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ABSTRACT

Background: Neuroinflammation is considered to be a major factor in several neurodegenerative
diseases. Recently, the polyunsaturated fatty acid omega-3 has been shown to have anti-inflammatory
effects and might play an effective role in improving memory impairment due to inflammation. In order
to test this, we stimulated neuroinflammation in an animal model and induced memory dysfunction as
measured by reduced retention of passive avoidance learning (PAL) and altered expression of CaMKII-«, a
gene known to be crucial for memory formation. We then investigated whether treatment with dietary
omega-3 prevents inflammation-induced memory dysfunction in this model.
Methods: Male wistar rats (200-220 g) were fed either a control diet or a diet containing omega-3
(400 mg/kg, po) for 1 month prior. Rats then received injection of either saline or LPS (500 j.g/kg, ip) and
were subjected to the PAL acquisition task. The retention test was performed 24 h later, and animals
were sacrificed immediately. Hippocampi were dissected and stored at —80 °C. Finally, TNF-a levels and
CaMKII-« gene expression were measured by ELISA and qRT-PCR, respectively.
Results: We found that LPS treatment significantly impaired PAL and memory, increased TNF-o levels
and impaired CaMKII-o gene expression. In control and LPS-injected animals, pre-treatment with
omega-3 improved performance on the PAL task and increased CAMKII-« gene expression.
Conclusion: Taken together, these data suggest that dietary omega-3 may improve cognitive function
and provide a potential therapy for memory impairment due to neuroinflammation.
© 2014 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier Urban & Partner Sp.
z 0.0. All rights reserved.

Introduction

(LPS), an endotoxin isolated from bacteria, stimulates proinflam-
matory cytokine cascades by plasma membrane proteins, such as

Neuroinflammation and proinflammatory cytokine cascades
play an important role in neurodegenerative diseases such as
multiple sclerosis, Alzheimer’s disease and memory impairments
[1-4]. Inflammation of brain involves recruitment of immune
cells to the injured areas in the tissue and production of
inflammatory signaling molecules such as cytokines and chemo-
kines [5,6]. The primary inflammatory response is produced by
activated microglia cells, which perform local phagocytosis and
release cytokines such as tumor necrosis factor (TNF-a) [1,7].

TNF-a acts as a key inflammatory cytokine and stimulates
secretion of other inflammatory mediators [2]. Lipopolysaccharide

* Corresponding author.
E-mail addresses: mnoorbakhshnia@yahoo.com, m.noorbakhshnia@sci.ui.ac.ir
(M. Noorbakhshnia).

http://dx.doi.org/10.1016/j.pharep.2014.10.014

CD14 and toll-like receptor 4 (TLR4), causing TNF-a and other
proinflammatory cytokines to be produced. Systemic injection of
LPS induces neuroinflammation, neuronal apoptosis and amyloi-
dogenesis in the cortex and hippocampus [2]. LPS-induced
inflammation in animal models has also been demonstrated to
cause memory impairment [3].

Hippocampus has a key role in passive avoidance learning
(PAL) and memory [8,9]. LTP (long-term potentiation)is a cellular
model for learning and memory that has been observed at
hippocampus and other brain regions [10,11]. Induction and
expression of LTP is dependent upon the alpha isoform of
calcium/calmodulin-dependent protein kinase II (CaMKII-a)
which is highly expressed in neurons in throughout the brain
[12]. CaMKIl-a¢ is a serine/threonine protein kinase and is
activated by Ca?*/calmodulin. It phosphorylates several synaptic
proteins, including AMPA receptors. CaMKII-a regulates targeting
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of AMPA receptors to the post-synapse as well as their
endocytosis, both of which are essential for the induction of
LTP [13-16].

Previous studies suggest that omega-3 polyunsaturated fatty
acids (PUFAs), eicosapentaenoic acid [EPA; C20: 5 (n-3)] and
docosahexanoic acid [DHA; C22: 6 (n-3)] have key roles in cell
membrane structure and cytokine regulation and may be involved
in regulating brain function [17-19]. Chronic administration of
DHA improves the spatial memory in both young and aged rats,
and PUFA treatment reverses age-related impairments in LTP
[18-21]. Furthermore, decreased omega-3 PUFA levels have been
shown to correlate with the onset of Alzheimer’s disease,
suggesting that PUFA levels in the brain may be involved in
cognition [18,20,22]. Omega-3 PUFAs may be able to regulate gene
expression; previous studies demonstrate that increasing dietary
intake of omega-3 PUFA has widespread effects on gene expression
[23,24].

In the present study, we investigate the effect of neuroin-
flammation on memory formation in vivo, and whether dietary
consumption of omega-3 PUFA may have neuroprotective effects.
We found that, as predicted, induction of brain inflammation
by LPS injection produced significant memory impairment, as
measured by the passive avoidance learning (PAL) task. LPS
injection also impaired CaMKII-o gene expression. Consumption of
a diet high in omega-3 prevented both LPS-induced memory
impairment and changes in CaMKIl-« gene expression. We
conclude that a diet rich in omega-3 PUFA may protect against
cognitive decline related to neuroinflammation.

Material and methods
Animals

Adult male wistar rats weighing 200-220 g were housed under
standard conditions, according to the NIH Guide for the Care and
Use of Laboratory Animals.

Material

Lipopolysaccharide (LPS L3775) and omega-3 were, respective-
ly, purchased from Sigma, USA, and Zahravi Co, Iran.

Passive avoidance learning (PAL) test (step-through test)

Passive avoidance apparatus

The step-through passive avoidance apparatus consisted of two
compartments: one illuminated cubicle (20 cm x 20 cm x 30 cm)
made of transparent plastic and another dark cubicle of the same
size made of dark opaque plastic. One rectangular opening
(6 cm x 8 cm) was located between the two compartments and
could be closed by an opaque guillotine door. The floor of both
compartments was made of stainless steel rods (3 mm diameter)
spaced 1 cm apart. In addition, the floor of the dark chamber could
be electrified using a shock generator [25,26].

Acquisition training

All experimental groups were given two trials to be habituated
to the apparatus. For the first of these sessions, an individual
rat was placed in the illuminated compartment; 5s later,
guillotine door was raised and rat was allowed to enter the dark
compartment. Immediately after, the guillotine door was closed
and after 30s, rat was returned to its home cage. The second
habituation trial (with the same intervals as the first) was
performed after 30 min. The step-through latency to the dark
compartment (STL) was defined as the time it took the animal to
fully enter the dark compartment and place all four paws in that

chamber. After the animal had spontaneously entered the dark
compartment, the guillotine door was lowered and mild electrical
shock (0.2 mA, 1.5 s) was delivered to the grid floor. After 30 s, the
rat was returned to its home cage. The procedure was repeated
until the rat remained in the light compartment for 120 consecu-
tive seconds. The number of trials required to reach this level of
acquisition was recorded.

Retrieval test

The retention test was performed 24 h later, after the PAL
acquisition trial described above. The rat was placed in the
illuminated compartment as in the acquisition trial, facing away
from the door. After 5 s, the guillotine door was raised and the rat
was allowed to enter the dark compartment. To assess memory
retention, the step-through latency (STL) and the time spent in the
dark compartment (TDC) were recorded for up to 300 s. If the rat
did not enter the dark compartment within 300 s, the retention
test was terminated and a ceiling score of 300 s was assigned.

Experimental protocol

The animals were divided into four equal groups (n=38), and
received saline, LPS, omega-3, and combination of omega-3 and
LPS. LPS was dissolved in saline, and injected intraperitoneally (ip)
(500 g/kg), 4 h before retrieval test [6]. This dose was used for
induction of moderate inflammation [27]. Also, it has been
reported that this dose is in the range which does not affect
motor activity [28].

Animals received omega-3 (400 mg/kg/day) by oral gavage for
30 days until they were sacrificed [29]. To control the similarity of
injections among the four groups, all groups received 1 month
saline or omega-3 by gavage and one dose saline or LPS by ip
injection. The control group received saline by oral gavage
(400 mg/kg) for 30 days followed by pre-test ip injection of saline
(500 wg/kg) and was tested after 4 h. The LPS-treated group
received saline by oral gavage (400 mg/kg) for 30 days followed by
a pre-test ip injection of LPS (500 p.g/kg) and was tested after 4 h.
The omega-3 group received omega-3 by oral gavage (400 mg/kg)
for 30 days followed by pre-test ip injection of saline (500 g/kg)
and was tested after 4 h. The last group (omega-3 + LPS) received
omega-3 by gavage (400 mg/kg) for 30 days followed by pre-test ip
injection of LPS (500 pg/kg) and was tested after 4 h. The interval
between the last gavage and ip injection was 30 min.

Tissue preparation

Immediately after the completion of behavioral test, the
animals were decapitated. The rats were first anesthetized with
halothane and then sacrificed using a rodent guillotine. The
hippocampi were quickly isolated in ice and were transferred to
liquid nitrogen where it was kept at —80 °C for further processing.
After this step, right or left hippocampus of each animal randomly
prepared for analysis by ELISA or for analysis of mRNA expression.

ELISA quantification of TNF-a

Hippocampus samples with different treatments were homog-
enized in ice-cold lysis buffer (Tris-HCl 50 mM, NaCl 150 mM,
Triton X-100 0.1%, EDTA 1 mM, SDS 0.1%, sodium deoxycholate
0.25% and protease inhibitor cocktail 1%). In order to obtain the
total protein extract, homogenates were centrifuged at 12,000 rpm
for 20 min at 4 °C and supernatants were collected for determining
TNF-a concentration [27].

TNF-a levels were evaluated in rat hippocampus by a
sandwich-type enzyme-linked immunoassay according to the
manufacturer’s instructions (R & D Systems, UK). Briefly, hippo-
campus homogenates were incubated in duplicate in a 96-well
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microplate which had been coated with an anti TNF-a monoclonal
antibody. The completed reaction was read by a spectrophotome-
ter (Awareness Technology Inc., USA) at an absorbance of 450 nm.

RNA isolation and reverse transcription

Total hippocampal RNA was extracted using RNX plus kit
(Cinnagen, Tehran, Iran) according to the protocol described by the
manufacturer. The purity of the isolated total RNA was analyzed by
absorption at 260 and 280 nm with Eppendorf spectrophotometer
(Eppendorf, Hamburg, Germany). The integrity of the total RNA
was evaluated with TAE agarose gel electrophoresis, and the
samples were treated with the DNAasel, RNAase-free kit (Fer-
mentase, Vilinius, Lithuania). The first standard complementary
DNA (cDNA) was synthesized from 1 pg total RNA in a reaction
mixture containing random hexamer primer using RevertAid™
first standard cDNA synthesis kit (Fermentase) and stored at
—20°C.

RT-PCR amplification

Real-time polymerase reaction (PCR) was performed in a
Chromo4 Detection System (BioRad, Hercules, CA, USA). All PCR
quantification procedures were performed in duplicate. Reaction
progress was evaluated by alternations of florescence intensity of
SYBR premix Ex TagTM Il (Takara, Tokyo, Japan) dye attached to the
double-standard DNA. Primer sequences were designed using
Beacon Designer 7.5 and oligo6 software to amplify 145-bp
amplification for CaMKII-c, 146-bp for (3-actin (Table 1). A control
cDNA dilution series was made for each gene to access a standard
curve. Each reaction was evaluated regarding the melting point
analysis to confirm single amplified products. The amplification
was performed in a total volume of 25 .l containing of 10 ng of
cDNA, gene-specific primers and SYBR Green Master Mix (Takara,
Tokyo, Japan). In each experiment, the [3-actin housekeeping gene
was amplified as a reference standard and used to normalize all
values. Reactions were performed in duplicate and PCR parameters
were 1 cycle at 95 °Cfor 30 s, 45 cycles at 94 °Cfor 55,57 °Cfor 20 s
and 72°C for 15s. The specificity of the PCR products was
confirmed using single peak of dissociation curves and using
agarose gel electrophoresis. Relative gene expression data were
quantified by the 2-*2<T method, where CT is the threshold cycle.

Statistical analysis

All results are shown as means + SEM. Data were analyzed by
one-way analysis (ANOVA) followed by Tukey’s multiple comparison
tests. In all statistical comparisons, a probability level of 0.05 or less
was considered significant.

Results
Treatments do not alter PAL acquisition

Step-through latency (STL) in the first acquisition trial of
passive avoidance learning (PAL) was determined for control rats
and the three experimental groups (LPS, omega-3, LPS + omega-3;
Fig. 1). One-way ANOVA revealed no significant difference in the
STL between the four different groups of rats in the first acquisition

Table 1
Primer sequences for endogenous control and CaMKII-« genes.

trial (F(3,28) = 1.26, p = 0.3). This result shows that in the absence
of electrical shock, the exploratory behavior of the four groups of
rats did not differ.

PAL task performance was impaired by neuroinflammation but
improved by dietary omega-3

STL was recorded in the retention test 24 h after training
(Fig. 2A). One-way ANOVA revealed a significant difference in the
STL among the different groups (F(3,28) = 33.03, p < 0.001). Post
hoc analysis by Tukey’s test showed that STL of LPS-treated group
was significantly shorter than the latency observed in the control
group (p < 0.001), suggesting that LPS-induced neuroinflamma-
tion impaired memory. Interestingly, STL of omega-3-treated
and omega-3 + LPS-treated animals were significantly longer
(p <0.001) than the control group. The STL of the LPS-treated
rats was also significantly shorter than the omega-3 + LPS-treated
group (p < 0.001).

Neuroinflammation also affected the length of time spent in the
dark compartment (TDC), which is an additional measure of
memory retention of the shocks received during learning
acquisition (Fig. 2B). There was also a significant difference in
TDC among the experimental groups (F(3,28) =45.74, p < 0.001).
TDC of the LPS-treated group was significantly longer than the
control group (p < 0.01). However, the TDC of omega-3 (p < 0.001)
and omega-3 + LPS (p = 0.001)-treated animals were significantly
shorter than control groups. Animals pre-treated with omega-3
before LPS treatment also displayed significantly shorter TDC than
rats which received LPS treatment only (p < 0.001).

Stimulation of TNF-o by neuroinflammation was prevented by
consumption of omega-3

Systemic injection of LPS was used in the present study to
induce an acute neuroinflammatory response in the brain. To
confirm LPS-induced neuroinflammation, 4 h after LPS injection,
levels of the proinflammatory cytokine TNF-a were measured in
the hippocampus using ELISA (Fig. 3). One-way ANOVA revealed a
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Fig. 1. There was no significant difference in the step-through latency (STL) between
the four different groups in the first acquisition trial. This indicates that in the
absence of electrical shock, the exploratory behavior of the four groups of rats did
not differ. Each value represent mean + SEM, n = 8.

Name Forward primer (5'-3") Reverse primer (5'-3') Primer length Prod. length (bp)
CaMKII-a CAGGAATCCTCTGAGAGCACC CGGTTCAAAGGCTGTCATTCC 21 145
B-actin GGAGAAGATTTGGCACCACAC GGATGGCTACGTACATGGCTG 21 146
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Fig. 2. Performance on memory retention task was impaired by LPS treatment and enhanced by omega-3 consumption. Retention of PAL acquisition was assessed by
determining the STL 24 h after task acquisition. (A) STL was significantly (p < 0.001) longer in rats injected with LPS but shorter (p < 0.001) in animals that received dietary
omega-3. On the other hand, rats that received omega-3 before LPS injection displayed significantly (p < 0.001) longer STL regardless of whether they received LPS injection.
(B) LPS-treated animals also displayed a longer time (p < 0. 01) spent in the dark compartment (TDC), which is an additional measure of impairment in memory retention.
Conversely, rats that received dietary omega-3 displayed significantly (p < 0.001) shorter TDC, indicating improved retention of the PAL task. Also rats that received omega-3
before LPS displayed significantly (p < 0.001) shorter TDC regardless of whether they received LPS injection (p < 0.001). Each value represents mean + SEM, n=38,

***p < 0.001 and **p < 0. 01 vs. control group and ###p < 0.001 vs. LPS group.

significant difference in the TNF-a levels among the different
groups (F(3,28)=62.19, p<0.001). As expected, a single ip
injection of LPS significantly increased TNF-a levels with respect
to the control group (p < 0.001), whereas dietary omega-3
treatment had no effect (p = 0. 07). However, pre-treatment with
omega-3 fatty acids significantly prevented the LPS-induced
changes in TNF-a (p <0.001). These data suggest that the
protective effect of omega-3 on LPS-induced memory impairment
may be due to reduction of inflammatory cytokines such as TNF-a.

Hippocampal CaMKII-a expression was decreased by LPS treatment
and increased by omega-3 consumption

CAMKII-a plays a crucial role in memory formation. Since we
observed memory impairment on the behavioral task, we next
determined whether neuroinflammation and omega-3 treatments
can affect CAMKII-a expression. Hippocampal CaMKII-aa mRNA
was quantified by RT-PCR for all four groups (Fig. 4). One-way
ANOVA revealed a significant difference in the CaMKII-c mRNA
expression (F(3,28)=121.03, p<0.001) among the different
groups. LPS treatment significantly decreased CaMKII- mRNA
expression with respect to control group (p < 0.05), whereas in
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Fig. 3. LPS treatment increases TNF-a concentrations in rat hippocampus.
Hippocampal tissue samples were collected after behavioral experiment and
TNF-o levels were determined by ELISA. TNF-a concentrations were increased
following LPS injection, and this change was prevented by pre-treatment with
omega-3 dietary supplement. Each value represents mean + SEM, n = 8, ***p < 0.001
vs. control group and ###p < 0.001 vs. LPS group.

omega-3-treated rats, CaMKII-a mRNA expression was signifi-
cantly increased (p < 0.001). Pre-treatment with dietary omega-3
significantly increased CaMKII-co mRNA levels in LPS-treated rats
compared to rats receiving LPS only (p < 0.001). Consequently,
CaMKII-a mRNA expression in omega-3 + LPS was indisguishable
from rats receiving omega-3 only (p = 0.76). LPS-induced memory
impairment may therefore be due to reduction in CaMKII-a
expression; dietary intake of omega-3 reverses this effect and
improves memory formation.

Discussion

Neuroinflammation, which may occur after traumatic brain
injury, is known to be associated with memory impairment.
Accumulating research suggests that persistent inflammation may
increase cytokine release, alter protein expression, and ultimately
disrupt memory networks causing dementia. Suppression of
inflammation may therefore improve cognitive function. The
polyunsaturated fatty acid omega-3 has been demonstrated to
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Fig. 4. CaMKII-ao mRNA levels are decreased by LPS treatment and enhanced by
omega-3. RT-PCR analysis of hippocampal CaMKII-« expression was determined for
each of the four treatment groups. CaMKIl-a mRNA levels were significantly
reduced following LPS injection, but increased by omega-3 treatment. Each value
represents mean + SEM, n=8, *p <0.05 and ***p < 0.001 vs. control group and
#i##p < 0.001 vs. LPS group.
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have anti-inflammatory effects, and recent studies suggest that
dietary omega-3 consumption may promote memory retention
and protect against cognitive decline. However, the mechanism
by which omega-3 might protect against inflammation-induced
memory loss is not known.

In order to investigate the mechanism further, we tested
whether omega-3 treatment could protect against inflammation-
induced memory loss using a rat model of memory acquisition. We
found that stimulation of neuroinflammation by LPS injection
significantly impaired retention of the passive avoidance learning
(PAL) task. Pre-treatment with 1 month of dietary omega-3
significantly improved PAL performance in both unstimulated
and LPS-stimulated rats. Interestingly, these results suggest
that omega-3 may improve memory even in the absence of
neuroinflammation.

In the present study, we used acute intraperitoneal injection of
LPS (500 pg/kg), given 4 h before memory testing, and showed a
significant impairment on PAL retention. These data support the
previous studies indicating that a single dose of LPS is sufficient to
induce memory impairment [6,30,31]. We hypothesized that the
LPS-induced changes in memory function may be due to increased
brain inflammation, since previous studies indicate peripheral
administration of LPS induces neuroinflammatory reactions
[2,30]. To determine whether LPS injection could stimulate
inflammation in our rat model, we quantified hippocampal
concentrations of TNF-«, a pro-inflammatory cytokine and found
it to be significantly increased. Our finding agrees with a previous
study which showed, in mice, systemic injection of LPS induces
TNF-a production in serum and central nervous system within 1 h
[32]. TNF-a has been shown to be upregulated following brain
trauma and can activate other cytokines to propagate the
inflammatory response [2]. In addition to activating this proin-
flammatory cascade, TNF-a levels may remain increased in the
brain for up to 1 week. Serum levels, however, return to baseline
within 1 day [2]. Changes in TNF-« levels are due to activation of
microglia and astrocytes [33-36] and are related to changes in cell
morphology and expression of new proteins including cyclo-
oxygenase-2 (COX-2), iNOS and other proinflammatory cytokines
[4,37,38]. It has been reported that LPS activates nuclear factor
kappa B (NF-kB) which primarily regulates expression of
inflammatory proteins [39]. However, the relationship between
LPS-induced changes in TNF-« levels and memory impairment is
not fully understood.

In order to determine how neuroinflammation affects mecha-
nisms of memory formation, we investigated the effect of LPS on
expression of the calcium-activated enzyme CaMKII-«. Interest-
ingly, in the present study, we found that LPS treatment
significantly decreases hippocampal CaMKII-« gene expression,
CaMKII-a has a key role in memory formation [40] and is involved
in activity-dependent changes in LTP and synaptic plasticity
[41]. In a mouse model, homozygous knockout of CaMKII-a
blocked hippocampal LTP and learning [42]. CaMKII-a also has a
key role in the later phases of memory such as retrieval [43-
46]. Since the hippocampus plays a critical role in passive
avoidance learning and memory [8,47], we hypothesize that, in
the present study, the LPS-induced hippocampal deficiency in
CaMKIIl-o¢ expression may be involved in the observed PAL
impairment. By disrupting CaMKII-oo mRNA levels, LPS treatment
may severely decrease synthesis of new dendritic CaMKII-a
protein, alter LTP induction, and finally disrupt PAL retention.

There is growing evidence that omega-3 fatty acids, DHA
and EPA, because of their roles in cell membrane structure and
cytokine regulation, have a role in brain function, learning and
memory, as well as neuroplasticity [17,20,29,48-51]. Further-
more, activation of NF-kB and expression of inflammatory genes
such as iNOS, COX2 and IL-1« are inhibited by omega-3 treatment

[52,53]. Therefore, we hypothesized that dietary omega-3 PUFA
may prevent deleterious effects of LPS on memory impairment.

Our behavioral studies showed that 1 month pre-treatment
with omega-3 significantly decreased the number of trials to
acquisition in the PAL task, which demonstrates improvements in
acquisition (data not shown). During the retention test, omega-3
increased STL and decreased TDC regardless of LPS treatment,
suggesting it improves memory formation. The results of this study
are in line with previous reports that omega-3 dietary consump-
tion improves learning and memory in both young and aged
animals, enhances LTP, upregulates adult neurogenesis in hippo-
campus and reduces cognitive deficits during Alzheimer’s disease
and aging [17,49-51]. Furthermore, previous results indicate that
water maze learning and memory improved in rats with cerebral
ischemia who received dietary fish oil, which contains high levels
of omega-3. These animals also had improved LTP maintenance
and reduced oxidative damage and less hippocampal neuronal
apoptosis [54].

In the present study, we demonstrated a significant enhance-
ment of hippocampal CaMKII-« gene expression following omega-
3 treatment. These data suggest that the improved PAL perfor-
mance we observed in omega-3-treated animals is likely due to
increased levels of CaMKII-o.. The exact mechanism of omega-3
on upregulation of CaMKII-a gene expression is not fully clear.
Previous studies indicate that CaMKIl-o expression may be
regulated by retinoid X receptors (RXRs) and nuclear RA receptors
(RARs) that, when activated, form heterodimers and regulate
transcription [20,55,56]. Interestingly, omega-3 fatty acids are
endogenous ligands of RXRs and RARs [20]. During aging,
expression of these nuclear receptors significantly decrease and
can be reversed by omega-3 dietary supplementation [20]. Thus,
it is possible that omega-3 could modulate expression of the
CaMKII-a gene by binding to these receptors.

Here, we show that dietary omega-3 consumption prevented
the neuroinflammation-induced TNF-a increase, loss of CaMKII-«
gene expression and memory impairment. Our results suggest that
inflammation may cause cognitive dysfunction by decreasing
CaMKIIl-a gene expression. Furthermore, omega-3 consumption
prevents these detrimental effects as well as improved baseline
memory function. Taken together, our data suggest that reducing
neuroinflammation may be crucial for prevention of dementia
and that omega-3 may provide a useful dietary therapeutic
intervention.

Conflict of interest

None of the authors claim any conflict of interest.

Funding

This work was supported by a research grant from the graduate
office of the University of Isfahan.

Acknowledgement

The authors are warmly grateful to Dr Amy Pooler for editing
the paper and improving the language to the standards of present
journal.

References

[1] Hauss-Wegrzyniak B, Lukovic L, Bigaud M, Stoeckel ME. Brain inflammatory
response induced by intracerebroventricular infusion of lipopolysaccharide:
an immunohistochemical study. Brain Res 1998;794:211-24.

[2] Qin L, He ], Hanes RN, Pluzarev O, Hong ]S, Crews FT. Increased systemic and
brain cytokine production and neuroinflammation by endotoxin following
ethanol treatment. ] Neuroinflammation 2008;5:10.


http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0005
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0005
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0005
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0010
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0010
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0010

M. Noorbakhshnia et al./ Pharmacological Reports 67 (2015) 370-375 375

[3] Zarifkar A, Choopani S, Ghasemi R, Naghdi N, Maghsoudi AH, Maghsoudi N,
et al. Agmatine prevents LPS-induced spatial memory impairment and hippo-
campal apoptosis. Eur ] Pharmacol 2010;634:84-8.

[4] Chauveau F, Boutin H, Van Camp N, Dolle F, Tavitian B. Nuclear imaging of
neuroinflammation: a comprehensive review of [11C|PK11195 challengers.
Eur ] Nucl Med Mol Imaging 2008;35:2304-19.

[5] Ekdahl CT, Kokaia Z, Lindvall O. Brain inflammation and adult neurogenesis:
the dual role of microglia. Neuroscience 2009;158:1021-9.

[6] Lee JWLY, Yuk DY, Choi DY, Ban SB, Oh KW, Hong JT. Neuro-inflammation
induced by lipopolysaccharide causes cognitive impairment through en-
hancement of beta-amyloid generation. ] Neuroinflammation 2008;5(37):
1-14.

[7] RyuKY, Cho GS, Piao HZ, Kim WK. Role of TGF-beta in survival of phagocytizing
microglia: autocrine suppression of TNF-alpha production and oxidative
stress. Exp Neurobiol 2012;21:151-7.

[8] Nyberg L. Any novelty in hippocampal formation and memory? Curr Opin
Neurol 2005;18(4):424-8.

[9] Campbell S, Macqueen G. The role of the hippocampus in the pathophysiology
of major depression. ] Psychiatry Neurosci 2004;29:417-26.

[10] Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation
in the hippocampus. Nature 1993;361:31-9.

[11] Lynch MA. Long-term potentiation and memory. Physiol Rev 2004;84:
87-136.

[12] Wayman GA, Lee YS, Tokumitsu H, Silva A], Soderling TR. Calmodulin-
kinases: modulators of neuronal development and plasticity. Neuron
2008;59:914-31.

[13] Griffith LC. Regulation of calcium/calmodulin-dependent protein kinase II
activation by intramolecular and intermolecular interactions. ] Neurosci
2004;24:8394-8.

[14] Irvine EE, Danhiez A, Radwanska K, Nassim C, Lucchesi W, Godaux E, et al.
Properties of contextual memory formed in the absence of alphaCaMKII
autophosphorylation. Mol Brain 2011;4:8.

[15] Lisman J, Schulman H, Cline H. The molecular basis of CaMKII function in
synaptic and behavioural memory. Nat Rev Neurosci 2002;3:175-90.

[16] Malinow RSH, Tsien RW. Inhibition of postsynaptic PKC or CaMKII
blocks induction but not expression of LTP. Science 1989;245(4920):
862-6.

[17] Beltz BS, Tlusty MF, Benton JL, Sandeman DC. Omega-3 fatty acids upregulate
adult neurogenesis. Neurosci Lett 2007;415:154-8.

[18] Dyall SC, Michael-Titus AT. Neurological benefits of omega-3 fatty acids.
Neuromol Med 2008;10:219-35.

[19] Hashimoto M, Hossain S, Tanabe Y, Kawashima A, Harada T, Yano T, et al. The
protective effect of dietary eicosapentaenoic acid against impairment of
spatial cognition learning ability in rats infused with amyloid beta(1-40).
J Nutr Biochem 2009;20:965-73.

[20] Dyall SC, Michael GJ, Michael-Titus AT. Omega-3 fatty acids reverse age-
related decreases in nuclear receptors and increase neurogenesis in old rats.
J Neurosci Res 2010;88:2091-102.

[21] Martin DSSP, Horrobin DF, Lynch MA. Long-term potentiation in aged rats
is restored when the age-related decrease in polyunsaturated fatty acid
concentration is reversed. Prostaglandins Leukot Essent Fatty Acids
2002;67(2-3):121-30.

[22] Selkoe DJ. Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev
2001;81:741-66.

[23] Jump DB. The biochemistry of n-3 polyunsaturated fatty acids. ] Biol Chem
2002;277:8755-8.

[24] Kitajka K, Puskas LG, Zvara A, Hackler Jr L, Barcelo-Coblijn G, Yeo YK, et al.
The role of n-3 polyunsaturated fatty acids in brain: modulation of rat brain
gene expression by dietary n-3 fatty acids. Proc Natl Acad Sci USA 2002;99:
2619-24.

[25] Hasanein P, Shahidi S. Preventive effect of Teucrium polium on learning and
memory deficits in diabetic rats. Med Sci Monit 2012;18:BR41-6.

[26] Shahidi S, Motamedi F, Bakeshloo SA, Taleghani BK. The effect of reversible
inactivation of the supramammillary nucleus on passive avoidance learning in
rats. Behav Brain Res 2004;152:81-7.

[27] Nasoohi S, Hemmati AA, Moradi F, Ahmadiani A. The gamma-secretase blocker
DAPT impairs recovery from lipopolysaccharide-induced inflammation in rat
brain. Neuroscience 2012;210:99-109.

[28] Arai K, Matsuki N, Ikegaya Y, Nishiyama N. Deterioration of spatial learning
performances in lipopolysaccharide-treated mice. Jpn J Pharmacol 2001;87:
195-201.

[29] Sarsilmaz MSA, Ozyurt H, Kus I, Ozen OA, Ozyurt B, S6giit S, et al. Potential
role of dietary omega-3 essential fatty acids on some oxidant/antioxidant

parameters in rats’ corpus striatum. Prostaglandins Leukot Essent Fatty Acids
2003;69(4):253-9.

[30] Rostami F, Oryan S, Ahmadiani A, Dargahi L. Morphine preconditioning
protects against LPS-induced neuroinflammation and memory deficit. ] Mol
Neurosci 2012;48:22-34.

[31] Sparkman NL, Kohman RA, Garcia AK, Boehm GW. Peripheral lipopolysaccha-
ride administration impairs two-way active avoidance conditioning in C57BL/
6] mice. Physiol Behav 2005;85:278-88.

[32] Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong ]S, et al. Systemic LPS
causes chronic neuroinflammation and progressive neurodegeneration. Glia
2007;55:453-62.

[33] Aloisi F. Immune function of microglia. Glia 2001;36:165-79.

[34] Dong Y, Benveniste EN. Immune function of astrocytes. Glia 2001;36:180-90.

[35] Ladeby R, Wirenfeldt M, Garcia-Ovejero D, Fenger C, Dissing-Olesen L, Dalmau
I, et al. Microglial cell population dynamics in the injured adult central nervous
system. Brain Res Brain Res Rev 2005;48:196-206.

[36] Hanisch UK. Microglia as a source and target of cytokines. Glia 2002;
40(2):140-55.

[37] Bal-Price A, Brown GC. Inflammatory neurodegeneration mediated by nitric
oxide from activated glia-inhibiting neuronal respiration, causing glutamate
release and excitotoxicity. ] Neurosci 2001;21:6480-91.

[38] Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms. Nat Rev Neurosci 2007;8:57-69.

[39] Yamamoto Y, Gaynor RB. IkappaB kinases: key regulators of the NF-kappaB
pathway. Trends Biochem Sci 2004;29:72-9.

[40] Irvine EE, von Hertzen LS, Plattner F, Giese KP. alphaCaMKII autophosphor-
ylation: a fast track to memory. Trends Neurosci 2006;29:459-65.

[41] Abraham WC, Tate WP. Metaplasticity: a new vista across the field of synaptic
plasticity. Prog Neurobiol 1997;52:303-23.

[42] Frankland PWOBC, Ohno M, Kirkwood A, Silva AJ. Alpha-CaMKII-dependent
plasticity in the cortex is required for permanent memory. Nature 2001;
411(6835):309-13.

[43] Elgersma Y, Sweatt ]D, Giese KP. Mouse genetic approaches to investigating
calcium/calmodulin-dependent protein kinase II function in plasticity and
cognition. ] Neurosci 2004;24:8410-5.

[44] Mazza M, Pomponi M, Janiri L, Bria P, Mazza S. Omega-3 fatty acids and
antioxidants in neurological and psychiatric diseases: an overview. Prog
Neuropsychopharmacol Biol Psychiatry 2007;31:12-26.

[45] Wang H, Shimizu E, Tang YP, Cho M, Kyin M, Zuo W, et al. Inducible protein
knockout reveals temporal requirement of CaMKII reactivation for memory
consolidation in the brain. Proc Natl Acad Sci USA 2003;100:4287-92.

[46] Miller S, Yasuda M, Coats JK, Jones Y, Martone ME, Mayford M. Disruption of
dendritic translation of CaMKIlalpha impairs stabilization of synaptic plastic-
ity and memory consolidation. Neuron 2002;36:507-19.

[47] Cahill L, McGaugh JL. Mechanisms of emotional arousal and lasting declarative
memory. Trends Neurosci 1998;21:294-9.

[48] Gamoh S, Hashimoto M, Sugioka K, Shahdat Hossain M, Hata N, Misawa Y, et al.
Chronic administration of docosahexaenoic acid improves reference memory-
related learning ability in young rats. Neuroscience 1999;93:237-41.

[49] Gamoh S, Hashimoto M, Hossain S, Masumura S. Chronic administration of
docosahexaenoic acid improves the performance of radial arm maze task in
aged rats. Clin Exp Pharmacol Physiol 2001;28:266-70.

[50] Lim SY, Suzuki H. Intakes of dietary docosahexaenoic acid ethyl ester and egg
phosphatidylcholine improve maze-learning ability in young and old mice.
J Nutr 2000;130:1629-32.

[51] Su HM. Mechanisms of n-3 fatty acid-mediated development and mainte-
nance of learning memory performance. ] Nutr Biochem 2010;21:364-73.

[52] Lee JYSK, Rhee SH, Hwang D. Saturated fatty acids, but not unsaturated fatty
acids, induce the expression of cyclooxygenase-2 mediated through Toll-like
receptor 4. ] Biol Chem 2001;276(20):16683-89.

[53] Lee JY, Ye ], Gao Z, Youn HS, Lee WH, Zhao L, et al. Reciprocal modulation of
Toll-like receptor-4 signaling pathways involving MyD88 and phosphatidy-
linositol 3-kinase/AKT by saturated and polyunsaturated fatty acids. ] Biol
Chem 2003;278:37041-51.

[54] Bas O, Songur A, Sahin O, Mollaoglu H, Ozen OA, Yaman M, et al. The protective
effect of fish n-3 fatty acids on cerebral ischemia in rat hippocampus. Neu-
rochem Int 2007;50:548-54.

[55] Giguere V, Ong ES, Segui P, Evans RM. Identification of a receptor for the
morphogen retinoic acid. Nature 1987;330:624-9.

[56] Leid MKP, Lyons R, Nakshatri H, Saunders M, Zacharewski T, Chen JY, et al.
Purification, cloning, and RXR identity of the HeLa cell factor with which RAR
or TR heterodimerizes to bind target sequences efficiently. Cell 1992;68(2):
377-95.


http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0015
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0015
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0015
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0020
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0020
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0020
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0025
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0025
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0030
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0030
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0030
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0030
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0035
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0035
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0035
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0040
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0040
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0045
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0045
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0050
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0050
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0055
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0055
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0060
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0060
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0060
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0065
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0065
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0065
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0070
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0070
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0070
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0075
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0075
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0080
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0080
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0080
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0085
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0085
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0090
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0090
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0095
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0095
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0095
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0095
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0100
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0100
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0100
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0105
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0105
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0105
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0105
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0110
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0110
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0115
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0115
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0120
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0120
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0120
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0120
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0120
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0125
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0125
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0130
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0130
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0130
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0135
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0135
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0135
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0140
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0140
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0140
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0145
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0145
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0145
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0145
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0150
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0150
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0150
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0155
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0155
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0155
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0160
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0160
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0160
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0165
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0170
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0175
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0175
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0175
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0180
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0180
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0185
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0185
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0185
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0190
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0190
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0195
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0195
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0200
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0200
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0205
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0205
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0210
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0210
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0210
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0215
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0215
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0215
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0220
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0220
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0220
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0225
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0225
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0225
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0230
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0230
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0230
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0235
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0235
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0240
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0240
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0240
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0245
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0245
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0245
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0250
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0250
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0250
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0255
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0255
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0260
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0260
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0260
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0265
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0265
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0265
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0265
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0270
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0270
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0270
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0275
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0275
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0280
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0280
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0280
http://refhub.elsevier.com/S1734-1140(14)00326-0/sbref0280

	Omega-3 fatty acids prevent LPS-induced passive avoidance learning and memory and CaMKII-α gene expression impairments in ...
	Introduction
	Material and methods
	Animals
	Material
	Passive avoidance learning (PAL) test (step-through test)
	Passive avoidance apparatus
	Acquisition training
	Retrieval test
	Experimental protocol

	Tissue preparation
	ELISA quantification of TNF-α
	RNA isolation and reverse transcription
	RT-PCR amplification
	Statistical analysis

	Results
	Treatments do not alter PAL acquisition
	PAL task performance was impaired by neuroinflammation but improved by dietary omega-3
	Stimulation of TNF-α by neuroinflammation was prevented by consumption of omega-3
	Hippocampal CaMKII-α expression was decreased by LPS treatment and increased by omega-3 consumption

	Discussion
	Conflict of interest
	Funding
	Acknowledgement
	References


