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Abstract

A growing literature suggests the association of low tissue levels and/or dietary intake of n-
polyunsaturated fatty acids (PUFA) with depressive illnesses. Animal studies show that low tissue
and/or dietary n-3 PUFAs can lead to behaviors and neurobiological effects associated with
depression, and can potentiate the consequences of stress. Higher n- 3 PUFA tissue levels or
intake have the opposite effect. These data support the involvement of n-3 PUFAS levels in the
disease processes underlying depression. In addition, these pre-clinical findings indicate
neurobiological mechanisms whereby n-3 PUFAs may contribute to the disease including control
of serotonergic and dopaminergic function, modulation of brain-derived neurotrophic factor
(BDNF) in the hippocampus, regulation of the hypothalamic-pituitary-adrenal axis, and effects on
neuroinflammation. This pre-clinical evidence for a role for n-3 PUFA in the pathophysiology and
treatment of depressive illness are reviewed. The implications of these finding for future pre-
clinical research and clinical application are discussed.
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INTRODUCTION

Depression, a disease with symptoms such as depressed mood, lack of interest, anhedonia,
feelings of guilt or worthlessness, suicidal thoughts, and sometimes attempted or actual
suicide [1], has a lifetime prevalence of about 20%, and occurs roughly twice as often in
women than in men [2]. Although not fully understood, the underlying pathology of the
disease involves as variety of neurobiological changes such as altered monoamine
neurotransmission, decreased expression of brain-derived neurotrophic factor (BDNF) in the
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hippocampus, and dysregulation of the hypothalamic-pituitary- adrenal axis [3-5]. The
involvement of neuroinflammation in depression is also becoming increasingly recognized
[5, 6]. Genetic and environmental factors are involved [7]; however, other factors almost
certainly contribute. Clinical and epidemiologic studies suggest that inadequate tissue or
dietary n-3 polyunsaturated fatty acids (PUFA) may increase susceptibility to several
psychiatric disorders, particularly depression [8-10]. The diets consumed by most North
Americans are quite low in these fatty acids; as such, there is a strong possibility that an
individual could have sub-optimal levels of these fatty acids [11]. Pre-clinical evidence for
the involvement of n-3 PUFAs in the disease processes underlying depression are reviewed
here.

N-3 PUFAS AND THE BRAIN

Long-chain PUFAs, double bond-containing fatty acids of at least 20 carbons in length, are
part of the phospholipids that form the cell membrane. Brain phospholipids contain high
concentrations of these fatty acids. Docosahexaenoic acid (DHA, 22:6n-3) and arachidonic
acid (20:4n-6) are the most abundant PUFA in the brain, representing approximately 15%
and 10%, respectively, of the total fatty acids in that tissue [12]. These long-chain PUFAs
are synthesized endogenously through elongation and Desaturation of a-linolenic acid
(18:3n-3) and linoleic acid (18:2n-6), respectively [13] (Fig. 1). Other long chain PUFAs are
also present in the brain, but at much lower levels. In addition, the fatty acid composition of
brain phospholipids differs between brain regions. The highest concentrations of DHA are
found in the frontal cortex and other cortical regions, whereas the lowest concentrations are
found in regions such as the midbrain [14-16].

The accretion of DHA into brain phospholipids occurs primarily during late gestation and
early neonatal life, though this varies somewhat between species [17-19]. During this time,
DHA is delivered to the developing offspring by the mother in utero prior to birth, and in
breast milk, which is enriched in DHA, after birth [20, 21]. Low availability of DHA during
early development, due to inadequate n-3 PUFAs in the mother’s diet or feeding an infant
formula that does not contain DHA, results in less DHA being incorporated into brain
membranes and the compensatory incorporation of the 22-carbon n-6 PUFA
docosapentaenoic acid (n-6 DPA; 22:5n-6) into the phospholipids [22]. Studies in adult male
rats indicated that brain DHA levels were not reduced by dietary n- 3 PUFA deficiency [23].
However, recent studies in adult female rats or adult male mice found that prolonged feeding
of a diet containing inadequate n-3 PUFA can decrease the DHA in the adult brain, at least
in those particular experimental subjects [24, 25]. Interestingly, reduction in brain DHA
occurs even more rapidly in reproducing females. Of note, females fed an n-3 PUFA-
deficient diet had a decrease in brain DHA content of about 25% after gestating and nursing
a single litter, most likely as a result of supplying DHA to their offspring [24]. These
findings show that brain n-3 PUFA status can be altered by either a failure of initial DHA
accretion during development, or the loss of DHA later in life. Consistent with a potential
role in depression, regardless of whether DHA failed to accumulate during development or
was lost later in life, the greatest deficits in DHA occur in the frontal cortex. However, in
other brain regions, the magnitude of effect varies depending on the point in the life span
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when a deficiency occurred, suggesting that the resulting neurobiological changes in these
models likely also varies [14-16, 26].

The relative abundance of specific fatty acids in membrane phospholipids affects cell
physiology in a variety of ways. First, the fatty acid composition affects the biophysical
properties of the membrane. Thus changes in membrane composition impact the function of
lipid rafts and proteins embedded in the membrane such as receptors, ion channels, and
transporters [27, 28]. Second, when cleaved from the membrane by phospholipases, DHA
and other long chain PUFAs modulate gene expression by activating nuclear receptors, such
as the retinoid X receptor (RXR) and the peroxisome proliferator-activated receptors
(PPAR) [32, 33]. These fatty acids can also be metabolized into a variety of signaling
mediators including as prostanoids, resolvins, and neuroprotectin D1 [27, 29-31].
Accordingly, variation in membrane composition can alter the relative abundance of the
various signaling molecules produced. Thus, there are multiple ways in which changes in the
availability of these fatty acids can functional consequences in the brain.

On an organismal level, insufficient pre- and postnatal accretion of DHA during
development does not produce any gross deficits in general health [34]. However, some
deficits in visual, attentional, and intellectual development are reported [8, 35-37], as well
as other neurobiological alterations that could predispose an individual towards depression
(see below) or other psychiatric disorders [8]. Likewise, treatments that reduce the DHA
content of the adult brain also produce neurobiological changes at least some of which could
increase susceptibility to depression.

EFFECTS OF N-3 PUFAS ON DEPRESSION-RELATED NEUROBIOLOGY

Experimental manipulation of dietary, and consequently tissue, n-3 PUFAs affects many of
the neurobiological systems implicated in the pathogenesis of depression. These
manipulations vary widely in terms of the fatty acid compositions of the diets or other
treatments, the treatment duration, the age of the animals at the time the treatment was
initiated, and other aspects of the experiment (e.g., particular physiological states such as
pregnancy and lactation). Despite the great diversity in experimental design, lower dietary
and tissue levels of n-3 PUFASs generally result in outcomes that are similar to those found
in depression, while higher dietary or tissue levels of these fatty acids tend to have the
opposite effect. These findings, as well as those that differ from findings in depression are
discussed below.

Monoaminergic Neurotransmission

Decreased activity of the monoamine neurotransmitters serotonin and norepinephrine has
been hypothesized to contribute to the pathophysiology of depression, with dopamine also
playing a minor role [3, 4]. Variation in n-3 PUFA status affects these systems in a number
of ways, at least some of which are consistent with findings in depression.

Serotonin—Important changes in the serotonergic system observed in depression include
lower brainstem concentrations of serotonin of postmortem depressives and suicide
completers [38—40]. The densities of 5-HT 1 and 5-HT, serotonin receptors were higher in
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the prefrontal cortex also suggesting decreased serotonergic neurotransmission [41-44]. The
increased availability of serotonin produced by antidepressant drugs causes these receptors
to down regulate, further suggesting a role serotonin in both the disease process and the
mechanism of action of antidepressants [45].

In animals studies, low tissue and/or dietary n-3 PUFA levels result in a number of
alterations in the serotonergic system that are similar to the neurobiological alterations
reported in depression. Decreased serotonin concentrations in the frontal cortex were
detected in adult female rats with a diet-induced reduction in brain DHA content of about
25%, similar to that observed in depression [46, 47]. Male rats with a 61% decrease in brain
DHA, induced by feeding an diet deficient in n-3 PUFA from birth, exhibited lower
expression of the serotonin synthesizing enzyme tryptophan hydroxylase in the midbrain,
and higher serotonin turnover in the prefrontal cortex, compared to controls [48, 49].
Moreover, feeding a diet containing a-linoleic acid reversed the effect on serotonin turnover
[49]. In another study, decreased cortical concentrations of serotonin were observed in
piglets fed formula that did not contain a-linolenic or linoleic acids [50], further implicating
long-chain PUFA in the modulation of the serotonin system, though the effects of individual
fatty acids were not tested in that study. Consistent with the consequences of low n-3 PUFA
intake on the serotonin system, adult rats a fed fish oil-supplemented diet for 90 days, which
supplied DHA and EPA, exhibited increased concentrations of serotonin in the frontal cortex
and hippocampus [51]. Similarly, in mice, the decreases in brain serotonin levels induced by
unpredictable chronic mild stress, a rodent model of depression, were reversed by feeding a
diet supplemented with n-3 PUFAs [52]. However, in postpartum female rats that had a 25%
reduction in brain DHA produced by feeding a diet with inadequate n-3 PUFAs during
pregnancy and lactation, no alterations in serotonin concentration were detected in any brain
region, including the frontal cortex, perhaps due to the interaction of the reproductive and
brain DHA stasuses [46]

Expression of serotonin receptors is also affected by experimentally altering tissue or dietary
n-3 PUFA status. Similar to the receptor alterations found in depression, rats with brain
DHA levels 70% below normal, resulting from inadequate consumption of n-3 PUFAs for
two generations, had higher densities of 5-HT,a receptors in the frontal cortex [53, 54].
However, perhaps due to differences in the extent of the change in brain fatty acid
composition and/or the developmental stage of the rats at the time of treatment, neither adult
virgin females nor postpartum female rats with brain DHA levels about 25% below controls
exhibited any alterations in 5-HTqa or 5-HT, receptors in the frontal cortex [46]. However,
increased expression of hipopocampal 5-HT 5 receptors was detected in postpartum female
rats, with a 25% reduction in brain DHA when compared to postpartum females fed a
control diet to maintain brain DHA levels [46]. This finding, however, differs from
observations in the hippocampus of humans with depression where the densities of 5-HT 5
receptors were either decreased or were unaltered [55-58].

Norephinephrine—Alterations in the noradrenergic system are noted in postmortem
brains of suicide completers. Several studies report increased density of B-adrenergic
receptors in the frontal cortex, although alterations in a; and a, receptors have also been
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observed in some studies [41, 59]. Similar to serotonin receptors, cortical f-receptors down-
regulate in depressed patients after treatment with tricyclic antidepressants [60].

The role of n-3 PUFAs in modulation of noradrenergic neurotransmission has received
relatively little attention. Studies in cultured SH-SY5Y neuroblastoma cells suggest that
either brief exposure to, or incorporation of, DHA increased basal, but not KCl-evoked
release of [3H]- norepinephrine by a mechanism involving enhanced exocytosis [61]. DHA
treatment also increased the density of 3-receptors on rat astrocytes in primary culture [62].
In animal studies, decreased levels of norepinephrine were observed in the cortex,
hippocampus, and striatum of rats raised from conception on a diet containing inadequate
n-3 PUFA [63]. However, no alterations in regional norepinephrine concentration were
found in adult virgin female or postpartum female rats with a 25% reduction in brain DHA,
or in adult male rats with a 70% reduction in DHA [46, 54]. Effects of in vivo manipulations
of n-3 PUFASs on noradrenergic receptors remain to be determined.

Dopamine—A role for decreased dopaminergic function in depression is indicated by a
variety of findings including decreased concentrations of the dopamine metabolite
homovanillic acid in the cerebrospinal fluid patients depression and suicide completers [64—
67]. In addition, comorbid depression is common in patients with Parkinson’s disease, which
involves the loss of nigrostriatal dopamine neurons [68, 69]. Furthermore, in several animal
models, hypoactivity of the mesolimbic dopamine projection appears to underlie decreased
participation in reward-oriented behaviors s, and is thus thought to contribute to the
anhedonia and decreased motivation observed in depressed patients [70-74].

In animal models, the CNS dopamine systems are also affected by variation in tissue and/or
dietary n-3 PUFA content. Postpartum female rats with a 25% reduction in brain DHA level
resulting from the combined effects of gestating and nursing offspring while consuming a
diet deficient in n-3 PUFA, had a decrease in the number of D, dopamine receptors in the
ventral striatum [75]. A near-significant decrease in these receptors was also observed in
virgin females that also had a 25% decrease DHA [75]. This decrease in expression of
ventral striatal D, receptors concurs with the hypoactivity of the mesolimbic dopamine
system that is hypothesized to occur in depression, and is also consistent with the decreases
in the density of the D, receptor found rat models of depression such as learned
helplessness, chronic mild stress-induced anhedonia, and the socially-isolated Flinders
sensitive line rat [76—78]. Although no alterations in the number of D, receptors the ventral
striatu, of postmortem depressed patients [79], a PET imaging study found lower Dy/3
dopamine receptor density in the striatum of depressed women [80]. Thus, the effects of a
reduction of DHA in the brain of the adult rat are consistent with rodent models of
depression, and perhaps also with depressed humans.

In contrast to the effects on the dopaminergic systems that result when an adult animal
experiences a reduction of brain DHA content, the effects of inadequate pre- and postnatal
accretion of brain DHA on the dopamine system vary considerably. Rats with 70%
reduction in brain DHA content, induced by feeding diet containing inadequate n-3 PUFAs
for multiple generations, had higher levels of D, receptors in the nucleus accumbens. These
rats also exhibited increased basal dopamine release, decreased vesicular monoamine amine
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transporter VMAT, density, and lower levels of tyramine-stimulated dopamine release [81].
Decreased D2 receptor mMRNA, levels of VMAT, mRNA, and cortical tyramine-stimulated
dopamine release were also observed in these rats, but no changes in dopaminergic
neurochemistry in the striatum [54, 82, 83]. In another study, rats a fed diet containing
inadequate n-3 PUFAs from the second day after conception, which decreased the
DHA:arachidonic acid ratio by about 80% at birth, had increased densities of both D1 and
D, receptors in brain regions including the nucleus accumbens, striatum and frontal cortex
[84, 85]. On the other hand, first or second litter rats from the same dam that were raised
from conception on a diet containing inadequate n-3 PUFAS, resulting in decreased brain
DHA levels of 48% and 65%, respectively, had no alterations in D1 or D, receptor density
or dopamine content in the nucleus accumbens, frontal cortex, or striatum compared to
controls [86]. Taken together, these findings suggest that decreased brain n-3 PUFA levels
may promote depressive illness in various ways based on the timing and extent of the
manipulation. These data also tend to indicate that larger decreases in brain DHA content
during prenatal and early postnatal development are associated with altered dopamine
receptor expression in the nucleus accumbens, frontal cortex, and perhaps other brain
regions. This could indicate that smaller deficits in n-3 PUFAs during early development
may be predisposing towards depression whereas larger deficits during this period may lead
to tendencies towards conditions such as schizophrenia or attention deficit hyperactivity
disorder, in which aberrations in dopaminergic function are believed to play notable roles [8,
87].

Hippocampal BDNF Expression

The hippocampus is a part of the limbic system that is involved in memory, affect, and
regulation of the hypothalamic-pituitary-adrenal axis [88]. It is also one of two primary
regions in the mature brain that exhibits neurogenesis [89]. Depression is strongly associated
with decreased levels of BDNF in this brain region [5]. Of note, lower levels of hippocampal
BDNF were observed in postmortem samples from suicide completers than in normal
controls [90, 91]. BDNF supports hippocampal neurogenesis [92]; thus decreased expression
of BDNF appears to contribute to atrophy of the hippocampus found in postmortem
depressives [93]. Furthermore, higher levels of BDNF in the hippocampus were found in
postmortem samples from depressed patients that had been treated with antidepressant drugs
than those who were not [94]. Preclinical studies using depression models and/or
antidepressant drugs have yielded similar findings [95-101]. Together these data support a
role for hippocampal BDNF not only in the pathophysiology of depression, but also in the
mechanism of action of antidepressant drugs.

Low tissue and/or dietary n-3 PUFA levels lead to decreased expression of hippocampal
BDNF. Female rats fed a diet containing inadequate n-3 PUFAS to reduce brain DHA by
about 25%, exhibited decreased hippocampal BDNF mRNA levels that were accompanied
by a near-significant decrease in BDNF peptide concentration [46]. Interestingly,
postpartum female rats, with a 25% reduction in brain DHA resulting from gestating and
nursing offspring while consuming inadequate n-3 PUFAS, had lower levels of both
hippocampal mRNA encoding BDNF and BDNF peptide [46]. Furthermore, in these
animals, these DHA-reducing treatments decreased levels of BDNF mRNA by roughly 32%,
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which is similar to that reported in suicide completers [90, 91]. This suggests the decrease in
BDNF produced by the reduction of brain DHA in these rat models is relevant to the
disease.

Consistent with the findings for low n-3 PUFAs, higher tissue and dietary n-3 PUFA levels
result in increased expression of hippocampal BDNF. Several studies indicate that rats or
mice fed diets supplemented with n-3 PUFAs, or injected with a-linoleic acid, had higher
BDNF expression in the hippocampus [51, 102-105]. In another rat study, a DHA-enriched
diet resulted in higher levels of calmodulin kinase Il and activated Akt, which are involved
in BDNF signaling [106]. Higher levels of mediators involved antidepressant-induced
increases in BDNF, such as cCAMP response element binding protein (CREB) are also
reported after dietary supplementation [107]. In addition, the volume of the hippocampus
was increased in mice fed an a-linoleic acid-enriched diet [104]. Likewise, increased
hippocampal neurogenesis has been observed in rats fed diets supplemented with DHA and
EPA, as well as in mutant mice expressing fat-1 that are able to metabolize n-6 PUFA into
n-3 PUFA, and thus do not require n-3 PUFAs in the diet [108, 109]. These observations of
increased neurogenesis suggest that manipulations that increase availability of n-3 PUFASs
increase in BDNF expression; however, neither study [108, 109] determined the effects of
the treatments on BDNF expression itself. Taken together, these findings suggest that higher
levels of tissue and dietary n-3 PUFAS support BDNF expression in the hippocamus, which
in turn fosters hippocampal neurogenesis and other functions.

Hypothalamic-Pituitary-Adrenal Axis Function

Another important observation in depression is dysregulation of the hypothalamic-pituitary-
adrenal axis [5]. Noteworthy alterations in this system include increased basal levels of
corticotrophin-releasing factor in cerebral spinal fluid and cortisol in the serum [110-112].
In addition, negative feedback mechanisms are disrupted [113], resulting at least in part
from altered glucocorticoid receptor expression [114].

Several preclinical findings implicate n-3 PUFAs in the regulation of the hypothalamic-
pituitary-adrenal axis. In particular, postpartum female rats with a 25% decrease in brain
DHA, resulting from gestating and nursing a litter while consuming inadequate n-3 PUFAs,
had higher stress-induced serum corticosterone concentrations and exhibited a greater stress-
induced increase of corticosterone secretion over baseline induced by forced swimming than
postpartum females fed a diet that maintained normal brain DHA levels [46]. Virgin female
rats fed a diet containing inadequate n-3 PUFAs to reduce brain DHA by 25% also exhibited
a larger increase in corticosterone secretion over baseline when subjected to forced
swimming, although their basal and stressed serum corticosterone concentrations were not
different from virgin females with normal brain DHA levels [46]. These findings indicate
that lowered DHA levels in the adult brain can contribute to dysregulation of the
hypothalamic-pituitary-adrenal axis and that this effect may be augmented by the endocrine
and other physiological changes associated with pregnhancy and lactation.

Long-term behavioral responses to stress also appear to be augmented in rats with low
dietary and/or tissue DHA. Several studies have examined the effects of maternal separation
during the pre-weaning period in rats with a 70% decrease in brain DHA resulting from
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being fed a diet containing inadequate n-3 PUFASs for multiple generations. At adulthood,
rats subjected to both treatments exhibited augmented stress-induced responses including
greater reaction to novelty in the open field and increased sucrose consumption than rats
subjected maternal separation without n-3 PUFA deficiency [115]. N-3 deficient rats
subjected to maternal separation also exhibited increased anxiety as adults in the elevated
plus maze and classical fear conditioning tests, which was not observed after either
treatment alone [116]. In another study, mice with a 50% reduction in brain DHA resulting
from being fed a diet containing inadequate n-3 PUFAs for two generations, exhibited
greater novelty suppressed feeding test after being subjected to the stress of individual
housing, indicating higher levels of anxiety [117]. That these effects were not seen, or were
less pronounced, in stressed animals not subjected to n-3 PUFA deficiency, suggests that n-3
PUFA deficiency confers increased susceptibility to stress.

Consistent with these findings, diets supplemented with n-3 PUFAs appear to mitigate the
physiological consequences of various stressors that activate the hypothalamic-pituitary-
adrenal axis. For example, in the open field test and elevated plus maze, rats fed a diet
enriched in n-3 PUFA exhibited lower levels of stress- and anxiety-like behavioral effects
after treatment with interleukin-1, which corticosterone levels [118]. Similarly, the effects of
restraint stress were attenuated in rats fed a fish oil-supplemented diet for 3 months
beginning at weaning with respect to stressed plasma corticosterone levels and behavior in
the elevated plus maze and forced swim test, as well as in the Morris water maze, a test of
cognitive function [119].

Neuroinflammation

Neuroinflammation also appears to be a mediator in the underlying pathology of depressive
illnesses [6]. Notably, depressed patients exhibited greater serum concentrations, or gene
expression levels in brain, of several inflammatory mediators in the NFxB-mediated cascade
including tumor necrosis factor-a, interferon-v, interleukin-6, and interleukin- 18 [120-126].
In addition, a meta-analysis of 22 studies associated reduced serum levels of interleukin 1p
in the improvement in depressive symptoms after treatment with antidepressant drugs,
providing relatively strong evidence for this cytokine as a contributor to the pathobiology of
the disease [127].

N-3 PUFAs mitigate inflammation in a variety of ways [128]. DHA and EPA are precursors
of the D- and E-series resolvins, respectively, which modulate the level and length of the
inflammatory response [129]. In addition, these fatty acids also decrease inflammation
initiated through the NF«B cascade via actions at PPARs and the toll-like 4 receptor [130,
131]. Another DHA metabolite, neuroprotectin D1, decreases the production of tumor
necrosis factor-a and interferon-y by activated T cells [30, 132]. Moreover, in cultured BV-2
microglia, both DHA and EPA increased expression of heme oxygenase-1, and decreased
expression of tumor necrosis factor-a, interleukin-6, nitric oxide synthase, and cyclo-
oxygenase 2 [133]. Finally, rats that consumed inadequate n-3 PUFAs from birth had higher
plasma levels of interleukin-6, C-reactive protein, and tumor necrosis factor-a, a, which was
reversed by subsequently feeding an a-linoleic-acid-containing diet [49]. Thus, n-3 PUFAS
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could contribute to antidepressant effects and/or resistance to depression through anti-
inflammatory mechanisms

EFFECTS OF N-3 PUFAS ON DEPRESSION-RELATED BEHAVIORS

Debate exists as to the extent to which rodents can manifest depression [134]. Nevertheless,
behaviors relevant to depression can be assessed in rodents using a variety of test paradigms.
In addition, behavioral tests in rodents have proven to be highly reliable screens used to
identify compounds with antidepressant efficacy, and are thus used as putative depression
models. Experimental findings in rodents using these models suggest that n-3 PUFAs may
have antidepressant efficacy, and that at least some treatments involving inadequate
consumption of n-3 PUFAs and/or decreased tissue n-3 PUFA status produce the opposite
effect. These findings, as well as those that are inconsistent with a role in depression, are
discussed. Effects on anxiety-related behaviors are also presented.

Rodent Models of Depression

The forced swim test is a well validated drug screen for antidepressant activity [135].
Treatments that decrease circulating and/or tissue n-3 PUFA levels produce effects in the
forced swim test that are opposite those associated with antidepressant efficacy. For
example, adult rats with a 36% reduction brain DHA resulting from diet treatments initiated
at weaning, spent more time immobile than those with normal DHA levels [137]. Likewise,
when tested 21 days after parturition, postpartum female rats with a 25% decrease in brain
DHA exhibited immobility earlier in the test than postpartum rats fed a control diet that
maintained normal brain DHA levels [46].

Consistent with the findings on the effects of decreased DHA in the forced swim test, higher
tissue and dietary n-3 PUFA levels resulted in behavioral effects that are consistent with the
prediction of antidepressant efficacy. Administration of various n-3 PUFA-supplemented
diets whether for multiple generations [138], during pre- and perinatal development [51,
139], at weaning for 30 days or more [119, 139] or for at least 16 days in adults [104, 107,
140-142], resulted in less immobility than exhibited by controls. Similarly, when injections
of a-linolenic acid were given to adult male mice, they spent less time immobile [103]. In
addition, treatment with fish oil potentiated the immobility-reducing effects of the
antidepressant drugs fluoxetine and mirtazepine in the test [142]. Other studies, however,
found diets containing inadequate n-3 PUFAS on behavior in the forced swim [46, 115].

Anhedonia, another symptom of depression, also appears to be increased by some treatments
involving decreased tissue and/or dietary n-3 PUFAS. In one study, mice that consumed a
diet containing inadequate n-3 PUFAs from conception displayed reduced preference for
sucrose, suggesting decreased pleasure [143, 144]. In another study, however, rats with a
70% decrease in brain DHA level resulting from consuming an n-3 PUFA-deficient diet for
multiple generations, did not exhibit altered sucrose consumption at adulthood [115].

Rodent Models of Anxiety

Several studies suggest that inadequate n-3 PUFAS may contribute to anxiety. In the
elevated plus maze [145], mice and rats fed inadequate n-3 PUFAs from conception spent
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less time in the open arms of the maze than control mice, which is interpreted as greater
anxiety [146-147]. In the mouse study this outcome was partially reversed by an n-3 PUFA-
supplemented diet initiated at 7 weeks of age, which restored brain DHA levels in all
regions except the frontal cortex [146]. Similarly in the rat study, the effect was fully
reversed by supplementation with DHA for 1 week [147]. Consistent with these findings,
when tested 15 days after giving birth, lactating female rats fed a diet containing inadequate
n-3 PUFAs also spent less time in the open arms of the maze and made fewer entries into the
open arms compared to lactating females fed a fish-oil supplemented diet [148]. Similar to
findings in the elevated plus maze, adult rats with dietary n-3 PUFA-deficiency from
conception exhibited more freezing behavior, indicative of a higher level of anxiety, in the
conditioned fear-induced freezing test than rats fed a DHA-supplemented diet [147].
Similarly, mice with a 50% reduction in brain DHA resulting from feeding an n-3 PUFA-
deficient diet for two generations, exhibited decreased feeding in the early phase (first 5
min) of the novelty suppressed feeding test, also consistent with anxiety [117].

Other studies, however, do not support an anti-anxiety effect for n-3 PUFAs. Two studies of
mice fed n-3 PUFA-deficient diets from conception, found that the deficient mice spent a
longer duration on the open arms of the maze than control mice [149, 150]. A number of
other studies in mice and rats found no effect of either n-3 PUFA deficiency or
supplementation using the elevated plus maze or other tests such as classical fear
conditioning [116, 119, 139, 151-154].

SUMMARY AND CONCLUSION

Depression appears to result from the interaction of genetic and environmental factors. The
pre-clinical literature demonstrates that low tissue and/or dietary n-3 PUFA levels lead to
behavioral changes in animals that are consistent with current models of depression. These
findings also point to mechanisms by which n-3 PUFAs affect neurobiological substrates of
depression including regulation of serotonergic and dopaminergic neurotransmission,
hippocampal BDNF expression, the hypothalamic-pituitary-adrenal axis, and
neuroinflammation. In keeping with diathesis-stress theories of mental illness [155], low
dietary or tissue n-3 PUFAs alone do not need to cause depression in humans; however, they
likely create a vulnerability that increases susceptibility to depression when the other
contributing factors (e.g., specific genotypes, stessors, etc.) are also present. Thus, when
viewed in this context, the body of pre-clinical neurobiological and behavioral data supports
a role for low tissue and/or dietary n-3 PUFAs as one of many potential contributing factors
in the pathogenesis of depression.

Critical issues regarding the role of n-3 PUFAs in depression remain to be resolved. The
magnitude of change in brain fatty acid composition and the point in the life span when it
occurs appear to affect the type and extent of the resulting neurobiological changes. This in
turn likely determines the tendency of those changes to predispose an individual towards
depression or the other psychiatric disorders in which low n-3 PUFAs are implicated. Thus,
we must systematically assess the effects of variation in PUFA status on the nervous system
at various points in development, and with an emphasis on using clinically-relevant animal
models. We must also elucidate the cellular mechanisms by which low tissue and dietary n-3
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PUFA levels produce depression-associated behavioral and neurobiological effects, and
determine which n-3 PUFAs are of critical importance (i.e., DHA, EPA, etc.). Finally, we
must determine which effects can be reversed by subsequent n-3 PUFA administration and if
so, if full restoration of brain PUFA composition is required. Should it be found that the
effects of low n-3 PUFAs that are important for depression are reversible, the use of n-3
PUFA supplementation for the treatment depression would be supported. Alternatively,
should the effects prove be irreversible, this will support the importance of ensuring
adequate nutrition with respect to n-3 PUFAs as a means of prevention.
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Figure 1. Biosynthesis of long-chain PUFAs
A variety of long-chain n-3 and n-6 PUFAs are derived from a-linolenic acid and linoleic

acid, respectively.
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