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Abstract We studied the effects of a diet chronically defi-
cient in 

 

a

 

-linolenic acid, the precursor of long-chain n–3
polyunsaturated fatty acids, on dopaminergic neurotrans-
mission in the shell region of the nucleus accumbens of
rats. In vivo microdialysis experiments showed increased
basal levels of dopamine and decreased basal levels of me-
tabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and ho-
movanillic acid (HVA), in awake rats from the deficient
group compared to controls. The release of dopamine un-
der KCl stimulation was similar in both dietary groups. By
contrast, the release of dopamine from the vesicular stor-
age pool under tyramine stimulation was 90% lower in the
deficient than in the control rats. Autoradiographic studies
in the same cerebral region revealed a 60% reduction in the
vesicular monoamine transporter sites in the deficient
group. Dopamine D

 

2

 

 receptors were 35% increased in these
rats compared to controls, whereas no change occurred for
D

 

1

 

 receptors and membrane dopamine transporters.  These
results demonstrated that chronic n–3 polyunsaturated fatty
acid deficiency modifies several factors of dopaminergic
neurotransmission in the nucleus accumbens. These find-
ings are in agreement with the changes in dopaminergic
neurotransmission already observed in the frontal cortex,
and with the behavioral disturbances described in these de-
ficient rats.

 

—Zimmer, L., S. Delion-Vancassel, G. Durand,
D. Guilloteau, S. Bodard, J-C. Besnard, and S. Chalon. 
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The presence in the brain of large amounts of polyun-
saturated fatty acids (PUFA) from the n–3 and n–6 fami-
lies is in agreement with their major role in the structure
and function of this organ. These PUFA are exclusively
provided by the diet, in the form of precursors (

 

a

 

-lino-
lenic acid and linoleic acid) and long-chain derivatives.
Their functional role can therefore be assessed using di-
etary manipulation in animal models. Deprivation of n–3

 

PUFA in the rat over several generations results in overall
changes in performance on learning tasks as reviewed by
Wainwright (1). However, these modified responses can
often associate with differences in learning abilities and
differences in sensorial, motor, or motivational abilities
(2). In particular, increased response rates of several rein-
forcement factors and slower extinction have been shown
in n–3 PUFA-deficient rats (3–5), which can be inter-
preted as changes in motivation. Although it is difficult to
link responses to behavioral tests and specific neurochem-
ical pathways, we have recently proposed that the effects
of n–3 PUFA deficiency on the rat’s behavior could be
mediated through dopaminergic systems (6). This hy-
pothesis was mainly based on the known role of dopamine
(DA) as a major modulator of attention, motivation, and
emotion (7). Supporting our proposal, we have shown
that dietary provision of n–3 PUFA is able to act on
dopaminergic neurotransmission in the case of chronic
deficiency (6, 8) and also in the case of overload (9). In
the frontal cortex, several elements of this neurotransmis-
sion, i.e., the D

 

2

 

 receptors and the overall amount of DA,
were decreased in rats with long-term n–3 PUFA deficiency.
By contrast, we observed no change in the striatum, in
agreement with the lack of motor effects previously found
in such deficient animals (10–12). In addition, microdial-
ysis studies performed in the frontal cortex of deficient
rats showed reduction of the intra-neuronal vesicular
compartment of DA (13).

In order to clarify the relationships between the supply
of n–3 PUFA and neurochemical processes, we studied
several aspects of dopaminergic neurotransmission in one
termination of the mesolimbic dopaminergic pathway, the
nucleus accumbens (nAcc), in n–3 PUFA-deficient rats.

 

Abbreviations: DTBZ, dihydrotetrabenazine; nAcc, nucleus accum-
bens; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids; SFA, saturated fatty acids; DA, dopamine; DAT, DA trans-
porter; VMAT

 

2

 

, vesicular monoamine transporter.

 

1
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This cerebral region is of great interest for several reasons:

 

i

 

) the mesolimbic dopaminergic pathway has a major role
in attentional, motivational, and emotional processes (7,
14), 

 

ii

 

) several anatomical and functional findings demon-
strate that the activity of the nAcc is partly regulated by
cortical input (15–17). This can be expressed as an inhib-
itory effect of the prefrontal cortex on the dopaminergic
activity in the nAcc (18, 19). In addition, it has recently
been proposed that the reduced levels of DA and D

 

2

 

 recep-
tors measured in the frontal cortex of n–3 PUFA-deficient
rats (6, 8) could lead to reduction of the inhibition of the
nAcc, and this would be in agreement with the behavioral
disturbances described in these animals (20, 21).

Several findings of the present study demonstrate the
strong effects of n–3 PUFA deficiency on dopaminergic
functions in the nAcc. First, using a dynamic approach to
neurotransmission processes with the microdialysis method,
we studied basal DA release in awake rats and stimulated
cytoplasmic and vesicular DA release in anesthetized rats.
In addition, autoradiographic studies were performed in
order to evaluate several elements of dopaminergic trans-
mission such as the DA transporter (DAT), D

 

1

 

 and D

 

2

 

 recep-
tors, and the vesicular monoamine transporter (VMAT

 

2

 

).

MATERIALS AND METHODS

 

Animals and diets

 

Two generations of female Wistar rats originating from the
Laboratoire de Nutrition et Sécurité Alimentaire (INRA, Jouy-
en-Josas, France) were fed a diet containing 6 g/100 g fat in the
form of African peanut oil specifically deficient in 

 

a

 

-linolenic
acid, as described previously (6, 8). This deficient diet provided
1200 mg of linoleic acid but less than 6 mg of 

 

a

 

-linolenic acid per
100 g of diet. Two weeks before mating, female rats originating
from the second generation of 

 

a

 

-linolenic acid-deficient rats
were divided into two groups. The first group received the defi-
cient diet, and the second group received a diet in which peanut
oil was replaced by a mixture of 60% peanut oil and 40% rape-
seed oil. This diet (control) provided the same amount of li-
noleic acid as the deficient diet, and in addition, 200 mg of 

 

a

 

-
linolenic acid per 100 g of diet ([n–6]/[n–3] 

 

5

 

 6). Diets were
consumed ad libitum by both groups. At weaning, the male prog-
eny of these two groups of female rats received the same diets as
their respective dams. The overall composition of diets and the
fatty acid composition of dietary lipids are reported in 

 

Table 1

 

and 

 

Table 2

 

. Experiments were performed on 250–300 g male
rats (2–3 months of age) from both dietary groups. A total of 8
litters receiving each diet were used; each litter provided a mean
of 5 male rats which were mixed at weaning. The experimental
procedures were in compliance with guidelines from the Euro-
pean Communities Council directories 86/609/EEC.

 

Microdialysis in awake rats

 

Each animal was placed in a stereotaxic apparatus (Stoelting,
Wood Dale, IL) under ketamine anesthesia at a dose of 1.5 mg/kg
i.p. (Imalgène, Rhône Mérieux, France). A probe guide (CMA/
Microdialysis, Sweden) was implanted in the shell region of the left
nAcc (coordinates: antero-posterior 1.7; medio-lateral 1.0; dorso-
ventral 

 

2

 

6, from Bregma) according to the atlas of Paxinos and
Watson (22) (

 

Fig. 1

 

). Burr holes were drilled in the skull directly
above the point of insertion. Two anchor screws were inserted at

least 3 mm away from the implantation site. After fixation of the
probe guide with dental cement and removing the animal from
the stereotaxic frame, a microdialysis probe with 10% recovery
(polycarbonate, 15 kDA cut-off, 1 mm length, MAB 14-1, Sweden)
was slowly lowered into the nAcc shell under stereotaxic guidance.
The probe was immediately and continuously perfused with perfu-
sion buffer (Dulbecco modified liquid, ICN, USA 

 

1

 

 2.2 mmol/L
CaCl

 

2

 

) at 0.8 

 

m

 

l/min using a microsyringe pump (Harvard Appa-

TABLE 1. Diet composition

 

Control n–3-Deficient

 

g/kg

 

Casein 220 220

 

dl

 

 methionine 1.6 1.6
Corn starch 432.4 432.4
Saccharose 216 216
Cellulose 20 20
Mineral mixture

 

a

 

40 40
Vitamin mixture

 

b

 

10 10
Oils

 

c

 

Peanut 23.6 60
Rapeseed 36.4 —

 

a

 

Composition (g/kg of mineral mixture): CaHPO

 

4

 

?

 

2H

 

2

 

0, 380;
K

 

2

 

HPO

 

4

 

, 240; CaCO

 

3

 

, 180; NaCl, 69; MgO, 20; MgSO

 

4

 

?

 

7H

 

2

 

O, 90;
FeSO

 

4

 

.7H

 

2

 

O, 8.6; ZnSO

 

4

 

?

 

H

 

2

 

O, 5; MnSO

 

4

 

?

 

H

 

2

 

O, 5; CuSO

 

4

 

?

 

5H

 

2

 

O, 1;
NaF, 0.8; CrK(SO

 

4

 

)

 

2

 

.12H

 

2

 

O, 0.5; (NH

 

4

 

)

 

6

 

Mo

 

7

 

O

 

24

 

?

 

4H

 

2

 

O, 0.02; KI, 0.04;
CoCO

 

3

 

, 0.02; Na

 

2

 

SeO

 

3

 

, 0.02.

 

b

 

Composition of vitamin supplement, triturated in dextrose (mg/
kg of vitamin mixture): retinyl acetate (UI), 500,000; cholecalciferol
(UI), 250000; acetate dl-

 

a

 

-tocopherol (UI), 5,000; menadione (UI),
100; thiamine HCl (UI), 1,000; riboflavine, 1,000; nicotinic acid, 4,500;

 

d

 

-calcium panthotenate, 3,000; pyridoxine HCl, 1,000; inositol, 5,000;

 

d

 

-biotin, 20; folic acid, 200; cyanocobalamin, 1.35; 

 

l

 

-ascorbic acid,
10,000; paraamino-benzoic acid, 5,000; choline chlorhydrate, 75,000.

 

c

 

Total dietary lipids: 6 g/100 g of diet.

 

TABLE 2. Fatty acid composition of dietary lipids

 

Fatty Acids Control

 

a

 

n–3-Deficient

 

b

 

mg/100 mg fatty acids

 

16:0 8.1 9.9
18:0 2.4 3.1
20:0 0.9 1.2
22:0 1.2 1.8
24:0 0.6 0.8

SFA 13.1 16.8
16:1(n–7) 1.1 0.0
18:1(n–9) 60.9 60.8
18:1(n–7) 0.0 0.0
20:1(n–9) 1.1 1.1

MUFA 60.2 61.9
18:2(n–6) 21.2 21.3

(n–6) PUFA 21.2 21.3
18:3(n–3) 3.6

 

,

 

0.1

(n–3) PUFA 3.6

 

,

 

0.1

(n–6) 

 

1

 

 (n–3) 24.8 21.3
(n–6)/(n–3) 5.9 —

PUFA, mg/100 g diet
18:2(n–6) 1196 1201
18:3(n–3) 203

 

,

 

6

Abbreviations used: SFA, saturated fatty acids; MUFA, monounsat-
urated fatty acids; PUFA, polyunsaturated fatty acids. Oils were kindly
supplied by Lesieur-Alimentaire (Coudekerque; France).

 

a

 

African peanut oil–rapeseed oil mixture (60.5%–39.5%).

 

b

 

African peanut oil.
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ratus, South Natick, MA). The operated rats were allowed 24 h re-
covery with this perfusion before experimentation. After this equi-
librium period, the rate was modified to 2 

 

m

 

l/min and dialysates
were collected in 20-min fractions (40 

 

m

 

l) and kept at 

 

2

 

80

 

8

 

C until
analysis. The animals were killed after the experiments by a pento-
barbital bolus (Sanofi, France) and the probe site was macroscopi-
cally checked on sections.

 

Microdialysis in anesthetized rats

 

Under urethane anesthesia (Sigma, St. Louis, MO) at a dose of
1.5 g/kg i.p. in a single injection, each rat was placed in the stereo-
taxic apparatus. After drilling the skull on the previously described
coordinates, the microdialysis probe (without guide) was im-
planted in the shell region of the left nAcc as described above. The
probe was immediately and continuously perfused with the perfu-
sion buffer at 2 

 

m

 

l/min. Body temperature was maintained at 37 

 

6

 

1

 

8

 

C using a thermostatically controlled heating blanket (CMA 150,
CMA/Microdialysis Sweden). Three or four 20-min dialysate sam-
ples were collected after pre-perfusion for 1 h and were defined as
basal level before drug infusion. Potassium chloride (KCl 200
mmol/L, Sigma) or tyramine (200 

 

m

 

mol/L, RBI Bioblock, Illkirch,
France) was added to the buffer perfusing the dialysis probe for 20
min. After this stimulation (separate animals for each drug), the
basal level was recovered for 1 h 40 (5 dialysates). Samples of dialy-
sate were kept at 

 

2

 

80

 

8

 

C until analysis.

 

HPLC analysis

 

Dialysate levels of catecholamines were measured using HPLC
with electrochemical detection according to the previously de-
scribed procedure (13). Briefly, an isocratic mobile phase (con-
sisting of 7% acetonitrile, 3% methanol and 90% citric acid 0.02
mol/L 

 

1

 

 monobasic phosphate sodium 0.01 mol/L 

 

1

 

 octane-
sulfonic acid 0.0045 mol/L 

 

1

 

 heptanesulfonic acid 0.003 mol/L 

 

1

 

EDTA 0.0001 mol/L 

 

1

 

 o-phosphoric acid and diethylamine with
pH 2.5 adjusted using HCl) was pumped at 0.3 ml/min with a
Gold 118 system (Beckman, Fullerton, CA). Separation was per-
formed with a 5 

 

m

 

m C18, 3.2 

 

3

 

 100 mm column (LC-22C, Bioan-
alytical Systems, West Lafayette, IN). A glassy carbon working set

at 

 

1

 

 0.8 V with reference to an Ag/AgCl electrode was used to
detect compounds of interest. Signals were recorded and quanti-
fied by the Beckman Gold 118 integrator, calibrated with a stan-
dard aqueous solution of DA, 3,4 dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA). Under these condi-
tions, the limit of detection of DA was 0.1 fmol/

 

m

 

l.

 

Autoradiographic studies

 

S(

 

2

 

)-sulpiride (

 

1

 

)-butaclamol hydrochloride, desipramine hy-
drochloride, and reserpine were purchased from RBI, pargyline was
obtained from Sigma (France), and mazindol was a gift from San-
doz (France). [

 

3

 

H]-SCH-23390 (specific activity, 71.1 Ci/mmol),
[

 

3

 

H]-YM-09151-2 (specific activity, 81.4 Ci/mmol), and [

 

3

 

H]mazin-
dol (specific activity, 17 Ci/mmol) were obtained from NEN
(France) and [

 

3

 

H]dihydrotetrabenazine ([

 

3

 

H]-DTBZ, specific activ-
ity, 186 Ci/mmol) was obtained from Amersham (Netherlands).

Rats were killed by decapitation, the brains were rapidly re-
moved and divided on the coronal plane anterior to the cerebel-
lum. The forebrain portion was frozen in a mixture of isopen-
tane/dry ice (at 

 

2

 

35

 

8

 

C) and stored at 

 

2

 

80

 

8

 

C until use. Twenty
micrometer-thick sequential coronal sections through the nAcc
(antero-posterior coordinates 1.7 from Bregma according to the
atlas of Paxinos and Watson) were cut at 

 

2

 

20

 

8

 

C ( Jung Cryocut
1800, Leica, France), thaw mounted onto gelatin-coated slides
and stored at 

 

2

 

80

 

8

 

C until assay.
Binding to DA D

 

1

 

 receptors, DA D

 

2

 

 receptors, and DAT was
measured with the specific tritiated ligands, [

 

3

 

H]-SCH-23390,
[

 

3

 

H]-YM-09151-2, and [

 

3

 

H]mazindol, respectively, according to
previously described procedures (8).

Binding of [

 

3

 

H]-DTBZ to the vesicular monoamine transporter
(VMAT

 

2

 

) was assessed using the procedure of Wilson and Kish
(23) with minor modifications. Briefly, 20 

 

m

 

m-thick coronal sec-
tions were pre-washed for 1 h at room temperature in 50 mmol/L
sodium phosphate buffer, pH 7.7, in order to remove endogenous
competing substances. Sections were then incubated at room tem-
perature for 1 h in sodium phosphate buffer containing 7.5 nmol/
L [

 

3

 

H]-DTBZ. Non-specific binding was defined in the presence of
2 

 

mmol/L reserpine in the sodium phosphate buffer. After incuba-

Fig. 1. Coronal section illustrating the location of the microdialysis probe and the analyzed area in autora-
diographic studies (open rectangle) in the nucleus accumbens shell, according to the atlas of Paxinos and
Watson (22); nAcc(Sh), nucleus accumbens shell; nAcc(C), nucleus accumbens core.

 at IN
R

A
 Institut N

ational de la R
echerche A

gronom
ique on S

eptem
ber 8, 2010 

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org


Zimmer et al. N–3 PUFA deficiency and dopamine in nucleus accumbens 35

tion, slices were washed in sodium phosphate buffer at 48C for 3
min and rinsed in distilled water before drying.

Dried sections were exposed on tritium-sensitive film ([3H]-Hy-
perfilm, Amersham, France) in the presence of tritium-calibrated
standards (Microscales, Amersham) for appropriate periods, i.e.,
9 days for D1 receptors, 5 weeks for D2 receptors, 5 weeks at 48C
for DAT and 3 weeks for VMAT2. Films were developed and den-
sitometric analysis of autoradiograms in the nAcc shell (Fig. 1)
was performed by computer-assisted video densitometry (Bio-
com, Siemens Nixdorf). Optical densities were converted to ap-
parent tissue ligand concentrations with reference to radioactive
standards and specific activity of the radioligands.

Statistical analyses
Microdialysis results were compared between deficient and

control rats by one-way ANOVA (diet-factor) with repeated mea-
sures over time. Comparisons at individual time points were
made by a post hoc F Scheffe test.

Autoradiographic data were analyzed by Student’s t-test for un-
paired values. Differences in values were considered significant
when P , 0.05.

RESULTS

Figure 2 shows the extracellular basal levels of DA,
DOPAC, and HVA in the nAcc shell of awake rats. The basal
level of released DA was significantly higher in deficient
rats compared to control rats (2.95 6 0.70 versus 0.74 6
0.17 fmol/ml of dialysate, respectively, P , 0.05). Moreover,
the basal level of DOPAC was significantly lower in deficient
rats (44.2 6 10.6 fmol/ml versus 248.9 6 48.8 fmol/ml in
the control group, P , 0.05). The basal level of HVA was
also significantly lower in deficient rats (48.4 6 7.6 fmol/ml
versus 76.5 6 8.1 fmol/ml in the control group, P , 0.05).

Figure 3 shows the changes in DA, DOPAC, and HVA re-
lease in anesthetized rats after KCl stimulation (200
mmol/L). There was no significant difference between di-
etary groups in terms of basal levels of DA and metabolites
(0.97 6 0.19 versus 1.29 6 0.32 fmol/ml of dialysate for
DA, 87.5 6 10.2 versus 92.3 6 16.3 fmol/ml for DOPAC
and 70.6 6 6.9 versus 89.3 6 15.9 fmol/ml for HVA, in de-
ficient and control rats, respectively). Arrows on the fig-
ures indicate the duration of KCl infusion. This led to an
increase in the dialysate DA content: the maximum re-
sponse was 5.5 times higher than basal values for both de-
ficient and control rats. This increase in DA level was ac-
companied by a reduction in the levels of DOPAC and
HVA, without significant difference between dietary
groups.

Figure 4 shows the changes in DA, DOPAC, and HVA
release in anesthetized rats after tyramine stimulation
(200 mmol/L). Basal levels of DA and metabolites were si-
milar for both dietary groups (1.44 6 0.39 versus 1.24 6
0.41 fmol/ml of dialysate for DA, 99.4 6 30.2 versus 100.0
6 26.6 fmol/ml for DOPAC and 84.5 6 8.4 versus 109.0 6
16.6 fmol/ml for HVA for deficient and control rats, re-
spectively). Arrows on the figures indicate the duration of
tyramine infusion. This resulted in significantly different
increases in DA release between the deficient and control
rats. At the maximum effect, the DA levels were 12- and

113-fold the basal values for the deficient and control
groups, respectively. Stimulated release of DA was there-
fore dramatically and significantly lower in deficient rats
than in control rats (P , 0.05). DOPAC levels were simi-
larly enhanced under tyramine infusion in both dietary
groups, whereas HVA levels were unchanged.

Figure 5 shows representative false-color coded micro-
photographs demonstrating the location of dopaminer-
gic receptors (D1, D2) and the transporters (DAT, VMAT2)
in the nucleus accumbens shell of n–3 PUFA-deficient
rats.

Fig. 2. Basal levels of DA and metabolites (DOPAC, HVA) ob-
tained by microdialysis in the shell part of the nAcc of awake ani-
mals (n 5 6 for each dietary group). Data are the mean 6 SEM and
are expressed in fmol/ml of dialysate (without probe correction).
* Significant difference between control (h) and deficient (j) rats
(P , 0.05, ANOVA).
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Table 3 shows the D1 receptor, D2 receptor, DAT, and
VMAT2 binding sites measured in the shell region of
nAcc. The density of dopamine D1 receptor sites, evalu-

ated by the specific binding of [3H]SCH-23390, was high
in the nAcc (about 150 pmol/g of wet tissue) and was sim-
ilar in both the deficient and control groups.

The specific binding of [3H]-YM-09151-2 to D2 recep-
tors was consistently and significantly higher in the n–3
PUFA-deficient rats than in controls (136%, P , 0.05).
Mean specific binding of [3H]-YM-09151-2 was 87.0 6 22.8

Fig. 3. Effect of in situ KCl infusion (200 mmol/L) on DA and
metabolite levels in dialysates collected from the nAcc shell of anes-
thetized control (h) and deficient rats (r). Double arrows indicate
the KCl infusion period. Data are the mean percentages of basal
levels 6 SEM (n 5 7 for each dietary group).

Fig. 4. Effect of in situ tyramine infusion (200 mmol/L) on DA
and metabolite levels in dialysates collected from the nAcc shell of
anesthetized control (h) and deficient rats (r). Double arrows
indicate the tyramine infusion period. Data are the mean per-
centages of basal levels 6 SEM (n 5 7 for each dietary group).
* Increase in DA after stimulation was significantly different be-
tween control and deficient rats (P , 0.05, Student’s t -test for un-
paired values).
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pmol/g of wet tissue in the deficient rats compared to
64.0 6 15.5 pmol/g of wet tissue in controls.

The DAT binding sites were revealed by [3H]mazindol,
and the mean specific binding was 90 pmol/g of wet tissue
for both deficient and control rats.

The specific binding of [3H]DTBZ to VMAT2 was 60%
lower in the nAcc of deficient rats compared to controls
(11.3 6 2.5 versus 28.1 6 3.3 pmol/g of wet tissue, P , 0.05).

DISCUSSION

We have previously shown that an unbalanced supply
(deficiency or excess) of n–3 PUFA changed several as-
pects of the dopaminergic neurotransmission in the fron-
tal cortex of rats (6, 8, 9, 13). The results of the present
study show that chronic deficiency of n–3 PUFA strongly
acts on dopaminergic neurotransmission in the nAcc, af-

Fig. 5. Color-coded images of coronal sections of the anterior forebrain of control and n –3 PUFA-deficient
rats showing (A) the distribution of dopaminergic D1 and D2 receptors and (B) the distribution of neuronal
and vesicular transporters, DAT and VMAT2. Color scale: from red color (high radioactivity) to blue color
(low radioactivity).
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fecting both DA metabolism and several molecular targets
of DA such as receptors and transporters. Chronic n–3
PUFA-deficient rats had higher basal levels of DA and
lower basal levels of metabolites (DOPAC, HVA) in the
shell part of the nAcc than animals receiving a dietary sup-
ply of n–3 PUFA corresponding to need (10). Moreover,
the vesicular storage pool of DA was markedly decreased,
whereas the cytoplasmic pool was unchanged. Examina-
tion of several DA binding sites in this cerebral region
showed a 35% increase in D2 receptors with no change in
D1 receptors, and a 60% decrease in the vesicular monoam-
ine transporter (VMAT2) with no change in the mem-
brane dopamine transporter (DAT). These results there-
fore demonstrated that dopaminergic neurotransmission
in the nAcc is modified by n–3 PUFA deficiency.

The nAcc belongs to the mesolimbic dopaminergic sys-
tem and thus plays an important role in cognitive and af-
fective functioning (7, 17). Various studies have indicated
that the processes of positive reinforcement are mediated
through DA release in the nAcc, and more particularly in
the shell portion which is involved in emotional and cog-
nitive responses (24). This cerebral region responds to
novel stimuli or stimuli associated with rewards with a DA
surge (25) which is decreased after environmental habitu-
ation (26). In addition, evidence has been accumulated
that the mesocortical DA pathway indirectly inhibits the
DA response of the mesolimbic pathway (27). This inhibi-
tion seems to be mediated through glutamate and GABA
fibers, which globally inhibit release of DA from the nAcc
nerve terminals (28). The basal output of DA terminals in
the nAcc is therefore under tonic inhibitory control of the
frontal cortex (29).

Our results revealed an enhanced basal DA level in the
nAcc in n–3 PUFA-deficient rats. This could be related to
previous findings that showed a lower endogenous DA
concentration in the frontal cortex of these animals, with
higher extracellular metabolite levels and reduced storage
pool of DA (6, 8, 13). It can be hypothesized that the de-
creased levels of total and packaged DA in the frontal cor-
tex of deficient rats would decrease inhibition of the nAcc
and thus explain the enhanced DA release in the nAcc of
these animals.

In addition to these changes in DA metabolism, we ob-
served a 36% increase in [3H]-YM-0915-2 binding in the
shell of the nAcc in n–3-deficient rats compared to con-
trols. [3H]-YM-0915-2 is a D2-like DA receptor antagonist
(30) which binds both to D2 and D3 DA sites (31). In the
nAcc, these DA binding sites are largely localized in affer-
ent fibers where they act as autoreceptors and regulate
the release of DA in the synaptic cleft (32, 33). Although
our autoradiographic studies did not discriminate between
modification in the affinity or number of binding sites, it
can be hypothesized that the density of DA D2 and/or D3
autoreceptors was increased in the shell of the nAcc in de-
ficient animals. This could be a response mechanism to the
rise in the basal DA levels measured in this cerebral region.

Moreover, we studied both pools of intraneuronal DA,
the cytoplasmic pool and the storage pool, using the mi-
crodialysis technique and specific in situ stimuli. We chose
pharmacological stimulation in anesthetized animals in
order to avoid any effects of external stimuli which could
influence dopaminergic release in the nAcc (7). It is known
that KCl infusion induces release of newly synthesized DA,
whereas tyramine acts on DA from vesicular stores (34,
35). The KCl-induced release of DA was not different be-
tween deficient and control animals. In contrast, the
tyramine response was markedly reduced in deficient ani-
mals. These results therefore demonstrated that n–3
PUFA deficiency induced the same decrease in the vesicu-
lar pool of DA in the nAcc as previously observed in the
frontal cortex (13). In order to evaluate the mechanism
leading to a decrease in this dopaminergic storage pool, we
labeled the vesicular monoamine transporters (VMAT2) us-
ing [3H]dihydrotetrabenazine. The density of [3H]DTBZ,
which reflects the number and/or affinity of functional
vesicular transporters (36), was markedly decreased in de-
ficient animals. This result, associated with reduced DA re-
lease under tyramine stimulation, could correspond to a
reduction in the number of dopaminergic vesicles. n–3
PUFA deficiency might significantly alter the physical
properties of vesicular membranes (fluidity, permeabil-
ity), as already suggested (10, 37), and might thus de-
crease vesicle formation. In accordance with this hypothe-
sis, it has already been shown that a-linolenic acid dietary
deficiency can affect vesicular density in the rat hippocam-
pus after learning sessions (38). These results could be re-
lated to the known modifications in the fatty acid compo-
sition of neuronal membrane phospholipids occurring
with this dietary deficiency (10, 39). Moreover, we previ-
ously reported that the level of docosahexaenoic acid
(22:6n–3), the predominant n–3 PUFA in membrane
phospholipids, was 75% lower in the ventral striatum (in-
cluding nucleus accumbens) in our model of deficient
rats (6). This low level of 22:6(n–3) was compensated for
by a significantly higher amount of n–6 PUFA, particu-
larly 22:5(n–6), in the same area. It can be therefore hy-
pothesized that in deficient rats the high DA level under
environmental stimulation (awake animals) could be the
cumulative consequence of both low storage of newly syn-
thesized DA and deinhibition of the nAcc related to hypo-
function of the frontal cortex. Although metabolite levels

TABLE 3. Effect of dietary a-linolenic acid deficiency on
dopaminergic and VMAT2 binding sites in the shell

nucleus accumbens in 2 month-old male rats

Binding Site Controla n–3-Deficientb

pmol/g wet tissue

D1 153.0 6 20.1 154.5 6 14.2
D2 64.0 6 15.5 87.0 6 22.8a

DAT 90.0 6 14.1 93.5 6 13.5
VMAT2 28.1 6 3.3 11.3 6 2.5*

Values are given as means 6 SD ; n 5 8. The brain sections of each
group of rats (one control, one deficient) were exposed on the same
film (*, significantly different from control, P , 0.05, Student’s t -test).
D1, dopamine D1 receptors; D2, dopamine D2 receptors; DAT, dopa-
mine transporters; VMAT2, vesicular monoamine transporters.

a African peanut oil–rapeseed oil mixture (60.5%–39.5%).
b African peanut oil.
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may not always be reliable indicators of DA release (40),
the decreased levels of DOPAC and HVA in deficient
awake rats could be explained by the high level of DA
release before intra-neuronal metabolism.

Finally, our results agree with several studies reporting
behavioral effects of n–3 PUFA deficiency. In particular,
studies of visual discrimination abilities in behavioral pro-
cedures using food as positive reinforcement (3–5) dem-
onstrated that n–3 PUFA deficiency acted on motivation
or response to reward rather than through direct effect
on learning ability. According to this assumption, greater
reactivity to external stimuli related to a deficit in atten-
tion could interfere with and in turn delay the acquisition
of learning in these animals (2). In view of the involve-
ment of mesolimbic DA release in the pleasurable effect
of reinforcing stimuli, it can therefore be assumed that in
n–3 PUFA-deficient rats all environmental stimuli have
the value of reward and lead to greater responses to the
external environment. This could also explain the slower
extinction process previously described by Yamamoto et al.
(5). All these behavioral findings would be in agreement
with the rise in basal DA levels observed in the shell of the
nAcc. Moreover, the DA storage pool is particularly mobi-
lized during cognitive sessions (41), and our results of
tyramine stimulation indicated that this pool could be
reduced in n–3 PUFA-deficient rats. It can therefore be
hypothesized that the positive reward is less effective in
deficient rats and thus disrupts learning. An increased
tendency to engage with stimuli in the environment and a
disrupted reinforcement process could then together con-
tribute to the poorer performance in cognitive tasks ob-
served in n–3 PUFA-deficient rats.

In conclusion, this study demonstrates that n–3 PUFA
deficiency induces modifications in DA neurotransmis-
sion in the nAcc. The enhanced physiological DA release
can be partly explained by a reduction in the effectiveness
of inhibitory effect of the frontal cortex on the DA nerve
terminals in the nAcc in deficient rats. This could result in
a DA surge in the nAcc which might then cause an in-
creased tendency to engage with stimuli in the environ-
ment, as already proposed by Reisbick and Neuringer
(21). Thus, the present findings provide new neurochemi-
cal evidence of the mechanisms explaining the effects of
n–3 PUFA deficiency on behavior.
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