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Previously, we have reported that interleukin-1 b (IL-1) induces changes in dopaminergic (DA) and serotonergic systems in the core of

nucleus accumbens (NAc). We have also demonstrated that n-3 fatty acid ethyl-eicosapentaenoate (EPA) can significantly reduce stress

and anxiety-like behaviors, corticosterone concentration and peripheral inflammatory response induced by IL-1 administration.

Compared to the core, the shell is involved more in emotion, stress and psychiatric diseases. However, the relationship between

inflammation and the functions of DA system in the shell has not been studied. Since phospholipase (PL) A2 is a key enzyme in

arachidonic acid (AA)- eicosanoids-prostaglandin (PG)E2 pathway, and the change in NAc dopaminergic system has been associated

with glucocorticoid stimulation, therefore, the hypotheses of this study are (1) that IL-1 induced changes in DA neurotransmission in the

shell may be through PLA2-PGE2-corticosterone pathway; (2) EPA may attenuate IL-1 effects via inhibiting PLA2 activities, which blocks

PGE2 stimulation of corticosterone. Using an in vivo microdialysis method, the present study showed that IL-1 administration significantly

increased extracellular levels of DA, and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) in the

shell of the NAc. IL-1 also increased blood concentration of corticosterone and PGE2, and increased the activities of cytosolic and

sectory of PLA2. IL-1-induced changes were significantly attenuated by EPA treatment. Furthermore, glucorcoticoid receptor antagonist

mifepristone (RU486) pretreatment significantly blocked IL-1-induced changes in DA and metabolites. Qquinacrine, a PLA2 antagonist

significantly blocked IL-1 induced increase in PGE2 and corticosterone concentrations. These results demonstrated the hypotheses that

IL-1 effects may be via PLA2-PGE2-corticosterone pathway and EPA attenuated IL-1 effects may be through the suppression of PLA2

expression, which then reduced PGE2 synthesis and corticosterone secretion.

Neuropsychopharmacology (2007) 32, 736–744. doi:10.1038/sj.npp.1301117; published online 14 June 2006

Keywords: dopamine; nucleus accumbens; IL-1b; n-3 fatty acid EPA; PLA2 enzymes; RU486

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Recent studies have indicated that various types of stress
activate dopaminergic and serotonergic systems in meso-
cortical and mesolimbic areas of the brain, which are related
to mood disorder (Heimer et al, 1997; Fulford and Marsden,
1998a, b; Noguchi et al, 2001). The nucleus accumbens
(NAc) is an important part of the mesolimbic dopamine
(DA) system. In the NAc, especially in the shell, changes in

DA and its metabolites occur in response to variety of
stressor including an immune challenge (Kalivas and Duffy,
1995; Wu et al, 1999; Bland et al, 2003; Delarue et al, 2003).
Systemic administration of proinflammatory cytokine
interleukin-1b (IL-1) has been reported to reduce libido
and social interaction, stimulate glucocorticoid secretion,
induce anhedonia and stress/anxiety-like behavior (Dantzer
et al, 1998; van der Meer et al, 1996; Brebner et al, 2000;
Anisman et al, 2002). Previous microdialysis studies have
shown that systemic administration of IL-1 significantly
increased the extracellular concentrations of HVA and 5-
HIAA in the core of the NAc, which was exacerbated by a
stressor application (Fulford and Marsden, 1998b, Song
et al, 1999). Compared to the NAc core, the shell is involved
more in motivation, reward, stress response and psychiatric
disorders (Altman et al, 1996; Egan and Weinberger, 1997;
Nestler et al, 2002). In addition, stress-induced changes in
dopaminergic and serotonergic systems in the NAc shell
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have been associated with the glucocorticoid secretion
(Barrot et al, 2000; Piazza et al, 1996). However, the possible
mechanism by which proinflammatory cytokines-caused
change in neurotransmission and behavior has not been
studied in the shell of the NAc.

It is known that the effects of IL-1 on brain functions are
mediated by prostaglandin (PG)E2 via the activation of the
phospholipase A2-arachidonic acid-cyclooxygenase2 path-
way after immune stimuli (Engblom et al, 2002). Cytosolic
(c) and secretory (s) phospholipase A2 (PLA2) are well
known to involve in neuroinflammation because they can
trigger the release of n-6 fatty acid arachidonic acid (AA), a
precursor for synthesis of eicosanoids (Sun et al, 2004;
Phillis and O’Regan, 2004; Rosenberger et al, 2004), which
can produce PGE2 and proinflammatory cytokines. PGE2
binding to neurons in the ventrolateral medulla activates
corticotrophin-releasing factor (CRF)-containing neurons
in the paraventricular hypothalamic nucleus (PVN), which
elicits corticotrophin release (Engblom et al, 2002). A
increase in accumbal and hypothalamic AA concentrations
have been reported in an animal model of depression, which
has been postulated to contribute to the dysfunction of the
DA system and some depressive behavior (Green et al,
2005). Thus, a proposed pathway by which IL-1 may induce
changes in NAc DA system is shown in Figure 1.

Previously, we have reported that polyunsaturated omega
(n)-3 fatty acid, eicosapentaenoic acid (EPA), attenuated
IL-1-induced stress and anxiety-like behavior, and reduced
IL-1-induced secretion of prostaglandin (PG) E2 and corti-
costerone (Song et al, 2003; Song and Horrobin, 2004). EPA
has also been shown to reduce PLA2 expression in patients
with autistic spectrum disorders (Bell et al, 2004). Thus, n-3
fatty acids may compete the inflammatory effects of n-6
fatty acid AA and inhibit the changes in neurotransmitter
and neuroendocrine systems induced by inflammation
(Figure 1). Therefore, the hypotheses of the present study
are: (1) systemic IL-1 administration may increase hy-
pothalamic cPLA2 and sPLA2 activities that then increase
PGE2 and corticosterone synthesis, which can be attenuated
by a PLA2 inhibitor; (2) increased corticosterone following
IL-1 administration may induce changes in DA and
metabolites in the shell, which can be blocked by
glucocorticoid receptor antagonist; (3) n-3 fatty acid EPA
can attenuate IL-1 effects by reducing PLA2 activities, PGE2
and corticosterone secretion. To demonstrate these hypoth-
eses: (1) the effect of IL-1 and EPA on the activity of cPLA2
(liberates AA in the brain) (Diez et al, 1992), sPLA2-IIA
(plays a role in several types of brain injury and
inflammation) (Phillis and O’Regan, 2004) and PGE2 were
measured in the hypothalamus, and (2) the extracellular
concentration of DA and its metabolites in the shell
were measured by an in vivo microdialysis technique and
HPLC following saline or IL-1 administration in rats fed
control or EPA diet; (3) the relationship between cortico-

sterone secretion and accumbal DA and metabolites were
studied by pretreatment of glucocorticoid receptor antago-
nist mifepristone (RU486) before IL-1 or saline adminis-
tration in animals; (4) the effect of EPA on IL-1-induced
stress hormone corticosterone was measured in the serum
and (5) effects of PLA2 inhibitor on IL-1-induced changes
in PGE2 and corticosterone were also determined.

MATERIALS AND METHODS

Experimental Design

Animal body weight was measured once a week before the
surgery, and daily after surgery or after IL-1 injection for
a week.

In experiment 1, the effect of EPA on systemic IL-1-
induced changes in DA and its metabolites were studied in
the shell of the NAc. Animals were divided into four groups
of 10 rats. Two groups of animals were fed normal rat chow
supplemented with 1% palm oil as a control diet, and the
other two groups of animals were fed rat chow supplemen-
ted with 1% EPA. Each diet group was treated with saline
and IL-1 (i.p.) respectively. After surgery for the implanta-
tion of a guide cannula at the shell of the NAc, animals were
allowed to recover for 2 weeks. Rats were then transferred
to individual testing cage and allowed to acclimatize for
2 days prior to test. Before 1 day, testing rats were briefly
anesthetized with halothane, and a microdialysis probe was
inserted into the guide cannula. Microdialysis probes were
perfused overnight with artificial CSF (Song et al, 1999).
The collection of dialysates began in 18–24 h later. In total,
12 samples were collected in two consequent conditions,
baseline (5 samples) and injection of saline or IL-1 (7
samples). The interval between each sample was 30 min.
Following the collection, samples were immediately injected
into a HPLC with electrochemical detector. The concentra-
tion of DA, 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) were determined in the dialysates
according to a procedure previously described by Song et al
(1999).

In experiment 2, 18 rats were divided into two groups of
nine rats with the control diet. The surgery procedure was
the same as the Exp 1. RU 486 was injected (s.c.) 10 min
before IL-1 administration (Breivik et al, 2000; Song et al,
2004). The dialysates collection and measuring procedure
were the same as the experiment 1.

In experiment 3, 56 animals were divided into four groups
of 14 rats (in each group, the hypothalamus from seven rats
were used for the measurement of PLA2 activities, and
the other seven samples were used for PGE2 assay). The
diets and the surgery were the same as the experiment 1.
After feeding for 49 days, rats were killed and brains were
removed 1.5 h following systemic saline or IL-1 adminis-
tration (because at this time point the concentration of

IL-1β PLA2 arachidonic acid PGE2        Corticosterone     NAc DA system 

  PLA2 inhibitor      EPA    RU486  

Figure 1 The hypothesis of the mechanism by which IL-1 induced changes in DA and its metabolites in the shell of the NAc and the effect of EPA
treatment.
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neurotransmitters and metabolites was significantly chan-
ged, and IL-1-induced mRNA expressions related to
PGE2, glucocorticoids and inflammation in the brain also
occurred) (Song et al, 1999; Song and Horrobin, 2004; Blais
et al, 2002; Zhang and Rivest, 2000). Following decapitation,
blood was collected and serum samples were used to
measure corticosterone concentrations.

In experiment 4, 16 animals were divided into two groups
of eight rats with control diet. One group was injected with
saline and the other group with quinacrine (30 mg/kg), a
nonselective PLA2 inhibitor, i.p. for 4 days, and the last
injection was 30 min before IL-1 administration (Tariq et al,
2001). PGE2 and corticosterone concentration were mea-
sured 1.5 h after IL-1 injection.

Animals and Diets

Male Sprague–Dawley rats (200–220 g and 2 months old
at the start of the experiment) were purchased from Charles
River, Quebec, Canada. Food and water were available
ad libitum. The colony was maintained at 21711C with
a 12 h light–dark cycle (07:30–19:30 h). Animals were
handled daily. The research protocol was approved by the
Animal Care Committees of the University of British
Columbia and the University of Prince Edward Island,
Canada, and conformed to the guidelines of the Canadian
Council for Animal Care.

Palm oil (1%) that contained negligible amount of n-3
and n-6 fatty acids was added to the rat chow as a control
diet to ensure comparable texture and caloric value as 1%
EPA diet. Palm oil (Harlan Teklad Test Diet, USA) and
ethyl-EPA (Amarin Neuroscience/Laxdale Ltd, UK) were
stored in a 41C refrigerator. Palm oil was melted in a water
bath (o501C). The powder of rat chow was then mixed with
the palm oil or EPA (1% v/w). The food was prepared every
3–4 days and stored at 41C (12, 31). Feeding period was 49
days (Song et al, 2003). The rats were about 3.6 months old
before experimental testing.

Surgery

Rats were anesthetized with ketamine (100 mg/kg, i.p. ) and
xylazine (20 mg/kg, i.p.). A 20-gauge guide cannula contain-
ing a removable 24-gauge obturator was stereotaxically
implanted aimed at the shell of the NAc (AP¼ 1.7 mm,
DV¼�7.8 mm, L¼ 0.7 mm) according to the Atlas of
Paxinos and Watson (1986) and was secured to the skull
with four screws and dental cement.

Reagents

Rat recombinant IL-1b was obtained from NIBSC, Potters
Bar, UK (biological activity: 317 IU/mg), and dissolved in
sterile, pyrogen-free saline at doses of 1 mg/0.5 ml/ rat
and prepared for i.p. administration. This dose was based
on previous studies in which we assessed the behavioral
and monoamine release induced by IL-1 (Merali et al, 1997;
Song et al, 1999). RU486 (Sigma, Canada) was dissolved
with 99% ethanol and then diluted with sterile saline to
25 mg/kg/ml (McCullers et al, 2002; Heikinheimo and
Kekkonen, 1993). The final concentration of ethanol was
o1%. Quinacrine (Sigma, Canada) was dissolved in saline

as 30 mg/kg for i.p. injection (Tariq et al, 2001). Rats were
gently handled daily for 1 week before the start of the i.p. or
s.c. injection.

PGE2 Assay

Following weighing and sonicating in an ice-cold PBS, the
hypothalamus samples were centrifuged at 7000 g at 41C for
30 min. The supernatants were collected and frozen in a
�801C freezer for the further PEG2 assays.

The concentration of PGE2 was measured by an enzyme
immunoassay (EIA) (Assay Designs Inc., Ann Arbor, USA).
The assay method was the same as the method described
previously (Song et al, 1998). In brief, standards and
samples (50 ml) were pipetted into the wells of plates that
coated with specific PGE2 antibodies and then incubated at
371C. After washing away any unbound ligand, an enzyme-
linked polyclonal antibody specific for PGE2 was added to
the wells and incubated at 371C. Following removal of any
unbound antibody-enzyme reagent, a substrate solution was
added to the wells. The density of the color was propor-
tional to the amount of protein bound. The intensity of the
color was measured at 405 nm wavelength by a microtiter
plate reader (Song et al, 1998).

Measurement of cPLA2 and sPLA2 Activities

The hypothalamus was homogenized with a sonicator in
ice-cold PBS. The protein concentration was determined in
the homogenates with a Coomassie Plus Protein Assay Kit
(Pierce) according to the manufacturer’s protocol.

The cPLA2 activity was measured with an assay kit
(Cayman Chemicals), as described by Bosetti and Weer-
asinghe (2003). Briefly, 1.5 mM arachidonoyl thio-PC (1-O-
hexadecyl-2-deoxy-2-thio-R-(arachidonoyl)-sn-glyceral-3-phos-
phorylcholine) in the kit was used as a synthetic substrate to
detect PLA2 activity. Each sample was homogenized in
0.5 ml of ice-cold 10 mM Tris buffer PH 7.8 (1% Nonidet
P-40, 0.15 M NaCl, and 1 mM EDTA, 2 mM dithiothreitol,
10 mM phenylmethylsulphonyl fluoride, 9.2 mM aprotinin,
0.11 mM leupeptin, and 10.2 mM pepstatin A). Cytosolic
fractions were obtained by centrifuging at 18 000 g for
15 min at 41C (Rintala et al, 1999). cPLA2 activity was deter-
mined in the cytosolic fractions with the presence of the
iPLA2-specific inhibitor bromoenol lactone (BEL, 10 mM)
and the sPLA2-specific inhibitor thioetheramide-PC (TE-
PC, 50 mM), which were incubated with the samples for
20 min at 251C prior to the assay. According to Ghelardoni
and coinvestigators’ method, to confirm the reliability of
this assay for cPLA2, the assay was repeated and verified
in the presence of 50 mmol/l cPLA2 specific inhibitor
arachidonyl trifluoromethyl ketone (AACOCF3) (Ghelardo-
ni et al, 2004). sPLA2 activity was measured with an sPLA2

assay kit (Cayman Chemicals) (Bosetti and Weerasinghe
(2003). 1,2-diheptanoyl thio-PC (1,2-bis (heptanoyl)-1,2-
dideoxy-sn-glyceral-3-phosphorylcholine) in the kit was
used to serves as a substrate for sPLA2 enzymes but not
for cPLA2. Bee venom PLA2 was run as a positive control in
the same assay to show a linear increase in the absorbance
over the time range chosen. In both cPLA2 and sPLA2
measurements, Ellman’s reagent was used to detect free
thiol that was released by the hydrolysis of the diheptanoyl
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thioesther bond at sn-2 position. Absorbance was measured
every minute after adding the substrate. Activity was
calculated by measuring the absorbance at 414 nm, using
the DTNB extinction coefficient of 10.66 per mM/l/cm, and
units are expressed as nmol/min/g of cytosolic protein. Each
sample was measured in duplicate. Results are expressed as
percentage of the control.

Measurement of Serum Corticosterone Concentration

Serum samples from trunk blood of experiment 3 were used
for the corticosterone measurement with a commercial
radioimmunoassay kit (Immuchem corticosterone RIA kit
for rats; catalogue No. RCBK9906A; ICN Biochemical,
Costa Mesa, CA, USA). Intra- and interassay coeffients of
variation were 6.8 and 5.6%, respectively.

Verification of Probe Placement

Upon completion of the experiments 1 and 2, rats were
anesthetized with an overdose of phenol-barbitone,
and perfused intracardially with saline followed by 10%
formalin. Brains were removed and sliced in 30 mm
coronal section. Brain slides were stained with Thionine
for verification of probe placement. Only experimental data
from rats whose probe tips were confirmed within the shell
of the NAc were considered for analysis. About 10% of
animals were discarded.

Data Analysis

The body weight was measured by one-way repeated
ANOVA. In the experiments 1 and 2, the baseline dialysate
samples were averaged as baseline and subsequent data
points for each rat were expressed as a percentage of this
baseline score. The data including the baseline samples,
were then analyzed by three-way repeated ANOVA for
experiments 1 and 2 (treatment� sampling times� diet). In
experiments 3 and 4, results were analyzed by two-way
ANOVA (treatment� IL-1). A Newman–Keuls post hoc was
conducted for multiple comparisons between the groups.

RESULTS

Gain of Body Weight

At 3 days after surgery, the gain of body weight was
significantly reduced in the group of rats fed palm oil (�3.
470.31 g) when compared to the EPA feeding animals
(2.6570.23 g) (F1,35¼ 12.43; po0.01). Single peripheral IL-
1 administration did not significantly reduce animal body
weight (result not shown). Animals showed shivering
behavior in the testing cage for several hours after IL-1
administration.

Basal Levels of Dopamine and Metabolites in the NAc

There was no significant difference in the interstitial
concentrations of DA, DOPAC and HVA between two
groups with different diets (rat chow plus 1% palm oil
and rat chow plus 1% EPA) (Table 1). Data were expressed
as the absolute concentration in the last baseline samples.

EPA Significantly Attenuated IL-1b-Induced Increase in
Extracellular DA Concentration

ANOVA analysis indicated that there was a significant
interaction between injection and sampling time (F9,
108¼ 7.34, po0.01). Newman–Keuls post hoc showed that
saline injection result in a small but significant increase in
DA release (po0.05), while systemic IL-1 administration
induced a more pronounced increase in DA release
(po0.05; 0.01) (Figure 2a). The ANOVA analysis indicated
that the diet factor did not exert any significant effect on DA
release. However, the interaction between injection and diet
was significant (F9, 108¼ 4.78, po0.05). Multiple compar-
isons with Newman–Keuls showed that EPA significantly
attenuated the extracellular concentration of DA in both
saline and IL-1-treated groups (po0.05 or 0.01) (Figure 2b).

EPA Significantly Attenuated IL-1b Induced Increase in
DOPAC Level

The ANOVA analysis indicated that there was a significant
interaction between injection and sampling time in extra-
cellular level of DOPAC (F9, 108¼ 6.93, po0.01). Newman–
Keuls post hoc analysis between groups revealed that a small
but significant increase (120%) in extracellular concentra-
tion of DOPAC occurred after saline injection (po0.05) as
compared to average percent of baseline values (100%),
while IL-1-increased the DOPAC concentration was greater
(133%) than saline injection (120%) (po0.01) (result’s not
shown). The ANOVA analysis also revealed a significant
EPA and IL-1 interaction (F9, 108¼ 6.32, po0.01). Multiple
comparisons between groups indicated that IL-1-induced
increase in the DOPAC level was significantly attenuated in
EPA feeding animals (105%, po0.05) (result not shown).

EPA Significantly Attenuated IL-1 Induced Increase in
HVA

The ANOVA analysis indicated a significant interaction
between IL-1 or saline injection and sampling time in
extracellular HVA levels (F9, 108¼ 23.91, po0.0001). The
multiple comparison showed a small but significant
increase in HVA levels (117%) 2 h following saline injection
when compared to the percentage of baseline values
(po0.05) (result not shown). At 1 h following IL-1b
administration, significant rise of HVA levels was observed
(127%) (po0.01). This increase was more pronounced and
longer lasting than saline treatment (po0.05 at injecting
points 3 and 4). The ANOVA analysis showed that no signi-
ficant change occurred in the interaction between IL-1/
saline administration and sampling time in EPA fed group

Table 1 Basal Concentrations of DA and its Metabolite in the
Shell of the NAc after Feeding Control and 1% EPA Diets for 49
Days

Groups DA (pg/40 ll) DOPAC (ng/40 ll) HVA (ng/40 ll)

Control diet 6.4371.74 7.2571.61 7.8271.37

EPA diet 4.5670.75 5.8870.72 5.6270.84

Results are expressed as mean7SEM (n¼ 9).
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but revealed that the interaction between EPA, IL-1 and
sampling time was significant (F9, 108¼ 6.51, po0.01). In
the group fed EPA diet, the rise of HVA level was
significantly attenuated after saline (97%) (po0.05) or
IL-1b administration (106%) (po0.01) when compared to
these groups fed palm oil (result not shown).

RU486 Significantly Attenuated IL-1b Induced Increase
in DA and its Metabolite

In this experiment, the pattern of DA, DOPAC and HVA in
response to IL-1 administration was similar to the results
described in experiment 1. Systemic IL-1 administration
significantly increased extracellular concentrations of DA
and its metabolites (DA: F10,96¼ 7.73, po0.01; DOPAC:
F10,96¼ 6.94, po0.01; HVA: F10,96¼ 16.83, po0.001). The
ANOVA analysis also showed a significant interaction
between IL-1 and RU486 in extracellular DA, DOPAC and
HVA concentrations (DA: F10, 96¼ 8.62, po0.01; DOPAC:
F10, 96¼ 9.35, po0.01; HVA: F10, 96¼ 11.49, po0.001).
Newman–Keuls post hoc comparison indicated a significant
difference in DA, DOPAC and HVA between two groups
1–2 h following IL-1 administration. At 11

2 h following
IL-1 administration, the DA concentration was increased
(po0.05), which was reduced in group pretreated with
RU486 (po0.05) (Figure 3). The DOPAC concentration was

increased to 127.7%, whereas reduced to 106% in the group
treated with RU486 (result not shown). IL-1 administration
also induced an elevation in extracellular level of HVA
(128.6%), which was attenuated to 109% after RU486
treatment (result not shown).

Effects of EPA on Activities of cPLA2 and sPLA2 after
IL-1 Administration

Two-way ANOVA indicated that a significant interaction
between IL-1 and these enzymes (cPLA2: F1,27¼ 32.21,
po0.0001; sPLA2: F1,27¼ 25.06, po0.001). Newman–Keuls
comparison between groups showed that systemic IL-1
administration significantly increased cPLA2 and sPLA2
activities (po0.001) (Figure 4). EPA alone did not exert
significant effect on these enzyme activities. ANOVA
analysis also revealed a significant interaction between IL-
1 and EPA (cPLA2: F1,27¼ 22.92, po0.001; sPLA2: F1,27¼
14.33; po0.01). Newman–Keuls post hoc showed EPA
significantly reduced PLA2 activities in IL-1-treated group
(po0.01) (Figure 4).

The Modulation of EPA on IL-1 Induced Changes in the
PGE2 Concentration

Different diets had no significant effect on hypothalamic
PGE2 concentrations in saline-treated animals. Comparing
to control group (saline and palm oil), IL-1b administration
significantly increased accumbal PGE2 (F2,30¼ 8.96,
po0.01) and hypothalamic PGE2 (F2,30¼ 9.84, po0.01)
(Table 2). In EPA feeding group, IL-1 induced change in
PGE2 was significantly attenuated (F2,30¼ 8.51, po0.01)
(Table 2).

EPA Attenuated IL-1 Induced Increase in Serum
Corticosterone Concentrations

Table 3 shows that systemic administration of IL-1b at dose
1 mg markedly increased serum corticosterone concentra-
tions when compared to saline-treated animals (F2, 34¼
9.62, po0.01). The ANOVA analysis also revealed that
EPA treatment significantly attenuated IL-1 induced rise
of corticosterone (F2, 34¼ 7.34, po0.01) (Table 3).
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Quinacrine Significantly Attenuates IL-1 Effects on
PGE2 and Corticosterone Concentrations

ANOVA analysis showed a similar increase in hypothalamic
PGE2 (F1,15¼ 15.62, po0.01) and corticosterone levels
(F1,15¼ 14.82, po0.01) after IL-1 administration in this
experiment. Quinacrine pretreatment significantly attenu-
ated these increases (PGE2: F1,15¼ 13.74, po0.01;
corticosterone: F1,15¼ 12.77, po0.01) (Tables 2 and 3,
respectively).

DISCUSSION

The present study, for the first time, has demonstrated that
(i) the response of shell dopaminergic system to IL-1b
challenge is similar to its response to a stressor (Wu et al,
1999; Barrot et al, 2000); (ii) the shell is more responsive to
IL-1 stimulation than the core since previously we have
reported that IL-1 has no effect on DA and DOPAC in the
core (Song et al, 1999); (iii) the effect of IL-1 on DA and
metabolites may result from the activation of PLA2-PGE2-
corticosterone pathway because the PLA inhibitor blocked
IL-1 effects on PGE2 and corticosterone, while the
glucocorticoid receptor antagonist blocked IL-1 effect on
the interstitial concentrations of DA and metabolites and
(iv) EPA attenuated IL-1 induced changes by inhibiting the
interaction of PLA2-PGE2-corticosterone.

Our previous studies have reported that IL-1 can induce
anxiety or stress-like behaviors and impair memory (Song
et al, 2003, 2004). Anatomic and pharmacological studies
have shown that the shell is interconnected with the limbic
system (Nirenberg et al, 1997; Jackson and Moghaddam,
2001), which is involved in mood disorder and cognitive
impairment (Schwartz et al, 2003). A glucocorticoid/
dopamine hypothesis for depression was raised in 1980’s
(Schatzberg et al, 1985). Therefore, one of the major
findings of this study is to demonstrate a relationship
between PLA2-PGE2-corticosterone and shell DA and
metabolites, which may play an important role in inflam-
mation-induced mental disorders.

Previous studies have reported that stress can increase
extracellular DA and DOPAC concentrations in the NAc
shell (Kalivas and Duffy, 1995; Wu et al, 1999). Similar
results have been also found in the present study after saline
injection (as a mild stress). Similar but greater responses of
DA and its metabolites have been found following IL-1
administration. Increased DA and its metabolites may indi-
cate the activation of DA neurons such as an increase in DA
synthesis and metabolism, and decrease in DA reuptake. DA
response to a stressor only in the shell but not in the core
has been explained as the stimulation of glucocorticoids.
Barrot et al (2000) reported that saline or drug injection
(as a mild stress) increased DA release could be prevented

250

200

150

100

50

200

150

100

50

0

0

cP
LA

2 
ac

tiv
ity

 (
%

 o
f c

on
tr

ol
s)

sP
LA

2 
ac

tiv
ity

 (
%

 o
f c

on
tr

ol
s)

cPLA2

sPLA2

##

**

##

**

Control

IL-1
EPA

EPA + IL1

Control
IL-1
EPA
EPA + IL1

a

b

Figure 4 The effect of EPA (1% of diet) fed for 49 days on the activity of
(a) cPLA2 and (b) sPLA2 enzymes in the hypothalamus after saline or IL-1
administration (1mg/0.5 ml/rat). **po0.01 vs the group fed palm oil and
injected with saline (n¼ 7); ##po0.01 vs group fed palm oil and injected
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Table 2 Effects of 1% EPA Fed for 49 Days or Quinacrine (30 mg/
kg) Treatment for 4 Days on Hypothalamic PGE2 Concentration

Groups Hypothalamic PGE2 (ng/g brain tissue)

Palm oil+Saline 4.6770.36

Palm oil+IL-1b 9.7671.05*

EPA+saline 3.5470.31

EPA+IL-1b 5.2570.49#

IL-1+saline 10.8471.22

IL-1+quinacrine 5.7270.56#

Results are expressed as mean7SEM.
*po0.05 vs control (saline); #po0.05 vs IL-1 group (n¼ 8–9).

Table 3 Effects of 1% EPA Diet Fed for 49 Days or Quinacrine (30 mg/kg) for 4 Days on the Corticosterone Concentration after IL-1b
Administration

Palm oil+saline Palm oil+IL-1 EPA+saline EPA+IL-1 IL-1+ saline IL-1+Quinacrine

12.5473.83 34.7574.79* 13.6373.24 15.7274.25# 42.7275.73 21.5774.16

Results are expressed as mean7SEM (mg/dl).
*po0.01 vs coconut oil7saline; #po0.01 vs coconut oil7IL-1 (n¼ 8–9).
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in adrenalectomised rats or be restored after corticosterone
administration. In addition, Rouge-Pont et al (1999) repor-
ted that RU 39305, a glucocorticoid receptor antagonist,
could suppress DA release from mesencephalic dopaminer-
gic neurons. As mentioned in the introduction, IL-1 stimu-
lates glucocorticoid secretion through PGE2 and CRF
(Engblom et al, 2002). Increases in corticosterone and
PGE2 in the hypothalamus have been observed in the
present study. Our results from the RU486 experiment
further support the relationship between shell DA system
and corticosterone, and also demonstrate that an increase
in the release of DA and metabolites is related to IL-1 effect
on the corticosterone secretion. In the present study, we
did not measure absolute concentrations of DA and meta-
bolites in the group treated with RU486 because our
previous and other’s studies did not find that acute
RU486 could lead to any behavioral change (Marinelli
et al, 1998; Song et al, 2004). Different from our and other’s
findings (Marinelli et al, 1998), Imperato et al (1991) did
not find that corticosterone play a role in DA release from
the NAc since RU 486 did not attenuate stress-induced
changes. However, since that paper did not provide which
part of NAc was studied and what RU486 dose was used, it
is difficult to compare our results with theirs.

It is known that three types of PLA2 enzymes are
distributed in neurons and glia cells in many brain regions
including the hypothalamus, and are involved in neuroin-
flammation. The functions of cPLA2 and sPLA2 are Ca2 +

dependent (Sun et al, 2004; Phillis and O’Regan, 2004). As
our previous study has shown that IL-1 effects on glutamate
receptor expressions in hippocampal neurons are Ca2 +

dependent (Lai et al, 2006), and n-6 fatty acid AA can
activate Ca2 + dependent PLA2 expressions in inflammation
(Strokin et al, 2003), we chose to study these two enzymes.
The major function of cPLA2 is to release AA, the precursor
of eicosanoids that produces PGE2 and inflammatory cyto-
kines (Xu et al, 2003). AA can also modulate neurotrans-
mitter release, activate the HPA axis and change behavior
(Smith et al, 1994; Narumiya et al, 1999). sPLA2 has been
shown to participate in the PGE2 production (Kuwata et al,
1998) and involved in cerebral ischemia and neuroinflam-
mation (Lin et al, 2004; Rosenberger et al, 2004). LPS and
inflammatory cytokines can trigger the activity and expres-
sion of these PLA2 enzymes (Morioka et al, 2002;
Rosenberger et al, 2004). We have also previously reported
that central IL-1 administration significantly increased
PGE2 concentration in the brain (Song and Horrobin,
2004). Therefore, it is not surprising that systemic admin-
istration of IL-1 significantly increased both PLA2 enzyme
activities and PGE2 synthesis in the hypothalamus in the
present study. The increase in hypothalamic PGE2 further
supports that IL-1-induced secretion of corticosterone
through PGE2 synthesis in the brain. The mechanism by
which IL-1 influences brain functions have been reported as
(i) passing the blood–brain barrier to combine its receptors
that are widely contributed in many brain regions (Saija et al,
1995; Blatteis, 2000; Pan and Kastin, 2003) and (ii) activating
the vagus nerves (Hansen et al, 1998; Luheshi et al, 2000).

The present study also for the first time demonstrated
that EPA enriched diet significantly attenuate changes in
shell DA and metabolites following IL-1 administration.
One mechanism may be the inhibiting effect of EPA on the

interaction of PLA2-PGE2-corticosterone, because results
from present study have demonstrated that EPA signifi-
cantly reduced PLA2 activities and PGE2 levels in the
hypothalamus, and decreased serum corticosterone concen-
tration, which were increased by IL-1 administration. These
results are consistent with our previous findings that EPA
reduces PGE2 synthesis in the hippocampus and hypotha-
lamus, and block corticosterone secretion after central IL-1
administration (Song et al, 2003, 2004). So far, direct effects
of EPA on PLA2 expressions or activities have not been
studied in the brain. A clinical study has reported that
increased blood concentrations of n-6 fatty acids and sPLA2
in children with autistic spectrum disorders can be reduced
by EPA treatment (Bell et al, 2004). In peritoneal macro-
phages, EPA has been shown to inhibit PLA2-related signal
expressions (Tappia et al, 1995). The other mechanism by
which EPA attenuated IL-1 effects may be via its competi-
tion of n-6 fatty acid AA that may have direct effect on the
PLA2 expression, PGE2, HPA axis and neurotransmission
(Yokotani et al, 2000). Over-taken of n-6 fatty acids has
been associated with higher risk of autoimmune and
psychiatric diseases (James et al, 2000; Calder and Grimble,
2002). The evidence from a human study has shown
subjects with lower serum n-3 fatty acid levels or with a
higher n-6/n-3 ratio had a significantly higher stress-
induced increase in some proinflammatory cytokines (Maes
et al, 2000). Decreased n-3 fatty acids and increased n-6/n-3
ratio have been reported in patients with depression and
Alzheimer’s disease (Maes et al, 1999; Tully et al, 2003).
Owing to condition limitation, we could not measure the AA
concentration in the shell after EPA treatment. However,
several studies have demonstrated that EPA treatment can
decrease AA concentration or n-6/n-3 ratio in different regions
of the brain (Naliwaiko et al, 2004; Amusquivar et al, 2000).

In the group treated with saline, EPA also significantly
attenuated changes in DA and its metabolites induced by
saline injection. We have previously reported that saline
injection acted as a mild stressor (Song et al, 1999). In the
present study, saline-induced changes were less but similar
to IL-1 induced changes. Many previous studies have shown
that IL-1 induced changes in neurotransmission are similar
to those after stress exposure (Song et al, 1999; Anisman
et al, 2002; Dunn, 2000). It is known that stress not only
triggers glucocorticoid secretion but also increases inflam-
matory cytokine synthesis (Grippo et al, 2005; O’Connor
et al, 2003). As demonstrated by this study, EPA may
modulate inflammation and corticosterone pathway, similar
mechanism may be also involved in the EPA reduced DA
and its metabolites after saline injection.

In summary, the present study demonstrated that
systemic IL-1 administration increased extracellular DA,
DOPAC and HVA concentrations in the NAc shell. These
changes may result from IL-1 stimulation of corticosterone
secretion since RU486 block IL-1 effect. cPLA2 and sPLA2
enzymes are involved in this procedure since quinacrine
blocked IL-1 induced increases in PGE2 and corticosterone.
Ethyl-EPA treatment significantly attenuated IL-1 induced
changes by the inhibition of PLA-PGE2-corticosterone
pathway. These results further support the idea that poly-
unsaturated fatty acids could be developed as a new
therapy for some psychiatric and inflammation associated
disorders.
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