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Inadequate dietary n-3 polyunsaturated fatty acid (PUFA) content is associated with altered function of
the CNS dopamine systems. In this study, the effects of dietary n-3 PUFA content were determined on
dopamine cell number and morphology. Adult (postnatal day 70), male, Long-Evans rats were raised from
conception on diets containing adequate (control) or negligible n-3 PUFAs. The number and morphology
of tyrosine hydroxylase-positive cells in the substantia nigra pars compacta and ventral tegmental area
were determined stereologically. The number of tyrosine hydroxylase-positive cells in rats fed the n-
3 PUFA-deficient diet was 33.9% lower in the substantia nigra pars compacta and 33.7% lower in the
ventral tegmental area than in those fed the control diet (P<0.05); however, the volume of tyrosine
hydroxylase-positive cell bodies was not different between diet groups in either brain region. Rats fed the
n-3 PUFA-deficient diet also exhibited dendritic depletion and isolation of tyrosine hydroxylase-positive
cells compared to rats fed the control diet, which had clustering of tyrosine hydroxylase-positive cells and
extensive dendritic arborization. These findings support a role for n-3 PUFAs in the survival of dopamine
neurons and suggest that altered dopamine cell number, as well as function, contributes to the behavioral
effects observed in rats raised on n-3 PUFA-deficient diets.
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Dopamine is a major neurotransmitter in the central nervous
system (CNS) with three major projections arising from the
dopamine perikarya in the substantia nigra and ventral tegmen-
tal area [16]. The nigrostriatal pathway projects primarily from
the substantia nigra pars compacta to the neostriatum, and is
the component of the extrapyramidal motor system that degen-
erates in Parkinson’s disease. The mesocortical pathway projects
primarily from the ventral tegmental area to the cortex, and is
involved in cognitive function. Hypofunction of this system is
associated with schizophrenia and attention deficit hyperactivity
disorder [6,7,23,24,31,35,38]. The mesolimbic system projects pri-
marily from the ventral tegmental area to limbic brain regions, such
as the nucleus accumbens, and is involved in reinforcement and
reward. The “dopamine hypothesis of schizophrenia” proposes that
the positive symptoms of schizophrenia arise from hyperactivity of
this pathway.
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Long chain polyunsaturated fatty acids (LC-PUFAs) are a major
component of the phospholipids that form the membranes of all
cells. In the CNS, docosahexaenoic acid (DHA, 22:6n-3), which is
derived from the essential fatty acid a-linolenic acid (18:3n-3), is
the predominant species of LC-PUFA, representing about 15% of
the total fatty acids [36]. Brain DHA accumulates primarily during
late prenatal and early neonatal life, and is important for neurode-
velopment. Inadequate accumulation of DHA can occur because
of insufficient n-3 PUFA content in the maternal diet, neonatal
diet, or the diet after weaning, and is associated with subop-
timal attentional and cognitive function. In addition, a growing
body of epidemiological and clinical evidence suggests that low
dietary and/or tissue levels of n-3 LC-PUFAs, particularly DHA, may
contribute to the development or severity of neuropsychiatric dis-
orders such as schizophrenia and attention deficit hyperactivity
disorder, with early development as a period of particular vul-
nerability [26]. Concordant with these observations, studies in
animals also indicated altered function of the mesolimbic and
mesocortical dopamine systems in rats raised from conception
with very low levels of brain DHA [5]. Alterations in behaviors
associated with dopaminergic function are also noted in animals
with inadequate accretion of DHA during development, though the
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effects vary depending on the magnitude of the decrease in DHA
[10,11,18,19,33].

As a component of membrane phospholipids, the percentage of
DHA influences the physicochemical properties of the membrane,
and thus the function of a variety of membrane-bound proteins,
including dopaminergic, GABAergic, and cholinergic receptors in
vitro [12,25,39]. DHA and other LC-PUFAs also serve as precur-
sors for inter- and intracellular signals, such as prostaglandins and
neuroprotectin D1, and activate transcription factors [3,13,34]. In
addition, DHA has anti-apoptotic effects in neuronal cells [34]. DHA
may be of particular importance for dopamine neurons as it is a lig-
and for the retinoid X receptor (RXR) [8]. The RXR heterodimerizes
with Nurr1, and promotes differentiation and survival of dopamine
neurons, and modulates dopamine synthesis and function during
both development and adult life [30,40,41]. Interactions of RXR and
Nur77 also modulate dopaminergic function [20].

To further understand the role of n-3 PUFAs on the CNS
dopamine systems, the effects of dietary n-3 PUFA content were
determined on dopaminergic cell number and morphology. We will
show that young adult rats fed an n-3 PUFA-deficient diet through-
out the lifespan have decreased numbers of dopamine neurons in
both the substantia nigra and ventral tegmental area compared to
those fed a diet containing adequate n-3 PUFAs.

Research was performed in compliance with the NIH Guide for
the Care and Use of Laboratory Animals and approved by the Uni-
versity of Kansas Medical Center Institutional Animal Care and Use
Committee.

The control diet was prepared from a purified powdered
basal diet (TD00235, Teklad, Indianapolis, IN) and pure soybean
oil (without hydrogenation) (70 g/kg). Accordingly, the control
diet contained 4.20 g/kg a-linolenic acid (18:3n-3) and 33.81 g/kg
linoleic acid (18:2n-6). The control diet is identical in composi-
tion to AIN-93G (Teklad, Indianapolis, IN), which meets all current
nutrient standards for rat pregnancy and growth [32]. The deficient
diet was the same as the control diet, except it was prepared with
safflower oil (66.5 g/kg) and soybean oil (3.5 g/kg), and thus con-
tained 0.38 g/kg a-linolenic acid (18:3n-3) and 45.96 g/kg linoleic
acid (18:2n-6).

Male, Long-Evans rats (70 days old; n=8, each from a different
litter) were raised from conception on the experimental diets and
were from the second litter produced by the respective dam. Rats
used for breeding (>10 weeks old when initially mated; Harlan,
Indianapolis, IN) were obtained at least 5 days prior to initia-
tion of any treatments. Rats were housed in a temperature- and
humidity-controlled animal facility with a 12-h dark-light cycle (on
at 06:00h), food and water ad libitum, and were weighed and han-
dled regularly. Male breeders were fed standard laboratory chow
when not being mated. Dams were placed on the experimental diets
at the time of initial mating, and were fed the respective diet for the
duration of the study. Litters were culled to 8 pups on postnatal day
1 and weaned on postnatal day 20. Weaned offspring were group-
housed and maintained on the maternal diet. Dams were re-mated
10 days after weaning the first litter. Using these procedures, second
litter offspring raised on the deficient diet have brain phospholipid
DHA contents that are roughly 45% lower than those raised on the
control diet [28].

On postnatal day 70, rats were deeply anesthetized with Avertin
(230mg/kg, s.c.; Sigma-Aldrich, St. Louis, MO), perfused with
0.1 M phosphate buffered saline (PBS) (pH 7.2), followed by 4%
paraformaldehyde in PBS, and decapitated. Skulls were post-fixed
in the perfusion fixative at room temperature for at least 7 days, and
then transferred into PBS for shipment to NeuroScience Associates.

Brains were extracted and sections (60 p.m) prepared by Neuro-
Science Associates (Knoxville, TN) using MultiBrain™ Technology.
Free-floating sections were stained for tyrosine hydroxylase (TH)

with a 1:1500 dilution of TH primary antibody (Pelfreez, Milwau-
kee, WI), a goat anti-rabbit secondary antibody, and an avidin biotin
complex (Vectastain ABC kit, Vector, Burlingame, CA). Adjacent sec-
tions were stained with cresyl violet. Samples were mounted on
gelatinized (subbed) glass slides for viewing.

Tyrosine hydroxylase-positive and Nissl stained cells bodies in
the substantia nigra pars compacta and ventral tegmental area
were quantitatively and qualitatively evaluated for both neuronal
number and cell body volume using stereological methods. Sec-
tions were initially screened for percentage areas of staining then
reconstructed in three dimensions. Every sixth section containing
the regions of interest (Bregma —4.70 to —6.30 mm) was selected
from a random initial sort to ensure random overall sampling.
The MultiBrain™ technology used for the histological procedure
assures that brains embedded in gelatin prior to sectioning pos-
sess enough variance to provide a random and unbiased sampling
of each of the 16 brain sections on each slide. The optical frac-
tionator method and the Stereologer software package [27] were
used to count stained cells using a Nikon Eclipse 80i microscope,
linked to a Sony 3CCD Color Digital Video Camera, which operated
an Advanced Scientific Instrumentation MS-2000 motorized Stage
input into a Dell Precision 650 Server and a high resolution plasma
monitor. Areas of interest were precisely outlined and checked
against an atlas [29]. The inclusion grid was then randomly applied
by the software. The stereology was performed at high magnifica-
tion with 100x /1.4 aperture oil immersion lenses (yielding 3600x)
which allows for clear visualization of the nucleolus and precise
definition of the cell walls. An IUR volumetric assessment was per-
formed on each counted neuron to assess cell body volume. The
coefficient of error for all samples fell within the limits of 0.02-1.5
(n=16).

Quantitative data are presented as the mean + S.E.M. and were
analyzed by Student’s t-test (two-tailed) (GraphPad InStat v.3). Dif-
ferences were considered significant at P<0.05.

Weights of rats fed the control and deficient diets on postnatal
day 70 were 376+ 16 g and 359 + 13 g, respectively, and were not
different between groups.

In the substantia nigra pars compacta, the number of tyrosine
hydroxylase-positive cells in rats fed the deficient diet was 33.9%
lower than in those fed the control diet (P<0.05) (Fig. 1). In the ven-
tral tegmental area, the number of tyrosine hydroxylase-positive
cells in rats fed the deficient diet was 33.7% lower than in those
fed the control diet (P<0.01). The volume of tyrosine hydroxylase-
positive cell bodies was not difference between diet groups in either
brain region.

High power examination of morphology revealed that the area
of the substantia nigra pars compacta was smaller in rats fed the
deficient diet and had fewer tyrosine hydroxylase-positive pro-
jections to the pars reticulata compared to rats fed the control
diet (Fig. 2). Rats fed the deficient diet also exhibited dendritic
depletion and isolation of tyrosine hydroxylase-positive cells com-
pared to rats fed the control diet, which had clustering of tyrosine
hydroxylase-positive cells and extensive dendritic arborization in
both the substantia nigra pars compacta and the ventral tegmental
area.

The present findings clearly demonstrate lower numbers of
dopamine neurons in rats fed a diet deficient in n-3 PUFAs, a treat-
ment that has been previously shown to reduce brain phospholipid
DHA content by roughly 45% [28]. Furthermore, dopaminergic neu-
rons in the substantia nigra pars compacta and ventral tegmental
area were reduced by the same proportion, suggesting that the
effects of the n-3 PUFA-deficient diet were not selective for either
population of cells.

In contrast to the present findings, a previous study reported
that decreased brain DHA content resulted in decreased neuron size
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Fig. 1. Effects of dietary n-3 PUFA content on dopaminergic cell numbers and cell body volume in the substantia nigra pars compacta (A) and ventral tegmental area (B). Data
are presented at the mean + S.E.M. (n=8 per group). *P<0.05 and **P<0.01 by Student’s t-test (two-tailed).

in the hippocampus, hypothalamus, piriform cortex, and entorhi-
nal cortex [1,2]. The studies of Salem and colleagues [1,2], however,
did not examine the dopaminergic perikarya, and differed from
the present study in that rats were fed a diet lacking a-linolenic
acid-deficient for three generations, resulting in a greater decrease
in brain DHA content (—87%) than in the rats used in this study,
and cell body volumes were determined by different methods.
These methodological issues may have contributed to the differ-
ences between the results of these studies. It is also likely that
inadequate dietary n-3 PUFA content produces different effects on
specific types of neurons in various brain regions.

The mechanism by which the n-3 PUFA-deficient diet resulted
in lower numbers of dopaminergic cells in the substantia nigra pars
compacta and ventral tegmental area must be determined in future
studies. The anti-apoptotic actions of DHA [34] and its role as an
RXR ligand [8,30] may contribute to this effect. Whether the appar-
ent neuroprotective effects of a diet containing adequate n-3 PUFAs
occur during early development and/or later in the lifespan also
remains to be determined.

Regardless of the mechanism by which the n-3 PUFA-deficient
diet resulted in decreased numbers of dopaminergic neurons,
decreases in cell number could contribute to the behavioral alter-
ations observed in animals raised on similar diets, such as changes
in motor activity and exploratory behavior in rats and increased
stereotyped behavior in rhesus monkeys [10,11,18,19,33]. These
alterations in cell number may also contribute to the alterations
in dopaminergic neurochemistry observed in previous studies. For
example, using a multigenerational model of n-3 PUFA-deficiency

in which rats have a larger decrease in brain DHA content (—75%)
than those in this study, Chalon and colleagues found a num-
ber of alterations in terminal fields of the mesolimbic dopamine
system. Of note, amphetamine-stimulated dopamine release and
the densities of dopamine-immunoreactive vesicles, D, receptor
mRNA, and the vesicular monoamine transporter (VMAT,) were
decreased in the frontal cortex [9,43,44]. In the nucleus accum-
bens, amphetamine-stimulated dopamine release and the density
of VMAT, were decreased, while basal dopamine release and D,
receptor density were increased [9,42-44]. However, in contrast
to the present finding of differences in dopamine cell number in
both the ventral tegmental area and the substantia nigra pars com-
pacta, neurochemical parameters in the striatum were relatively
unaffected in the multigenerational DHA deficiency model [9,17].
This apparent discrepancy may be due to the magnitude of the
decrease in dopaminergic cells produced by our manipulation of
brain DHA content. Clinical Parkinsonism is not typically apparent
until patients have lost roughly 80% of their nigrostriatal dopamine
neurons. Accordingly, if a decrease in the number of nigrostriatal
neurons of the magnitude observed in this study (—34%) also occurs
in the multigenerationally DHA-deficient rat [9,17], the decrease in
cell number might be insufficient to produce significant alterations
in the parameters measured.

Perhaps most importantly, decreased numbers of dopamine
neurons in the substantia nigra pars compacta could confer
increased vulnerability to insults and pathological processes that
contribute to the development of Parkinson’s disease. For exam-
ple, exposure to certain toxins in utero, such as bacterial endotoxin,
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Fig. 2. Representative photomicrographs of tyrosine hydroxylase-positive dopamine neurons from rats fed control or n-3 PUFA-deficient diets. (A) Control diet, 2x magni-
fication (bar =100 wm). (B) Control diet, SNc, 100x magnification (bar=1 pwm). (C) Control diet, VTA, 100x magnification, (bar=1 wm). (D) Deficient diet, 2x magnification
(bar=100 pwm). (E) Deficient diet, SNc, 100x magnification (bar=1 wm). (F) Deficient diet, VTA, 100x magnification (bar=1 wm). (A-C) and (D-F) are from the same animal,
respectively, under the same light and staining conditions. Abbreviations: SNc: substantia nigra pars compacta; VTA: ventral tegmental area.

decreases the number of nigrostriatal dopamine neurons at birth,
and leads to increased sensitivity to subsequent Parkinsonism-
inducing treatments in rats [21,22]. Accordingly, the present
findings suggest that increased dietary n-3 PUFA content or sup-
plements might be useful attenuating the underlying pathology
of Parkinson’s disease, which appears to involve apoptotic pro-
cesses [37]. Brain fatty acid composition, however, was not different
between postmortem Parkinson’s patients and controls [15]. While
this may appear discrepant with the present findings and a poten-
tial role for decreased DHA in Parkinson’s disease, the decreased
numbers of dopamine neurons observed in this study may be the
result of decreased neurogenesis and/or increased apoptosis dur-
ing pre- and early post-natal development. Brain DHA content at
that developmental stage is a function primarily of maternal diet
and milk composition [14], which in humans might not be reflected
in adult brain DHA levels. Low DHA consumption and tissue levels
were associated with higher risk of Alzheimer’s disease, another
neurodegenerative disease, and DHA had beneficial effects in ani-
mal models of the disease, though clinical efficacy remains to be
demonstrated [4].

In conclusion, the present data indicate that decreased dietary
n-3 PUFAs result in decreased numbers of dopaminergic neurons
in both the substantia nigra pars compacta and ventral tegmen-
tal area. This supports a role for n-3 PUFAs in the survival and
maintenance of dopamine neurons. This decrease in numbers of
dopaminergic neurons in animals raised on an n-3 PUFA-deficient
diet could confer increased vulnerability to other insults that affect
these neurons.
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