Okuyama, H.
1992, Third International Congress on Essential Fatty
Acids and Eicosanoids, Abstracts p. 146, Adelaide, Aus-
tralia).

One of interesting questions related to these observa-
tions would be whether the inferior performance observed
in the brightness-discrimination learning test, in the spa-
tial learning test, or in a passive avoidance test is a secon-
dary effect of decreased visual sensitivity or decreased
pain threshold. One can define “learning per se”
separately from other sensory and performance factors
such as vision, sound, pain threshold, locomotor activity,
emotionality, and so on. However, it is impractical ex-
perimentally to distinguish learning itself from sensory
processes associated with learning. This is particularly
true in the case of n-3 deficiency, because long term n-3
deficiency is known to induce changes in membrane lipid
acyl constituents of all the cells of the body. The brain is
an organ that integrates information from other sensory
systems and makes decisions. Therefore, it may be impos-
sible to define the effect of n-3 deficiency on learning per
se when other performance factors are affected at the
same time. In this context, it is noteworthy that a morpho-
logical difference has been found in a brain region of
animals fed perilla oil and safflower oil (Yoshida, S., et al.
1992. Fifth Scientific Meeting of the Society for Research
on Polyunsaturated Fatty Acids, Tokyo).

Animals having an n-3 deficiency were more sensitive
to pentobarbital, but less sensitive to one dose of scopola-
mine. It is well known that pentobarbital and scopola-
mine produce their pharmacological effects through chlo-
ride channels in GABA receptor and through muscarinic
cholinergic receptors, respectively (34). These results sug-
gest that the function of the former may be potentiated,
but that of the latter attenuated in the animals with an
n-3 deficiency. Therefore, signal transduction systems in-
volving these receptors may be affected by the dietary
n-3/n-6 balance (35-38). Dysfunction of the cholinergic
neuronal system produces decreased learning abilities in
animals and humans (39, 40).

Aloia and Mlekusch (29) have reported that feeding
animals hydrogenated coconut oil, which is characterized
by a high proportion of medium chain fatty acids and a
dual deficiency of n-3 and n-6 fatty acids (as compared
with laboratory chow), caused a longer anesthesia dura-
tion induced by pentobarbital injection. Our results indi-
cate that an n-3 deficiency in the presence of an excess of

n-6 fatty acids is sufficient for the increased sensitivity to
pentobarbital.

Some enzymes are reported to be affected by dietary
n-3 and n-6 fatty acids (14, 41, 42), but we were unable
to detect significant differences in 5'-nucleotidase,
Na*,K*-ATPase, Ca?*-ATPase, or cyclic nucleotide phos-
phodiesterase activities in the brains from the two dietary
groups. Dietary oil-induced changes in cholesterol/phos-
pholipid ratios and membrane fluidity have been reported
(43, 44), but no significant differences in the
cholesterol/phospholipid ratios of brains, in erythrocyte
deformabilities (45), or in sensitivities to diethyl ether
(which changes membrane fluidity (46)) were detected be-
tween the safflower and perilla groups. In contrast, the
formation of certain cytokines (47) and lipid mediators
(48, 49) has been shown to be affected significantly by
dietary perilla and safflower oils. Thus, it seems likely that
chemical mediator and neurotransmission systems are
affected by dietary n-3 fatty acids. Changes in the rates
of formation of these mediators in brain might affect be-
havior.

Although the precise mechanisms still remain to be
clarified, it is now quite certain that the dietary n-3/n-6
balance affects behavioral patterns of mammals via
changes in the fatty acid composition of the nervous sys-
tem. This implies that the choice of foods affects be-
havioral patterns because different foods contain
significantly different proportions of n-3 and n-6 fatty
acids (1). Interestingly, the n-3/n-6 ratio of conventional
diets (0.08 ~ 0.16) was not sufficient to elicit a maximum
correct response ratio in a brightness-discrimination
learning test (11), and a soybean oil-based diet containing
1.6 energy % as n-3 was not sufficient either for longevity
(50) or for suppression of carcinogenesis and metastasis
(51, 52) in rats. These findings raise the question as to
whether diets in industrialized countries, which contain
only about 1.5 energy % as n-3 fatty acid (53), meet the
requirement for n-3 fatty acids or not. This issue is par-
ticularly important since symptoms of n-3 fatty acid
deficiency have been reported in human beings (54, 55).3

This work was supported in part by a Scientific Research Grant
from the Ministry of Education, Science and Culture of Japan.

Manuscript received 19 July 1991, in revised form 31 December 1991, and in re-
revised form 27 August 1992.

REFERENCES

1. Lands, W. E. M. 1986. Fish and Human Health. Academic
Press, Orlando, FL.

2. Paoletti, R., and C. Galli. 1972. Effects of essential fatty
acid deficiency on the central nervous system in the grow-
ing rat. In A Ciba Foundation Symposium: Lipids, Mal-
nutrition and the Developing Brain. Elsevier, New York.
121-140.

Nakashima et al.  Essential fatty acids and behavior 245

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l 'mmm woiy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

10.

11.

12.

13.

14.

15.

16.

17.

18.

246

Caldwell, D. F, and J. A. Churchill. 1966. Learning im-
pairment in rats administered a lipid-free diet during preg-
nancy. Psychol. Rep. 19: 99-102.

Wainwright, P. E. 1992. Do essential fatty acids play a role
in brain and behavioral development? Neurosci. Behav. Rev.
16: 193-205.

Bowman, R. S, and J. W. Davenport. 1980. The effects of
unsaturated fats upon behavior. I Annual Report. Food
Research Institute, University of Wisconsin, Madison.
438-440.

Harman, D., S. Hendrickson, D. E. Eddy, and J. Seibold.
1976. Free radical theory of aging: effect of dietary fat on
central nervous system function. J. Am. Geriatr. Soc. 24:
301-307. 1976.

Lamptey, M. S. and B. L. Walker. 1976. A possible essential
role for dietary linolenic acid in the development of the
young rat. J. Nutr 106: 86-93.

Bivins, B. A, R. M. Bell, R. P. Rapp, and W. O. Griffin,
Jr. 1983. Linoleic acid versus linolenic acid: what is essen-
tial? J. Farenter. Enterol. Nutr. 7: 473-478.

Watanabe, 1., M. Kato, H. Aonuma, A. Hashimoto, Y.
Naito, A. Moriuchi, and H. Okuyama. 1987. Effect of
dietary alpha-linolenate/linoleate balance on the lipid com-
position and electroretinographic responses in rats. Adv. Bi-
osci. 62: 563-570.

Yamamoto, N., M. Saitoh, A. Moriuchi, M. Nomura, and
H. Okuyama. 1987. Effect of dietary a-linolenate/linoleate
balance on brain lipid compositions and learning ability of
rats. J. Lipid Res. 28: 144-151.

Yamamoto, N., A. Hashimoto, Y. Takemoto, H. Okuyama,
M. Nomura, R. Kitajima, T. Togashi, and Y. Tamai. 1988.
Effect of dietary a-linolenate/linoleate balance on lipid
compositions and learning ability of rats. II. Discrimina-
tion process, extinction process, and glycolipid composi-
tions. J. Lipid Res. 29: 1013-1021.

Yamamoto, N., Y. Okaniwa, S. Mori, M. Nomura, and H.
Okuyama. 1991. Effect of a high-linoleate and a high-o-
linolenate diet on the learning ability of aged rats. Evidence
against an autoxidation-related lipid peroxide theory of ag-
ing. J. Gerontol. 46: B17-22.

Benolken, R. M., R. E. Anderson, and T. G. Wheeler.
1973. Membrane fatty acids associated with the electrical
response in visual excitation. Science. 182.: 1253-1254.
Bourre, J-M., M. Francois, A. Youyou, O. Dumont, M.
Piciotti, G. Pascal, and G. Durand. 1989. The effects of
dietary a-linolenic acid on the composition of nerve mem-
branes, enzymatic activity, amplitude of electrophysiologi-
cal parameters, resistance to poisons and performance of
learning tasks in rats. J. Nutr 119: 1880-1892.

Fiennes, TW. R. N, A. J. Sinclair, and M. A. Crawford.
1973. Essential fatty acid studies in primates: linolenic acid
requirements of capuchins. J. Med. Primatol. 2: 155-169.
Neuringer, M., W. E. Connor, D. S. Lin, L. Barstad, and
S. Luck. 1986. Biochemical and functional effects of prena-
tal and postnatal omega-3 fatty acid deficiency on retina
and brain in rhesus monkeys. Proc. Natl. Acad. Sci. USA. 83:
4021-4025.

Salem, N., Jr.,, and S. E. Carlson. 1990. Growth and de-
velopment in infants. In Health Effects of w-3 Polyunsatu-
rated Fatty Acids in Seafoods. A. P. Simpoulos, R. R. Kifer,
R. E. Martin, and S. M. Barlow, editors. S. Karger AG,
Basel. 20-25.

Itoh, J., T. Nabeshima, and T. Kameyama. 1390. Utility of
an elevated plus-maze for the evaluation of memory in
mice: effects of nootropics, scopolamine and electroconvul-
sive. Psychopharmacology. 101: 27-33.

Journal of Lipid Research Volume 34, 1993

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

Lister, R. G. 1987. The use of a plus-maze to measure anxi-
ety in the mouse. Psychopharmacology. 92: 180-185.
Morris, R. G. M., P. Garrud, J. N. P. Rawlins, and J.
O’Keefe. 1982. Place navigation impaired in rats with hip-
pocampal lesions. Nature. 297: 681-683.

Kameyama, T., M. Suzuki, and T. Nabeshima. 1980.
Effects of 5-hydroxy-tryptamine on defecation in open-field
behavior in rats. Pharmacol. Biochem. Behav. 12: 875-882.
DAmour, F. E,, and D. L. Smith. 1941. A method for deter-
mining loss of pain sensation. J. Pharmacol. Exp. Ther 72:
74-79.

Chiel, H. J., and R. J. Wurtman. 1981. Short-term varia-
tions in diet composition changes the pattern of spontane-
ous motor activity in rats. Science. 213: 676-678.
Leathwood, P. D., and P. Pollet. 1982-83. Diet-induced
mood changes in normal populations. J. Psychiatr. Res. 17:
147-154.

Borgman, R. F,, R. G. Bursey, and B. C. Caffrey. 1975.
Influence of maternal dietary fat upon rat pups. Am. J. Vat.
Res. 36: 799-805.

Ruthrich, H-L., P. Hoffmann, H. Matthies, and W. For-
ster. 1984. Perinatal linoleate deprivation impairs learning
and memory in adult rats. Behav. Neural. Biol. 40: 205-212,
Yehuda, S., C. E. Leprohon-Greenwood, L. M. Dixon, and
D. V. Coscina. 1986. Effects of dietary fat on pain
threshold, thermoregulation and motor activity in rats.
Pharmacol. Biochem. Behav. 24: 1775-1777.

Crane, 8. B, and C. E. Greenwood. 1987. Dietary fat
source influences neuronal mitochondrial monoamine oxi-
dase activity and macronutrient selection in rats. Pharmacol.
Biochem. Behav. 27: 1-6.

Aloia, R. C., and W. Mlekusch. 1988. The effect of a satu-
rated fat diet on pentobarbital-induced sleeping time and
phospholipid composition of mouse brain and liver. Phar-
mazie. 43: 496-498.

Hellerstein, M. K., S. N. Meydani, M. Meydani, K. Wu,
and C. A. Dinarello. 1989. Interleukin-1-induced anorexia
in the rat. J. Clin. Invest. 84: 228-235.

Coscina, D. V,, S. Yehuda, L. M. Dixon, L. J. Kish, and
C. E. Leprohon-Greenwood. 1986. Learning is improved
by a soybean oil diet in rats. Life Sci. 38: 1789-1794.
Leat, W. M. F,, R. Curtis, N. J. Millichaamp, and R. W.
Cox. 1986. Retinal function in rats and guinea pigs reared
on diets low in essential fatty acids and supplemented with
linoleic or linolenic acids. Ann. Nutr Metab. 30: 166-174.
Wainwright, P. E., ¥-S. Huang, B. Bulman-Fleming, D. E.
Mills, P. Redden, and D. MccCutcheon. 1991. The role of
n-3 essential fatty acids in brain and behavioral develop-
ment: a cross-fostering study in the mouse. Lipids. 26:
37-45.

Cooper, J. R, F. E. Bloom, and R. H. Roth. 1986. The Bio-
chemical Basis of Neuropharmacology. 5th Edition. Oxford
University Press, New York.

Felder, C. C., R. Y. Kanterman, A. L. Ma, and J. Axelrod.
1990. Serotonin stimulates phospholipase A, and the
release of arachidonic acid in hippocampal neurons by a
type 2 serotonin receptor that is independent of inositol-
phospholipid hydrolysis. Proc. Natl. Acad. Sci. USA. 87:
2186-2191.

Kameyama, T., T. Nabeshima, and Y. Noda. 1986.
Cholinergic modulation of memory for step-down type pas-
sive avoidance task in mice. Res. Commun. Psychol. Psychiatry
Behav. 11: 193-205.

Nicoletti, F., C. Valerio, C. Pellegrino, F. Drago, U. Scapag-
nini, and P. L. Canonico. 1988. Spatial learning potentiates
the stimulation of phosphoinositide hydrolysis by excitatory

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

38.

39.

40.

41.

42.

43.

44.

45.

46.

amino acids in rat hippocampal slices. J Neurosci. 51:
725-729.

Nabeshima, T., H. Kamei, and T. Kameyama. 1988. Opi-
oid x receptors correlate with the development of condi-
tioned suppression of motility in mice. Eur J Pharmacol.
152: 129-133.

Nabeshima, T.,, K. Tohyama, K. Ichihara, and T.
Kameyama. 1990. Effects of benzodiazepine on passive
avoidance response and latent learning in mice: relation-
ship to benzodiazepine receptors and the cholinergic neu-
ronal system. J. Pharmacol. Exp. Ther. 255: 789-794.
Sitaram, N., H. Weingartner, and J. C. Gillin. 1978. Hu-
man serial learnings: enhancement with arecholine and
choline and impairment with scopolamine. Science. 201:
274-276.

Foot, M., T. F. Cruz, and M. T. Clandinin. 1983. Effect of
dietary lipid on synaptosomal acetylcholinesterase activity.
Biochem. J. 211: 507-509.

Bernsohn, J., and F. J. Spitz. 1974. Linoleic and linolenic
acid dependency of some brain membrane-bound enzymes
after lipid deprivation in rats. Biochem. Biophys. Res. Com-
mun. 57: 293-298.

Kessler, A. R., and S. Yehuda. 1985. Learning-induced
changes in brain membrane cholesterol and fluidity: impli-
cations for brain aging. J Neurosci. 28: 73-82.

Kessler, A. R., B. Kessler, and Y. S. Yehuda. 1986. In vivo
modulation of brain cholesterol level and learning perfor-
mance by a novel plant lipid: indications for interactions
between hippocampal-cortical cholesterol and learning. Life
Sci. 38: 1185-1192.

Sakai, K., H. Okuyama, K. Kon, N. Maeda, M. Sekiya,
T. Shiga, and R. C. Reitz. 1990. Effects of high-a-
linolenate and linoleate diets on erythrocyte deformability
and hematological indices in rats. Liptds. 25: 793-797.
Kennedy, S. K., and D. E. Longnecker. 1990. History and
principles of anesthesiology. /2 Goodman and Gilman’s The
Pharmacological Basis of Therapeutics. 8th edition. A. G.
Gilman, T. W. Rall, A. S. Nies, and P. Taylor, editors. Per-
gamon Press, New York. 269-284.

47.

48.

49.

50.

51

52.

53.

54.

55.

Nakashima et al.

Watanabe, S., H. Hayashi, K. Onozaki, and H. Okuyama.
1991. Effect of dietary «-linolenate/linoleate balance on
lipopolysaccharide-induced tumor necrosis factor produc-
tion in mouse macrophages. Life Sci. 48: 2013-2020.
Hashimoto, A., M. Katagiri, S. Torii, J. Dainaka, A.
Ichikawa, and H. Okuyama. 1988. Effect of the dietary o-
linolenate/linoleate balance on leukotriene production and
histamine release in rats. Prostaglandins. 37: 3-16.

Horii, T.,, K. Satouchi, Y. Kobayashi, K. Saito, S.
Watanabe, Y. Yoshida, and H. Okuyama. 1991. Effect of
dietary a-linolenate on platelet-activating factor production
in rat peritoneal polymorphonuclear leukocytes. J. Immunol.
147: 1607-1613.

Shimokawa, T., A. Moriuchi, T. Hori, M. Saito, Y. Naito,
H. Kabasawa, Y. Nagae, M. Matsubara, and H. Okuyama.
1988. Effect of dietary alpha-linolenate/linoleate balance on
mean survival time, incidence of stroke and blood pressure
of spontaneously hypertensive rats. Life Sci. 43: 2067-2075.
Hirose, M., A, Masuda, N. Ito, K. Kamano, and H.
Okuyama. 1990. Effects of dietary perilla oil, soybean oil
and safflower oil on 7,12-dimethylbenz(a)anthracene
(DMBA)- and 1,2-dimethylhydrazine (DMH)-induced
mammary gland and colon carcinogenesis in female SD
rats. Carcinogenesis. 11: 731-735.

Hori, T., A. Moriuchi, H. Okuyama, T. Sobakima, K.
Tamiya-Koizumi, and K. Kojima. 1987. Effect of dietary
essential fatty acids on pulmonary metastasis of ascites
tumor cells in rats. Chem. Pharm. Bull. 35: 3925-3927.
Lands, W. E. M., T. Hamazaki, K. Yamazaki, H.
Okuyama, K. Sakai, Y. Goto, and V. S. Hubbard. 1990.
Changing dietary patterns. Am. J. Clin. Nutr. 51: 793-797.
Bjerve, K. S, I. L. Mostad, and L. Thorensen. 1987. a-
Linolenic acid deficiency in patients on long-term gastric
tube feeding. Estimation of linolenic acid and long chain
unsaturated n-3 fatty acid requirement in man. Am. J. Clin.
Nutr. 45: 66-77.

Holman, R. T., S. B. Johnston, and T. F. Hatch. 1982. A
case of human linolenic acid deficiency involving neurologi-

cal abnormalities. Am. J. Clin. Nutr. 35: 617-623.

Essential fatty acids and behavior 247

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

