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Abstract This study examined the effects of dietary a-
linolenic acid deficiency followed or not by supplementa-
tion with phospholipids rich in n—-3 polyunsaturated fatty
acid (PUFA) on the fatty acid composition of total phospho-
lipids in 11 brain regions. Three weeks before mating, mice
were fed a semisynthetic diet containing both linoleic and
a-linolenic acid or deficient in «-linolenic acid. Pups were
fed the same diet as their dams. At the age of 7 weeks, a
part of the deficient group were supplemented with n-3
polyunsaturated fatty acids (PUFA) from either egg yolk or
pig brain phospholipids for 2 months. Saturated and mo-
nounsaturated fatty acid levels varied among brain regions
and were not significantly affected by the diet. In control
mice, the level of 22:6 n-3 was significantly higher in the
frontal cortex compared to all regions. a-Linolenic acid de-
ficiency decreased the level of 22:6 n-3 and was compen-
sated by an increase in 22:5 n—6 in all regions. However, the
brain regions were affected differently. After the pituitary
gland, the frontal cortex, and the striatum were the most
markedly affected with 40% reduction of 22:6 n—3. Supple-
mentation with egg yolk or cerebral phospholipids in defi-
cient mice restored a normal fatty acid composition in brain
regions except for the frontal cortex. There was a regional
distribution of the fatty acids in the brain and the impact of
deficiency in a-linolenic acid was region-specific.Bll Dietary
egg yolk or cerebral phospholipids are an effective source
of n—3 PUFA for the recovery of altered fatty acid composi-
tion induced by a diet deficient in n—-3 PUFA.—Carrié, 1.,
M. Clément, D. de Javel, H. Frances, and J-M. Bourre. Spe-
cific phospholipid fatty acid composition of brain regions in
mice: effects of n—3 polyunsaturated fatty acid deficiency
and phospholipid supplementation. J. Lipid Res. 2000. 41:
465-472.
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The central nervous system has the second greatest con-
centration of lipids, immediately after adipose tissue.
These brain lipids contain a very high amount of long-
chain polyunsaturated fatty acids (LCPUFA), particularly

arachidonic acid (AA; 20:4 n-6) and docosahexaenoic
acid (DHA; 22:6 n-3). These two LCPUFA, which are the
major constituents of neural cell membrane phospholip-
ids, are derived respectively from two dietary precursors:
linoleic acid (18:2 n-6) and «-linolenic acid (18:3 n-3).
Linoleic and «-linolenic acids are the only sources for
LCPUFA. Vertebrates are unable to synthesize these two
essential polyunsaturated fatty acids (PUFA); they must be
provided by the diet. Numerous studies have reported
that DHA is required during development when cellular
differentiation and active synaptogenesis take place (1-
4). a-Linolenic acid deficiency is associated with altered
fatty acid composition of cell membranes and organelles
in brain (1, 4, 5). These alterations lead to changes in
physical properties of membranes, in enzyme activities, re-
ceptors, transport, and cellular interaction (4, 6). These
physiological changes are accompanied by learning and
behavioral deficits in rats and mice (6-8).

a-Linolenic acid deficiency reduced DHA levels and in-
creased those of docosapentaenoic acid (22:5 n—6). Most
studies have examined the alteration of fatty acid compo-
sition by analyzing the whole brain. However, Delion et al.
(9) have shown that a chronic dietary a-linolenic acid de-
ficiency alters dopaminergic and serotoninergic neu-
rotransmission in rats. These modifications were only ob-
served in the frontal cortex which seems to be more sensitive
to n—-3 PUFA deficiency than the striatum. Jumpsen et al.
(10) studied the effect of diets varying in n-6 and n-3
polyunsaturated fatty acid content on brain fatty acid com-
position in neonatal rats. The responses to the different

Abbreviations: : PUFA, polyunsaturated fatty acids; MUFA, monoun-
saturated fatty acids; SFA, saturated fatty acids; AA, arachidonic acid;
DHA, docosahexaenoic acid; LC, long chain; OB, olfactory bulb; FC,
frontal cortex; ST, striatum; HT, hypothalamus; OC, occipital cortex;
TH, thalamus; HC, hippocampus; CB, cerebellum; MB, midbrain; PM,
pons medulla; PIT, pituitary; PL, phospholipid; B-PL, brain phospho-
lipids; E-PL, egg phospholipids.
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diets differed among phosphoglycerides, cell types, and
brain regions.

Our own studies have shown that mice fed a diet defi-
cient in a-linolenic acid exhibit learning impairments on
several tests (11-14). For example, on the Morris Water
Maze, deficient mice performed less well than controls
(13). This spatial learning test has been reported to be
sensitive to hippocampal damage (15, 16). In rats with
learning impairments induced by a deficiency in a-linolenic
acid, the average densities of synaptical vesicles in the ter-
minals of the hippocampus CA1 region were decreased by
nearly 30% compared with controls (17). Thus, it appears
more informative to investigate the fatty acid composition
of specific brain regions in order to establish relationships
with the observed dysfunctions.

The speed of recuperation after deficiency is very slow;
many weeks are required for brain cells and organelles in
rats to recover (18). The dietary a-linolenic acid require-
ments for obtaining and maintaining a physiological level
of DHA have been determined in developing and adult
rats (6, 19). Bourre, Dumont, and Durand (20) demon-
strated that brain phospholipids providing n-6 and n-3
LCPUFA are useful as a source of n—-3 polyunsaturated
fatty acids. The requirement is 50-60 mg of n—-3 PUFA/
100 g of diet from brain phospholipids to restore a normal
brain fatty acid composition in a-linolenic acid-deficient
developing rats. Studies have reported that infants fed for-
mulas containing only the precursors of n-3 and n-6
polyunsaturated fatty acids have lower concentrations of
DHA in erythrocytes (21) and in cerebral cortex (22)
compared to infants fed human milk providing both pre-
cursors and n-6 and n-3 LCPUFA. Thus, much research
has been performed to investigate the effect of supple-
mentation with DHA and AA as they are important for
normal visual and brain development (23, 24).

The aim of this study was to establish the fatty acid compo-
sition of different brain regions in adult mice. We therefore
investigated the effects of a diet deficient in a-linolenic
acid followed or not by supplementation with n—3 LCPUFA.
The effectiveness of different sources of phospholipids
rich in DHA was examined by comparing purified phos-
pholipids: those from hen egg yolks or pig brains.

The fatty acid profile of total phospholipids was deter-
mined in the olfactory bulb, frontal cortex, striatum, hy-
pothalamus, occipital cortex, thalamus, hippocampus,
cerebellum, midbrain, pons medulla and pituitary gland.

MATERIALS AND METHODS

Animals and diets

Female OF1 mice originating from IFFA-CREDO (L’Arbresle,
France) and bred in our laboratory were divided into two groups
3 weeks before mating. The two groups were fed purified diets
(INRA, Jouy en Josas) containing 6% lipids that were similar
except for fatty acids. Control diet lipids (CTL group) were a
mixture of peanut oil and rapeseed oil containing ~1200 mg of
linoleic acid and ~200 mg of a-linolenic acid per 100 g of diet.
a-Linolenic acid-deficient diet lipids (DEF group) were peanut
oil containing ~1200 mg of linoleic acid per 100 g of diet and
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traces of a-linolenic acid (<6 mg per 100 g of diet). Pups were
fed the same diet as their dams. At weaning, pups were separated
according to sex and were housed in such a way that each home
cage contained 6 pups from 6 different dams. At 7 weeks, i.e.,
adulthood, some of the deficient group received a diet supple-
mented with ~50 mg of n-3 PUFA per 100 g of diet for 2
months. This supplemented diet contained 40 mg of docosa-
hexaenoic acid per 100 g of diet provided by either egg yolk
phospholipids (E-PL group) or pig brain phospholipids (B-PL
group). Hens were fed a special diet designed to increase DHA
level in egg yolk phospholipid from 3% to 7%. Cerebral phos-
pholipids were purified from pig brains and adsorbed onto an
aerosyl (silica powder) matrix according to the method previ-
ously described (20). These phospholipids were prepared by
Laboratoires Ponroy (Les Clayes sous Bois, France). The compo-
sition of diets and the fatty acids contents are reported in Table 1
and Table 2. Diets were prepared monthly and stored at 4°C.

Mice were housed in an air-conditioned animal room illumi-
nated from 8 am to 8 pm and maintained at 21 *= 1°C. They were
given free access to their respective diets and water.

Male mice aged 4 months were killed by decapitation. The
brains were quickly removed and dissected on ice into olfactory
bulb (OB), frontal cortex (FC), striatum (ST), hypothalamus
(HT), occipital cortex (OC), thalamus (TH), hippocampus (HC),
cerebellum (CB), midbrain (MB), pons medulla (PM), and pitu-
itary (PIT). There were 6 samples for each structure per diet
group; each sample was pooled from 2 or 5 mice according to
weight of the structure. Samples were lyophilized and stored at
—70°C until fatty acid analysis was performed. Experimental pro-
tocols were approved and met government guidelines (Ministry
of Agriculture, Authorization no. 03007; June 4 1991).

Fatty acid analyses

Lipids were extracted from the brain regions using chloro-
form-methanol 2:1 according to the method of Folch, Lees, and

TABLE 1. Diet composition

n-3 Brain

Control Deficient Egg PL2 PLP

g/kg

Casein 220 220 220 220
Corn starch 432.3 432.3 432.3 432.3
Saccharose 216.1 216.1 216.1 216.1

Cellulose 20 20 20 20

Mineral mixture® 40 40 40 40

Vitamin mixtured 10 10 10 10
dl methionine 1.6 1.6 1.6 1.6
Peanut oil 30 60 48.7 49.9

Rapeseed oil 30 — — —

Egg PL — — 16.2 —
Brain PL — — — 20.3

a Egg yolk phospholipids.

b Cerebral phospholipids.

¢ Composition of the mineral mixture (g/kg of diet): CaHPO,,
2H,0, 15.2; K;HPO,, 9.6; CaCO3;, 7.2; NaCl, 2.76; MgO, 0.8; MgSO,,
7H,0, 3.6; FeSO,7H,0, 0.344; ZnSO,,7H,0, 0.2; MnSO,4H,0,
0.2; CuSO,4,5H,0, 0.04; NaF, 0.032; KI, 0.0016; CoCO; 0.0008;
Na,SeO53,5H,0, 0.0008; (NH;)6M070,4,4H,0, 0.0008; CrK(SO,)2,
12H,0, 0.02.

d Composition of vitamin supplements triturated in dextrose (mg/
kg of diet) United States Biochemicals Corp., Cleveland, OH, USA: I-
ascorbic acid, 100; choline chlorhydrate, 750; d-calcium pantothenate,
30; inositol, 50; menadione, 1; nicotinic acid, 45; para-aminobenzoic
acid, 50; pyridoxine HCI, 10; riboflavin, 10; thiamine HCI, 10; retinyl
acetate, 10; cholecalciferol, 0.0625; d-biotin, 0.2; folic acid, 2; cyanoco-
balamin, 0.0135; dl-alpha-tocopherol acetate, 50.
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TABLE 2. Fatty acid composition of dietary lipids

n-3
Fatty Acids Control Deficient Egg PL Brain PL
mg/100 mg fatty acids
14:0 0.5 0.4 0.4 0.3
16:0 9.0 125 14.0 12.2
18:0 3.2 4.0 5.6 5.4
20:0 0.9 15 0.7 13
22:0 1.3 25 1.9 2.2
24:0 — —_ —_ 0.8
3 SFA 149 20.9 22.6 22.2
16:1 n-7 — — 0.6 1.0
18:1 n-9 56.7 50.4 51.3 50.7
20:1 n-9 1.2 11 11 12
3 MFA 57.9 515 53.0 52.9
18:2 n-6 23.6 27.8 235 235
20:4 n-6 — — 0.3 0.7
3 n-6 PUFA 23.6 27.8 23.8 24.2
18:3 n-3 3.6 <0.1 <0.1 <0.1
20:5n-3 — — <0.1 <0.1
22:5n-3 — — <0.1 <0.1
22:6 n-3 — — 0.7 0.7
3 n-3 PUFA 3.6 — 0.7 0.7
n-6 + n-3 27.2 27.8 245 24.9
n-6/n-3 6.5 — 34.0 34.6

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; Egg PL, egg yolk phospholipids;
Brain PL, cerebral phospholipids.

Sloane Stanley (25). Total phospholipids were separated by thin-
layer chromatography using silica gel plates (Durasil-25, Mach-
erey-Nagel, Hoerdt, France). Solvents were hexan, diethyl ether,
acetic acid (90:30:1, by vol). Phospholipid fatty acids were trans-
esterified according to the method of Lepage and Roy (26). Fatty
acid methyl esters were analyzed on a Delsi gas chromatograph
equipped with a flame ionization detector and a silica capillary
column (length 30 m, internal diameter 0.25 mm, stationary
phase SPB-PUFA, SUPELCO, France). Helium was used as the
carrier gas. Analysis was performed in isothermal mode, the oven
temperature was maintained at 210°C, the injector and detector
temperatures were maintained respectively at 230°C and 250°C.
Fatty acids were identified by comparison with standard mix-
tures. Areas were calculated with a Merck-Hitachi 2500 integra-
tor, and fatty acid concentrations were reported as percent of
total fatty acid content.

Statistical analyses

Two-way analysis of variance (ANOVA) with two factors, brain
structures and diet (SigmaStat Software, SPSS), was used to evalu-
ate the differences between brain structures, the effect of diet
and the interaction structure and diet for each fatty acid. The
Tukey test was performed for multiple comparisons. Only P val-
ues less than 0.01 were considered significant. Percentages were
compared by one-way ANOVA, the Bonferroni post test was then
applied with P < 0.05. All values are given as means = standard
deviation of the mean.

RESULTS

Saturated fatty acids

The saturated fatty acid (SFA) profile of 4 diet groups is
given in Table 3. There was a significant difference among
the different brain structures (P < 0.001). No effect of

diet and no interaction between diet and brain structures
were observed. As there was not an effect of diet, the con-
trol group was taken as reference in order to assess signifi-
cant differences among brain regions. The level of total
SFA was significantly higher in hippocampus (HC), occip-
ital cortex (OC), and frontal cortex (FC) than the other
structures, mainly pons medulla (PM) (P < 0.01). The
main difference was the amount of 16:0 which repre-
sented about 26% in HC, OC, FC, and 15% in PM. On the
other hand, PM contained more long-chain SFA (22:0,
24:0) than midbrain (MB) and cerebellum (CB). Thus,
the level of SFA, in particular that of palmitic acid, varied
according to brain structures and was not influenced by
the diet.

Monounsaturated fatty acids

The level of total monounsaturated fatty acids (MUFA)
differed significantly among brain structures (P < 0.001).
As for SFA, there were no effect of diet and no region-diet
interaction. The regions most rich in MUFA were pons
medulla (PM), midbrain (MB) and cerebellum (CB). In
comparison, frontal cortex (FC) and pituitary gland (PIT)
had low levels. The difference between these regions was
due to the amount of n-9 fatty acids (18:1 n-9, 20:1 n-9,
24:1 n-9) (Table 4). Thus, oleic acid, the major MUFA,
and its derivatives were distributed differently in brain re-
gions and were not affected by the diet.

Polyunsaturated fatty acids (PUFA)

n-6 PUFA. The concentration of n—-6 PUFA varied sig-
nificantly among the different brain regions (P < 0.001).
In the control group, the region with the highest amount
was the pituitary gland (PIT). Cerebellum (CB), pons me-
dulla (PM), and midbrain (MB) had lower concentrations.
The difference was mainly due to 20:4 n-6 and less to
22:4 n—-6 (Table 5). There was a significant effect of diet
(P < 0.001). In the deficient group there was a significant
increase in 22:5 n-6 in all regions (P < 0.001), in 22:4 n-6
in PIT and CB, and no change in 20:4 n-6 except for PIT.
Supplementation with egg yolk phospholipids (E-PL
group) or cerebral phospholipids (B-PL group) decreased
equally the 22:5 n-6 level to that of the control group.

n-3 PUFA. n-3 PUFA were distributed differently in
brain regions (P < 0.001). The frontal cortex (FC) had a
higher percentage of 22:6 n-3 (22%) compared with other
regions (P < 0.01). The lowest percentage was in PIT. The
level of 22:6 n—3 was significantly decreased in all regions
by the deficient diet. Supplementation with egg yolk phos-
pholipids or cerebral phospholipids restored optimal levels
of DHA in all regions except FC, in which the percentage
remained significantly different from the control group
(P < 0.01).

Effects of diets in different regions of the brain

There was a significant interaction between brain re-
gions and diet for the n-6 PUFA and n-3 PUFA (P <
0.001). This indicates that the effect of diet did not affect
all regions similarly. The percentage of n-3 fatty acids de-
clined 70% for pituitary gland (PIT), about 40% for fron-
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TABLE 3. Saturated fatty acid composition of brain regions

Group

OB

FC

ST

HT

™

ocC

HC

CcB

MB

PM

PIT

16:0
CTL
DEF
E-PL
B-PL

18:0
CTL
DEF
E-PL
B-PL

216 0.9
245 £ 3.6
239+ 3.0
22926

225*+04
21315
21.8*+0.9
222 0.6

All others

CTL
DEF
E-PL
B-PL
3 SFA
CTL
DEF
E-PL
B-PL

10x01
0.8 x0.1
08=*0.1
0.9x01

456 = 0.6
46.6 = 2.1
46.5 £ 2.2
46.0 = 2.4

249 +13
25811
241+ 14
245 =*15

220+04
221=*05
22.0+0.3
21.8 0.2

03=01
03x01
03=01
04 =01

471+ 122
48.2 £ 1.2
465+ 1.1
46.5 = 1.3

216 25
225 *38
217 £22
213 £ 27

20.9 = 0.9
204 £1.2
21.3*+0.8
21.0£13

20x04
22*+08
15+03
16+0.2

445+ 2.0
45.1*+ 3.0
446 £1.6
439=*=19

201 +1.0
21211
20.7 0.9
20.6 £ 0.9

221 *+05
22.0+0.8
220=*0.2
22303

13+01
1.1+01
1.2+03
1.1+01

435+ 0.8
443 = 0.5
439+ 0.8
44.1 0.9

% total fatty acids

21.4*10
21.0x1.0
20.9 0.6
207 £0.4

220+ 0.5
225*04
225*+05
223 *03

1.1+01
1.1+01
1.2+02
09=*01

445+ 0.8
44.6 = 0.9
443 £ 0.7
442 = 0.5

25.9 = 3.0
26.3 £ 2.6
254 +28
242 1.7

215*+1.0
21.7 £0.7
21.2*+03
22007

0.7*+0.2
0.7x0.2
08=*0.1
0.8 0.2

48.1 = 2.12
48.7 =21
473 = 2.7
47.1*+23

275+ 31
276 4.0
268 +4.1
26.7 = 3.9

20.9 0.9
208 £ 15
21.2*+13
21813

03=*01
03*x01
05=*0.2
04 =02

48.8 = 2.52
48.7 = 2.6
48.9 = 3.0
48.4 = 2.8

205*+19
204 £15
19814
199+ 15

19.7 £ 0.2
193+ 04
19.6 £ 0.2
19.7 £ 0.7

2304
25*+03
23*05
23*+04

424+ 1.6
422 *+15
418 *+1.2
419=*=14

17715
17514
169 =15
16.7 = 1.0

209 = 0.2
20504
203 *+0.3
207 £0.4

25*0.2
3.0x05
27+0.2
27*=03

411+13
409 =13
39.9*+16
379 £1.9

152+ 0.6
155+ 0.9
151 +14
150x 14

18.0 0.2
185 x 0.7
179+ 0.6
18.3 £ 0.6

46*=03
52x0.2
4.7*+0.6
51x04

37.7 0.2

392*13
382+18
37919

238+ 12
234 1.0
23.0+0.9
23.1x05

19.4 = 0.6
198 £ 0.3
19.7 =03
196 = 0.4

1602
1.6+02
16+0.1
1602

448 + 1.4
447 +13
444+ 08
443+ 12

Values are mean = SD. In control group, values with different letters are significantly different from each other (P < 0.01). Brain regions: OB,
olfactory bulb; FC, frontal cortex; ST, striatum; HT, hypothalamus; OC, occipital cortex; TH, thalamus; HC, hippocampus; CB, cerebellum; MB,

midbrain; PM, pons medulla; PIT, pituitary gland. Diet groups: CTL, control; DEF, n—-3 PUFA-deficient; E-PL, egg yolk phospholipid supple-

mented; and B-PL, cerebral phospholipid-supplemented.

TABLE 4. Monounsaturated fatty acid composition of brain regions

Group OB FC ST HT TH oC HC CB MB PM PIT
% total fatty acids
18:1 n-9
CTL 142+03 124*+04 165*+04 169+05 153+03 139*+04 139*+05 185*+08 194+05 226=*09 12.7*+0.3
DEF 141 +04 125+08 16705 159+*04 144+03 128+x04 132+02 17.7*+x12 184*+07 21.2*+09 11.8=*05
E-PL 142+03 13.7+04 162=*+05 168+03 148+03 140+05 139*+05 189*+05 199+09 225+09 11.6=*04
B-PL 145+03 130+09 167+04 166+03 152+0.2 13.7+04 138*+05 182+11 192+05 226+09 116+ 05
18:1 n-7
CTL 49+01 44+x06 48*+x08 48*+x10 45*x07 40*x05 44+x04 54*+x04 47=*x07 52=*x08 35x05
DEF 47+04 50*+x05 52+06 49+06 50+07 42+05 48+03 6.1*+07 51+09 49+05 35*+04
E-PL 4606 4607 50+0.8 50+04 4707 41+07 45x05 56+06 49+10 46*+x05 32*x05
B-PL 48+05 46=*05 54*+05 4407 4.6 *+0.9 4.4 = 0.6 45 =*05 5.9 * 0.6 53*0.8 51+11 3.4*+05
20:1 n-9
CTL 1.2+0.2 05+0.2 23+0.3 16 +0.1 1.6 +0.1 09+01 0.6 £0.1 3.1+0.2 34+04 59+ 0.2 08*0.1
DEF 10+x01 05+01 23+*03 17*01 16*+01 08*+02 06*x01 33*x04 37*x03 58=*+04 07=x01
E-PL 1.0+0.1 0.7+0.1 22+0.2 14+0.1 15+0.1 09+01 0.4 £0.2 3201 40x04 6.1*+06 06=*x01
B-PL 11+01 06=*+01 22+x03 17*01 16*01 09*x01 06=*+x02 30x03 37*x02 57*x01 0.7=*0.05
24:1 n-9
CTL 12+01 04*+02 37+10 20+03 23*+x02 11+02 07*01 36+02 49*+x03 76*+04 09=*01
DEF 12+03 04*x01 37*x03 19*03 20*x02 07*x02 06*x01 34*x06 51*x03 78=x07 09=x01
E-PL 10+03 07+03 26+05 16+02 17*+01 10*+02 05+01 33+03 50*x05 79+05 08=*0.2
B-PL 13+02 06=*x02 32*x05 20*x02 19*+02 10*+x03 06*x01 38*x07 49*x03 75*x06 09=x0.1
All Others
CTL 16+02 13*+04 22*02 17*02 1503 24*+02 14*02 19+03 23*03 29*+01 16=*0.1
DEF 1.7+0.2 1.8+ 0.6 24 +0.2 1.8+ 03 1.7+03 27+04 15+0.2 1.8 +0.3 28+0.3 28+04 1.6 £0.3
E-PL 16+03 16*+03 22+04 18+02 16*+03 25*+x04 13*02 21+02 26*02 28*+04 16=*02
B-PL 16 +0.1 1.5+03 21+04 1.7+0.2 1.5+0.2 24+04 1.3+0.2 2.0.£0.2 29+0.3 29+04 1.6 =0.2
3 MFA
CTL 232+0.49 191+ 1.6° 29.4+0.8 271+1.3 250=*1.19 223+0.7¢ 209 +1.19 326 = 1.1 348+ 1.2 441+ 0.82 19.4 + 0.6°
DEF 227*+06 202*+14 302*11 261*09 246=*10 21.2*10 207*x05 323*x15 351+17 425%x15 186=*11
E-PL 224+08 21.2+08 287*+07 263*+07 243+08 223+15 207*13 329*+07 367*x05 441+16 178=*11
B-PL 233+08 204+16 296*+15 266*+10 248+11 225+14 208*+10 331*+15 359+07 438+18 182*+1.2

Values are mean =+ SD. In the control group, values with different letters are significantly different from each other (P < 0.01). Diet groups:
CTL, control group; DEF, n-3 PUFA-deficient group; E-PL, egg yolk phospholipid supplemented group; B-PL, cerebral phospholipid-supplemented

group.
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TABLE 5. Polyunsaturated fatty acid composition of brain regions

Group OB FC ST HT ™ ocC HC CB MB PM PIT

% total fatty acids

20:4 n-6
CTL 98+01 87*x01 87*x09 88x02 84x02 88*x09 10508 57*x03 6.3*x02 47x02 17.7x05
DEF 106+05 89+13 89+06 94+03 92+03 97+x08 116+07 71+x10 68+x03 52+02 195+03
E-PL 98*+07 94*x05 93*x05 93+03 86*03 92+x10 106=*x07 58*x07 65+*x08 48+01 184=*04
B-PL 101+03 90+x04 89+03 88+x01 89+x02 94+x04 114+06 59+x04 65*x02 50%+02 190=x0.2
22:4 n-6
CTL 3001 20*x02 27*x02 40*x02 32*x02 25*x03 23*x05 14*x03 29*x04 29%x01 70%x0.2
DEF 3403 25*03 32*x05 45*x02 39*x05 29+x03 28+x04 24+01* 37x01 38*x03 94=x0.2*
E-PL 28*+01 24*x02 28*01 40*x01 3301 26*x02 26*x03 16*x02 30x01 29*x04 75%x05
B-PL 29*+03 22*x02 27*x03 41*x02 35*x03 26*x01 24*x02 19*x01 32*x03 32x03 77%x02
22:5n-6
CTL 03+01 03+01 02+01 02+01 02+005 03+01 01+01 02*x02 02*x01 08%x01 05%x01

DEF 43*+04* 6.7*x06* 3.7x04* 3405 47=x05* 55*x04* 4805 29+x04* 25x04* 28=x03* 31=x01*

E-PL 04 *+0.1 03=*+0.1 0.3+0.1 03%0.1 04 *+0.1 05=*+0.1 0.7+t 05 0.2+0.1 0.1+0.04 05%+0.03 06=*0.1

B-PL 05+01 07+x01 05+*01 05+x02 06+x02 06+x01 05*01 02%+003 02=01 07%x02 08=01
All others

CTL 0.7+0.1 06 *+0.1 0.6 +0.2 0.6 +0.1 0.6 +0.02 0.6 +0.1 05+0.1 0.8 +0.2 05*+0.1 08 *+0.1 3.0*+0.2

DEF 04+01 06*x02 05+01 04+x01 04+x01 04x007 04x01 06*+x03 0401 05*x02 24=*01

E-PL 07+01 06+01 08+01 06+x01 05+002 07+01 06+02 07+01 05*+x01 06*x01 28=*02

B-PL 06+01 08+x01 05+01 05+01 06+x01 06+x01 06x01 09+02 06*x02 07x01 30=x01
3 (n-6)

CTL 13.7+0.3" 11.7+05" 122+ 12" 13.6+0.3" 124+ 04> 122+14> 135+ 14> 80+05° 99+0.6° 9.2+02° 282+0.8

DEF  18.7+1.2* 18.6 £1.8* 16.3 = 15* 17.6 + 0.7 182 £ 0.9* 18.6 = 1.1* 195 * 1.6* 13.0 = 0.4* 134 = 0.5* 12.2 £ 0.4* 344 = 0.6*
E-PL 137+x08 128+*04 132x07 142*x04 130x04 130x13 145*x15 85*x07 102*09 89=*x05 296=*10
BPL 141*+07 125*05 128=*04 140*02 135*05 132*05 149*x09 87*x05 105*x04 95x06 303=*0.3

CTL 181=+0.1° 221+0.8% 139+ 0.9° 158 +0.6° 181+ 06" 174 +0.7° 168+ 05" 170=0.7° 142=*+0.3° 9.0=*0.8¢ 6.6 =*0.2¢
DEF 120+ 1.2* 13.0* 1.0+ 84 =0.9* 12.0=*0.5* 126 =0.6* 11.5=+0.9* 11.1* 1.1* 12,6 = 0.5* 10.6 + 0.9* 6.1 +0.8* 2.2+ 0.2*
EPL 174+07 195*=07* 140*=05 156=03 184=*04 174*09 159=x15 168=*06 132=*07 88=*03 77=x02
BPL 166+11 20.6*+0.8" 13.7+06 153*+03 175*06 172*09 159=*13 163=*07 135*03 88=*06 69=+02
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Values are mean = SD. Differences between regions: values with different letters are significantly different from each other (P < 0.01). Diet
groups: CTL, control; DEF, n—-3 PUFA-deficient; E-PL, egg yolk phospholipid-supplemented; B-PL, cerebral phospholipid-supplemented.
Effect of diet: * P < 0.01 versus CTL, E-PL, and B-PL groups; * P < 0.01 versus control group.

tal cortex (FC) and striatum (ST), and 25% for cerebel-
lum (CB) in the deficient group (Fig. 1). After PIT,
regions the most marked by a diet deficient in n—3 PUFA
were CF and ST. The percentage of increase in 22:5 n—6
in the deficient group varied from region to region. The
greatest increase was in HC, the lowest in PIT and PM.

In order to visualize the effect of n—3 PUFA supplemen-
tation, the average of 22:5 n-6 and 22:6 n-3 levels of two
supplemented groups was calculated for each brain re-
gion. Then, the percentages of increase in 22:5 n-6 and
decrease in 22:6 n-3 versus controls was represented.
Phospholipid supplementation cancels the effect of defi-
ciency in all brain regions. Although the recovery appears
not to be complete in several regions, there was no signifi-
cant difference between egg or brain phospholipid-
supplemented groups and controls, except for DHA level
in the frontal cortex.

DISCUSSION

This study examined the effects of a diet deficient in
or supplemented with n—-3 PUFA on the fatty acid com-
position of different brain regions in adult mice. First of
all, the fatty acid composition of total phospholipids in
different brain regions in control mice was established.

Saturated fatty acid (SFA) levels were higher in the hip-
pocampus, frontal and occipital cortex than in the mid-
brain or pons medulla. In contrast, the latter two re-
gions together with the cerebellum were rich in
monounsaturated fatty acids (MUFA). The differences
between regions depend on their amount of gray or
white matter. It is known that the cerebral white matter
is rich in SFA and particularly in (n-9) MUFA and poor
in PUFA (27). The level of n—6 PUFA varied, it was very
high in pituitary gland as already reported (28). The re-
gion with the highest DHA level was the frontal cortex.
These results agree with those observed in rats by De-
lion et al. (9) who found more DHA in frontal cortex
than striatum.

There was no effect of diet on SFA or MUFA levels. In
all brain regions studied in the a-linolenic acid deficient
mice, our results showed a reduced 22:6 n—-3 (DHA) level
and compensatory higher n—6 levels, especifically 22:5 n-6.
There were no variations of 20:4 n—6 or 22:4 n—-6, except
for pituitary gland. These results are in agreement with
those for whole brain in this mouse strain (11). Neverthe-
less, the a-linolenic acid deficiency did not affect the lev-
els of DHA in brain regions to the same extent. The most
affected structure was the pituitary gland with a 70% re-
duction of DHA. However, n—3 PUFA levels in pituitary
gland were low, the major PUFA being 20:4 n-6 (AA).
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Fig. 1. Percentage of increase in 22:5 n—6 and decrease in 22:6 n—3 in n—3 PUFA-deficient mice compared with control. Different letters
were assigned when percentages differed significantly with P < 0.05 among regions. The effect of n—3 PUFA supplementation is represented.

The only two studies on the pituitary gland have investi-
gated the effect of both linoleic and «-linolenic acid defi-
ciency in rats (29, 30). The authors observed changes
mainly in n-6 PUFA related to modifications in growth
hormone. Owing to the low level of DHA and the involve-
ment of AA in pituitary hormonal regulation, it can be
supposed that a-linolenic acid deficiency has no profound
effects on pituitary function. In regions with greater
amounts of gray matter, the level of DHA was lower, about
40% in frontal cortex or striatum, and 34% in olfactory
bulb, occipital cortex, and hippocampus. A chronic «-
linolenic acid deficiency in rats led to a greater decrease
in the level of DHA in plasmenylethanolamine in frontal
cortex than striatum (31). Moreover, the specific markers
of dopaminergic and serotoninergic neurotransmission
are only modified in frontal cortex in deficient rats (9).
Thus, frontal cortex, which contains a higher level of DHA,
appears very sensitive to n—3 PUFA deficiency. In hippocam-
pus, no effect of a-linolenic acid deficiency was observed
on noradrenaline or serotoninergic levels in rats (32).
Nevertheless, Yoshida et al. (17) have reported that a defi-
ciency in a-linolenic acid affects synaptic vesicle turnover
in the hippocampal CAL1 region that is associated with re-
duced brightness-discrimination learning in rats. It has
been shown in CAL neurons isolated from rat hippocam-

470 Journal of Lipid Research Volume 41, 2000

pus that n—-3 PUFA modulates sodium and calcium cur-
rents (33). As the hippocampus is involved in learning
processes via the cholinergic system, studies of the effects
of n—-3 PUFA deficiency on cholinergic activity will be in-
teresting (34, 35). In rats, olfactory bulbectomy induces
behavioral changes such as hyperactivity and deficits in
avoidance learning associated with alterations of the sero-
toninergic and dopaminergic systems (36, 37). For the
same reason as for frontal cortex, a modification of fatty
acid composition might lead to neurochemical alterations
in the olfactory bulb.

On the other hand, it is important to note that the de-
crease in 22:6 n-3 is not mirrored by the increase in 22:5
n-6 in the deficient group. Indeed, the increase in 22:5
n-6 was the greatest in the hippocampus and the lowest
in pons medulla. Thus, the highest decrease in 22:6 n-3
was not compensated by the highest increase in 22:5 n-6
and vice versa. There was no correspondence between the
decrease of 22:6 n—3 and the increase of 22:5 n—6 in brain
regions.

Supplementation with egg yolk phospholipids (E-PL) or
cerebral phospholipids (B-PL), in a-linolenic acid-deficient
mice increased DHA concentration to control levels in all
brain regions except frontal cortex, where the difference
remained significant. Thus, a 2-month diet with phospho-
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lipids as source of n—3 PUFA restored a normal fatty acid
composition of brain regions in deficient mice. 22:5 n-6
levels were decreased in all brain regions. Although B-PL
provided 2-fold more arachidonic acid than E-PL, arachi-
donic acid levels did not differ between the two supple-
mented groups. Thus, either brain phospholipids or egg
phospholipids can be used as an effective source of n-3
PUFA.

In conclusion, our results show that the distribution of
fatty acids in the brain is region-specific. The cerebral
cortex regions, such as the frontal cortex where the
DHA level is very high, were particularly affected by n—3
PUFA deficiency. In a-linolenic acid-deficient mice, sup-
plementation for 2 months with egg yolk phospholipids
or cerebral phospholipids proved effective for restoring
normal fatty acid composition in brain. These conclu-
sive biochemical results now warrant investigation of
whether supplementation for 2 months with egg yolk
phospholipids or cerebral phospholipids can correct the
behavioral deficits induced by n-3 PUFA deficiency in
OF1 mice.BR
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