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Depression causes mental and physical changes which affect quality of life. It is estimated to become the second most prevalent dis-
ease, but despite its commonness, the pathophysiology of depression remains unclear and medicine is not sufficiently protective. p-
Coumaric acid (p-CA) is a dietary phenolic acid which has been proven to have antifungal, anti-HIV, anti-melanogenic, antioxidant
and anti-inflammatory effects. Considering these effects, we investigated whether p-CA can prevent depressive symptoms by reduc-
ing inflammatory cytokines in animals injected with lipopolysaccharide (LPS). Changes in despair-related behaviors, inflammatory
cytokines, neurotrophic factors and synaptic activity were measured. In these animals, p-CA improved despair-related behavioral
symptoms induced by LPS in the forced swim test (FST), tail suspension test (TST) and sucrose splash test (SST). p-CA also pre-
vented the increase of inflammatory cytokines in the hippocampus such as cycloxigenase-2 and tumor necrosis factor-a due to LPS.
Similarly; it prevented the reduction of brain-derived neurotrophic factor (BDNF) by LPS. Electrophysiologically, p-CA blocked the
reduction of long-term depression in LPS-treated organotypic tissue slices. In conclusion, p-CA prevented LPS-induced depressive
symptoms in animals, as determined by behavioral, biochemical and electrophysiological measures. These findings suggest the po-
tential use of p-CA as a preventive and therapeutic medicine for depression.
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ond-most common disease in 2020 [2]. Although it is becoming a
more serious issue, the pathophysiology of depression still remains
unclear [3].

Neurochemical research has improved our understanding of
neurotransmitter changes in depression, which has contributed to
the development of antidepressants such as TCAs (tricyclic anti-
depressants), SSRIs (selective serotonin reuptake inhibitors) and
NDRIs (norepinephrine-dopamine reuptake inhibitors). However,
the efficacy of these antidepressants is sometimes suboptimal and
delayed in onset, which is problematic when depressed patients
have suicidal ideation or are at risk of self-harm [4]. In addition,
the limits of pharmacotherapy and pharmacological classification
based on serotonin, norepinephrine and dopamine imply that the
‘monoamine hypothesis is woefully insufficient in explaining the
etiology of depression. Interestingly, the inflammatory pathway
has recently become an important topic in the development of
novel antidepressants [5]. Therefore, prophylactic antidepressants
with fewer side effects and more comprehensive effects should be
developed [6].

Continuous inflammation with elevated levels of inflammatory
cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-a
(TNEF-a) can cause sickness behavior that replicates depressive
symptoms [7, 8]. Depressed patients and animal models of depres-
sion show high levels of IL-6 and TNF-a in their cerebrospinal
fluid and frontal cortex [9]. Such findings suggest that inflamma-
tory cytokines are important contributors to the development of
depression [10]. In support of this hypothesis, preclinical studies
demonstrated that induction of cytokines using LPS or deletion
of interleukin-1 (IL-1) [11], IL-6 [12] and TNF-a [13] can cause
alterations in behavior, neurotransmitter function, neurogenesis
and neuroendocrine output [14]. These inflammatory cytokines
cause activation of glial cell and modify the monoamine neu-
rotransmitters. Inflammatory cytokines activate serotonergic sys-
tem and affect metabolism of 5-HT or NE [15]. These modifying
of inhibitory and excitatory neurotransmitters affect emotional
activity including NE or GABA, and these results impair the bal-
ance between neurotransmitters [16] which is directly linked to
the depression.

In preclinical and translational research on depression, animal
models have been developed to screen the core symptoms of de-
pression by validating the endophenotypes of depression, such as
learned helplessness [17] and anhedonia [18]. By screening these
symptoms through behavioral tests, the severity of depression can
be measured. Long-term depression (LTD) also has a potentially
important role in modern neuroscience, and it is possible that
they may be exploited to treat disorder and disease in the central
nervous system. Previous studies have shown that LTD may be in-
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Fig. 1. Chemical structure of p-coumaric acid.

volved in depression and may be a useful tool to study depression.
The molecular mechanisms underlying LTD could potentially rec-
tify synaptic malfunction and lead to a treatment for depression.
For instance, socially stressed rats demonstrated significant LTD
in hippocampus 30 min after low-frequency stimulation while
control groups didn't demonstrate LTD-induction. And, anti-
depressant such as imipramine blocked LTD in stressed group [19].
The molecular mechanisms underlying LTD could potentially rec-
tify synaptic malfunction and lead to a treatment for depression.

p-Coumaric acid (p-CA) is a phenolic compound (Fig. 1) com-
monly present in vegetables and fruits. It is used to make other
flavonoids [20] and has been proven to have antifungal, anti-viral,
anti-melanogenic, antioxidant and anti-inflammatory effects [21].
p-CA also has been reported to have neuroprotective effects equal
to or greater than those of flavonoids (+)-catenchin, (-)-epicatechin
and quercetin [22]. In practice, previous studies have shown that
treatment with p-CA significantly diminished brain oxidative
stress, decreased inflammation and inhibited apoptosis in the hip-
pocampus [23]. These previous studies suggest that p-CA may
function as an antidepressant because of its anti-inflammatory ef-
tects and neuroprotective effects.

Considering these beneficial effects, this study was performed
to investigate whether the protective effects of p-CA can alleviate
depressive symptoms involved with inflammatory cytokines. We
used LPS to stimulate the release of pro-inflammatory cytokines
which is known to induce depression-like behavior lasting for a
few hours or even longer [10]. The protective effect of p-CA was
then measured by behavioral, biochemical and electrophysiologi-
cal methods.

MATERIALS AND METHODS

Animals

Thirty 6-week-old male Sprague-Dawley rats with an average
weight of 200+20 g were used for in vivo experiments. Rats were
purchased from Orient Bio Inc. (Gyeonggi, South Korea) and two
were housed in each cage. A standard pellet diet bought from Ori-
ent Bio Inc. was fed to the animals. The environment was main-
tained at a temperature of 26+1°C and relative humidity of 60+5%
in a 12 h light/dark cycle (lights on at 8:00 a.m., lights off at 8:00
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p-m.). They were given tap water and a standard diet ad libitum
during the experiments. All these procedures were performed at
the KyungHee University animal facility. All animal procedures
were accompanied by the Institutional Care and Use Committee
(KHUASP(SE)-15-024) of Kyung Hee University, and were per-
formed following guiding principles for the care and use of ani-
mals approved by the Council of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Materials

p-CA, LPS from Escherichia coli (L2637), HEPES (H4034), L-
glutamine (G-8540) and D-glucose (G-7528) were purchased
from Sigma (St. Louis, MO, USA). Minimum essential medium
(MEM, LM 007-01), Hank’ balanced salt solution (HBSS, LB 003-
01) and horse serum (S 104-01) were purchased from JBI (Daegu,
South Korea). Penicillin and streptomycin were obtained from
Gibco BRL (LS 202-02, USA).

Experimental design and drug administration

p-CA was dispersed in ethanol so that its final concentration
was 20%. Rats were randomly assigned to six groups (n=6 /group).
Group 1 was the EtOH 20% group and received EtOH 20% for two
days. Group 2 was the control group and received saline for two
days. Group 3, the LPS group, received saline on the first day and
LPS on the second day. Group 4 was given 50 mg/kg p-CA [24] on
the first day and LPS on the second day. Group 5 was given 75 mg/
kg p-CA [25] on the first day and LPS on the second day. Group
6 was given 100 mg/kg p-CA on the first day and LPS on the sec-
ond day. The p-CA and EtOH was administered at a dose of ImL
per 100 g body weight. All drug administration was blinded. The
p-CA and saline treatments were administered intraperitoneally
between 10:00 a.m. and 11:00 a.m. a day before the behavioral
experiments. LPS was dissolved in saline and injected at a dose of
200 pg/kg 2 h before initiating the behavioral experiments (Fig. 2)
[10].

Forced swim test

The FST was conducted in a sound-attenuated room to measure
behavioral despair. The test was performed in two sessions as de-
scribed previously, a pre-swim trial and the forced swim test, with

LPS

¥

P-CA treatment

FST

a few changes [26]. The pre-swim trials and FST were performed
in cylinders (diameter 24.4 cm) filled with tap water (23°C+2) to a
depth of about 30 cm (Fig. 2). A white barrier was placed between
the cylinders for visual isolation between animals. The pre-swim
trial was 15 minutes and the FST was 24 hours after the pre-swim
trial. After each trial, the animals were wiped with a towel and
returned to their home cage, after which the cylinder was refilled
with fresh water [4]. During the six-minute FST, all behavior was
recorded to measure their despair behaviors. Immobility was de-
fined as the sum of the time the animals remained floating without

limb movement.

Tail suspension test

The TST is another behavioral test for assessing antidepres-
sant activity through the display of despair and hopelessness. All
behaviors were recorded during tail suspension to measure im-
mobility. The rats were suspended 50 cm above the floor for 6 min
by adhesive tape attached 3 cm from the tip of the tail. Rats were
considered immobile only when they hung passively and were
completely motionless [27].

Sucrose splash test

The splash test is a pharmacologically validated animal model to
exhibit motivational behavior. Decrease of grooming time in this
test is considered an apathy-like behavior of depression [28]. The
test was performed by squirting 10% sucrose solution on the dor-
sal coat of animals in their home cage. The time spent grooming
was recorded for 5 minutes.

Western blot

Rats were anesthetized with ketamine and hippocampus was
collected. In brief, the hippocampus was denatured in lysis buffer
with a tissue grinder. Then the homogenate was resolved by SDS-
PAGE and transferred to a PVDF membrane. Primary antibodies
(anti-COX-2, anti-TNF-q, anti-BDNF; Cell signaling Tech. Inc.,
Danvers, MA) were diluted to 1:1000 concentration ratio and
applied overnight at 4°C. After a one-hour incubation in 1:1000
diluted secondary antibody, bands were visualized by enhanced
chemiluminescence (ECL) solution (Thermo Fisher Scientific,
MA) and quantified using a chemiluminescence detector (Davinch

SST TST Sacrificing

Time *}thern blot

24h 2h

2h 2h 12h

Fig. 2. Diagram of experimental schedule for p-CA and LPS administration and behavioral tests.
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Chemi imaging system, Cell Tagen, Korea) and Image] (NIH, USA)

image analysis software.

Organotypic hippocampal cultures (OHSCs)

Seven-day-old Sprague-Dawley rats were sacrificed and their
brains were quickly extracted and immersed in ice-cold HBSS me-
dium (LB 003-01, Sigma, St. Louis, Mo, USA) with 20 mM HEPES
(H-4034, Sigma, St. Louis, Mo, USA) immediately. The cerebellum
and frontal cortex were removed delicately and the hippocampus
was extracted and amputated transversely at 350 um by a tissue
chopper (Mickle Laboratory Engineering Co., Surrey, UK). In each
six-well plate, four or five slices were placed onto a 0.4 pm culture
insert (Millicell-CM; Millipore, Bedford, MA, USA). The six-well
plate was filled with ImL of culture medium (MEM; 25%(v/v)
Hanks balanced salt solution, supplemented with 20 mM HEPES,
6 g/L D-glucose, 1 mM L-glutamine, 25%(v/v) heat-inactivated
horse serum and 1% penicillin-streptomycin; pH=7.1). The cul-
ture was incubated at 36°C with 5% CO, and 95% O,. The culture
medium was replaced three times a week and the sections were

cultured for two weeks [4].

Preparation of organotypic hippocampal slice tissue on the
microelectrode array probes

A single stabilized hippocampal slice was removed from a mem-
brane insert delicately with a needle and then placed on an 8x8
microelectrode array (MEA) with 10-pum-diameter electrodes.
They were spaced 100 pm apart (Multi Channel Systems GmbH,
Reutlingen, Germany) and pre coated with 0.01% polyethyl-
enimine. The slice was stabilized in artificial cerebrospinal fluid
(aCSF), which includes 10 mM glucose, 114 mM NaCl, 3 mM KCl,
26 mM NaHCO,,2 mM CaCl,, 1 mM MgCl, and 20 mM HEPES,
for 30 minutes at 33°C and pH7.4 with 95% O, and 5% CO, gas
aeration. Then, extraneous aCSF was extracted by a pipette. The
MEA with the hippocampal slice was moved to the interface of an
MEA1060 amplifier. The array solution was grounded by Ag/Ag
pellets and data were collected from every channel with a speed
of 25 kHz. They were recorded using Recorder-Rack software
(MEA systems, MCS software). After the experiment, the array
was cleansed with 2% Ultrasonol 7 (Carl Roth GmbH, Karlsruhe,
Germany) in distilled water for 30 minutes, rinsed with distilled

water and immersed in distilled water at room temperature.

Induction of LTD in hippocampal slice

The MEA system consisted of a 64-channel array containing 60
recording electrodes (STG1004; Multi Channel Systems GmbH,
Reutlingen, Germany) and four stimulating electrodes, an am-
plifier (MEA1060; Multi Channel Systems GmbH, Reutlingen,
192

www.enjournal.org

Germany) in a Faraday cage, data acquisition software (www.
multichannelsystems.com) and temperature control units (Multi
Channel Systems GmbH, Reutlingen, Germany) [4]. Bipolar elec-
trical stimulation was applied in the CA2 stratum radiatum region
to stimulate the Schaffer collateral (SC) and commissural path-
ways. The intensity of the bipolar test pulse (or baseline) stimula-
tion set was 100 mA, optimized to provide about 40~65% of the
maximum tissue response, delivered once per minute. Before the
low-frequency stimulation (1 Hz for 15 minutes; 900 total pulses)
was applied to induce LTD, baseline responses were evoked for at
least 30 minutes, where the last 40 minutes were recorded. From
the 59 microelectrodes spanning the hippocampus, fEPSPs were
recorded every 60 sec for another 50 minutes after the condition-
ing stimulation. During the experiment, the slices were continually
perfused with new aCSF or aCSF in drugs (dissolved with 95% O,,
5% CO,) at 3 mL/min and 161/h carbogen consumption.

Electrophysiologic data processing

MC_Rack (v.3.2.1.0, MultiChannel Systems) was used to digitize
the MEA signal and protect EPSPs from inducing amplitudes over
40 mV. Then, a custom MATLAB (v.7.0.1, Mathworks, Inc.) pro-
gram was used to remove artificial factors and integrate the evoked
field potential trajectory [29].

Statistical analysis

The results in the figures are expressed as meantstandard error
of the mean (SEM). Statistical analysis was performed using one-
way and repeated measure ANOVA followed by Scheffe or Dun-
nett T3 post-hoc multiple comparison test using SPSS 20.0 for
Windows (SPSS Inc., Chicago, IL, USA). Statistically significant
differences were defined as p<0.05.

RESULTS

Behavioral tests

Depression-like changes induced by LPS and the protective ef-
tect of p-CA were tested with animal models of behavioral despair
and apathy. There were significant differences in immobility time
and climbing time measured in the FST between groups (Fig. 3B
and 3C). The one-way ANOVA Scheffe post-hoc test showed sig-
nificant differences in accumulated immobility time for control
vs. LPS (*p<0.05), LPS vs. p-CA 50 ("p<0.05) and LPS vs. p-CA 75
(“p<0.01), but the immobility reduction in the p-CA 100 group
was insignificant (LPS vs p-CA 100). The ANOVA Schefte post-
hoc test showed significant differences in climbing time for control
vs. LPS (**p<0.01),and LPS vs. p-CA 50 (“p<0.01), but not for LPS
vs.p-CA 75 or LPS vs. p-CA 100.
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Fig. 3. Effects of LPS and p-CA on depression-like behaviors (n=6/group). (A) Schematic diagram of the FST. (B) Immobility time in the forced swim
test. (C) Accumulated climbing time in the FST. (D) Schematic diagram of the TST. (E) Immobility time in the TST. (F) Accumulated climbing time in
the SST. Data are shown as meanztstandard error of the mean (SEM). Control, saline; LPS, saline+LPS 200 pg/kg; p-CA 50, p-CA 50 mg/kg+LPS 200 pg/
kg; p-CA 75, p-CA 75 mg/kg+LPS 200 pg/kg; p-CA 100, p-CA 100 mg/kg+LPS 200 pg/kg. *p<0.05, **p<0.01, ***p<0.001 versus LPS group and "p<0.05,

“p<0.01,""p<0.01 versus LPS-treated group by ANOVA Scheffe post-hoc test.

There were also significant differences between groups in the
immobility time measured in the TST (Fig. 3E). The one-way
ANOVA Scheffe post-hoc test showed significant differences
when comparing control vs. LPS (***p<0.001), LPS vs. p-CA 50
("p<0.01), LPS vs. p-CA 75 (“p<0.01) and LPS vs. p-CA 100
('p<0.05).

The grooming time in the SST was also significantly different be-
tween groups (Fig. 3F). A post-hoc pairwise comparison showed
significant differences for control vs. LPS (**p<0.01), LPS vs. p-CA
50 ("p<0.001), LPS vs. p-CA 75 ("p<0.01) and LPS vs. p-CA 100
("p<0.01). These results indicate that p-CA can improve LPS-
induced depression-like behaviors.

Because p-CA was diluted in EtOH 20% as a vehicle, we com-
pared the effect of EtOH 20% with saline treated animals. There
was no difference between the two groups in the effect of saline
and 20% ethanol (data not shown).

Western blot

Hippocampal expression of cyclooxygenase-2 (COX-2), TNF-a
and brain-derived neurotrophic factor (BDNF) was measured by

https://doi.org/10.5607/en.2018.27.3.189

immunoblotting (Fig. 4). LPS increased the expression of COX-
2 (*p<0.05) and TNF-a (*p<0.05) but reduced the expression of
BDNF (**p<0.01). When p-CA was co-treated with LPS, protein
levels of TNF-a and COX-2 decreased significantly compared to
animals treated with LPS only in a dose range of 50 to 100mg/kg
("p<0.05). Co-treatment of p-CA and LPS increased the expres-
sion of BDNF when p-CA was given at 100 mg/kg ("p<0.05) but
was non-significantly increased at 50 mg/kg and 75 mg/kg. These
results indicate that p-CA can prevent LPS-induced inflammatory
changes and improve synaptic plasticity in the hippocampus.

LTD in MEA system

The effects of LPS and p-CA were analyzed by comparing the
average field excitatory postsynaptic potentials (fEPSPs) to record
LTD in the hippocampus for 105 minutes (Fig. 5). The total fEPSP
activity calculated from the experimental results showed a sig-
nificant within-group effect, between-group effect (***p<0.001)
and within-between group interaction. The Scheffe post-hoc test
showed a significant reduction of total fEPSP in LPS-treated tis-
sues (control vs. LPS: **p<0.01). p-CA had no effect on vehicle-
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Fig. 4. Effects of LPS and p-CA on the hippocampal expression of in-
flammatory cytokines and BDNF (n=5/group). (A) Immunoblotting
and band quantification of cycloxigenase-2. (B) Immunoblotting and
band quantification of tumor necrosis factor-a. (C) Immunoblotting and
band quantification of BDNE Data are shown as mean+SEM. Control,
saline+saline; LPS, saline+LPS 200 pg/kg; p-CA 50, p-CA 50 mg/kg+LPS
200 pg/kg; p-CA 75, p-CA 75 mg/kg+LPS 200 pg/kg; p-CA 100, p-CA
100 mg/kg+LPS 200 pg/kg. *p<0.05 versus control group and "p<0.05,
"p<0.01, "'p<0.001 versus LPS-treated group by ANOVA Scheffe post-
hoc test.
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treated tissues (control vs. p-CA: p=0.99) but improved fEPSP
activity in LPS-treated tissues (LPS vs. LPS+p-CA: “p<0.01) (Fig.
5A). The average fEPSP was also significantly different between
groups (Fig. 5B). The Schefte post-hoc test showed that LPS had a
significant effect on the average fEPSP (control vs. LPS: **p<0.01).
Similarly, p-CA had no effect on average fEPSP in the vehicle-
treated group but improved the LPS-induced change (LPS vs
LPS+p-CA: p<0.01). In conclusion, p-CA improved the LPS-
induced changes in LTD in hippocampal tissues.

DISCUSSION

Depression involves many biological factors such as cytokines,
glucocorticoids and monoamines [30]. At the molecular level,
dysregulation of neurotransmitters, hormones, signaling path-
ways, neurotrophic and neuroplastic molecules and inflammatory
mediators contribute to the pathophysiology of depression. In this
study, LPS-treated rats were used to elucidate the extent to which
brain inflammation contributes to depressive behaviors such as
motivation reduction and learned helplessness, as well as how
p-CA interferes with such behavior and molecular stress-induced
alternations [31].

In the FST, which measures behavioral despair, LPS induced de-
pression-like behaviors, thus increasing the immobility time. How-
ever, when p-CA was co-administered with LPS, depression-like
behavior was significantly reduced, as shown by decreased immo-
bility time and increased climbing time. In addition, immobility in
TST, another measurement of behavioral despair, was increased by
LPS, and p-CA also improved this depression-like phenotype in
these animals. Moreover, grooming time in the SST was reduced
by LPS treatment only but increased under co-treatment with
p-CA, meaning that LPS and p-CA affected apathy, another indi-
cator of depression [28]. Although not reported in p-CA yet, p-CA
derivatives such as naringenin [32] and resveratrol [33] have been
demonstrated to have antidepressant-like effects. For example,
acute naringenin treatment reduced immobility time in the tail
suspension test by altering the monoaminergic system [34] and
affected sucrose preference in stressed animals by upregulating
the hippocampal expression of BDNF [32]. Resveratrol demon-
strated antidepressant-like effects by regulating the hypothalamus-
pituitary-adrenal axis in Wistar-Kyoto rats, a putative and non-
induced animal model of depression [35]. Climbing behavior was
defined as a characteristic of norepinephrine reuptake blockers
[26]. Fluoxetine selectively increased swimming in the FST, where-
as the norepinephrine reuptake blocker, desipramine, only in-
creased climbing. Because climbing increased for animals treated
with a low dose of p-CA (50 mg/kg) but not for those treated with
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Fig. 5. Effects of p-CA on LTD in rat hippocampal tissue (n=5/group). (A) Grouped data showing the time course of LTD from all recordings in
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high doses (75 and 100 mg/kg). Reduced motivation is another
component of depression, which is modeled by measuring groom-
ing behaviors in the sucrose splash test. Imipramine and fluoxetine
improved motivational behaviors in the splash test [36]. Ketamine
also improved motivational behavior in socially defeated animals
[37]. Our results demonstrate that p-CA improved motivational
behaviors reduced by LPS. In conclusion, p-CA significantly im-
proved the core symptoms of depression. These previous studies
and our results suggest that p-CA is an anti-depressant. In this
study, the climbing time was increased by p-CA in the low dose
(50 mg/kg) while it didn't show significant effect in high doses (75
and 100 mg/kg). Also, the other results such as grooming time in
SST and immobility in TST showed slightly more effective in low
dose (50 mg/kg), which means low dose of p-CA showed more
anti-depressant effect consistently in behavioral tests. These results
suggest that p-CA probably regulates the noradrenergic and sero-
tonergic system with different potency.

Next, the state of the neurons and the degree of depression-re-
lated inflammation was evaluated by measuring the hippocampal
expression of inflammatory cytokines and a neurotrophic factor.
Patients with major depression exhibited elevated levels of inflam-
matory cytokines in peripheral blood and brain tissues, which
can be involved in the pathophysiology of depression through
neurotransmitter metabolism, neural plasticity and neurotrophic
support [38]. Meta-analysis has shown a significant correlation
between increased TNF-a and IL-6 and depression [39]. Also,
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COX-2 inhibitor has been shown to improve depressive symp-
toms in both preclinical and clinical settings [40, 41]. While both
were increased by LPS, p-CA treatment reduced LPS-induced
changes in COX-2 and TNF-a. Interestingly, depressed patients
with increased inflammatory cytokine levels are more likely to
become resistant to antidepressant therapies [42]. These reduced
inflammation-related molecular changes demonstrate the poten-
tial of p-CA as an alternative for treatment-resistant depression. In
this study, p-CA reduced inflammatory cytokines such as TNF- «
and COX-2 in this study. COX-2 is increased by NFxB which is ac-
tivated by TLR4 activation. In this study, TLR4 might be activated
by LPS administration. This COX-2 increases PGE2 that leads to
induce excitotoxic glutamergic effects and activation of NMDA
receptors contribute to depression-like behavior [43]. And, TNF-
a also activates NFkB pathway said above and MAPK pathway.
MAPK activation leads to phosphorylation of CREB gene in RNA
which results in decreased expression of BDNF [44]. Further, anti-
inflammatory and analgesic effects of p-CA are quite remarkable
in several diseases such as diabetes, gout and arthritis, while p-CA
has various bioactivities [45, 46]. Its anti-inflammatory and anal-
gesic effects were not inferior to drug such as indomethacin [45].
In this study, anti-depressant-like effect of p-CA is related with the
down-regulation of inflammatory cytokines and involved path-
ways.

Neuroplastic changes are involved in many psychiatric disor-
ders and the key factor in neuroplasticity, BDNE is associated
195
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with clinical symptoms of depression and antidepressant effects
[47]. BDNF levels are lower in depressed patients than in healthy
subjects, and circulating BDNF significantly increases after anti-
depressant treatment [48]. In the present study, p-CA improved
BDNF levels which had been reduced by LPS. These results sug-
gest that p-CA has antidepressant efficacy by stimulating neuro-
plasticity as well as minimizing the influence of inflammation.

The clinical relevance of LTD in relation to depression has not
been fully revealed yet, but there are a few findings that indicate
that LTD is related with depression. LTD is a well-known func-
tional inverse of long-term potentiation (LTP) and a candidate
mechanism for learning and memory in the hippocampus [49].
Hippocampal mGlu5 receptors have been shown to mediate de-
pressive-like phenotypes in congenitally learned helpless rats [50].
Ovariectomized rats have demonstrated LTD, the pathological sig-
nificance of which is not well known, but depression is expressed
at higher rates when circulating estrogen levels abruptly change in
perimenopausal or postpartum periods [51]. Moreover, it has been
reported that inflammation can increase the risk of depression
and disrupt LTD [52-55]. LTD is NMDA receptor-dependent and
this requires the opening of NMDA receptors, which leads to Ca*
influx and subsequent activation of the serine/threonine phospha-
tase calcineurin/PP2B and PP1. These protein phosphatase cause
activation of Bax. Bax was reported to be increased by chronic
stress and contribute to depressive behavior [56]. In this study, LPS
induced depression-like behavioral changes and disrupts LTD, this
suggests a potential association between LTD and depression.

This study demonstrated that LPS potentiates hippocampal
LTD, an effect which was prevented by p-CA. Similarly, curcumin
on organotypic hippocampal slice cultures attenuates LTD, which
is associated with reduced immobility in the FST, upregulation
of BDNE and improvement in deleterious inflammatory factors
[4]. Activation of inflammatory cytokines increases or decreases
monoaminergic neurotransmitters activation, which results in
reuptake of serotonin by presynaptic terminal. For example,
previous studies showed that COX-2 mediates the pathway that
increases excitatory synaptic transmission [57] and IL-6 decreased
inhibitory synaptic transmission such as GABAergic synaptic cur-
rents [58]. These effects of cytokines on synaptic transmission are
reflected as increased excitability of neurons while p-CA or cur-
cumin reversed this effect.

In this study, the antidepressant and anti-inflammatory effects
of p-CA in LPS-treated rats were investigated behaviorally, bio-
logically and electrophysiologically. p-CA improved behavioral
despair and motivational behavior, reduced inflammation-related
molecular changes, improved neurotrophic activity and reduced
hippocampal LTD, which is probably a physiological factor as-
196
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sociated with depression. These results indicate that p-CA could
potentially alleviate depressive symptoms, including biological
aspects as well as behavioral dysfunction such as anhedonia and
helplessness. Since p-CA can improve inflammation-related
depression-like phenotypes, it may have further benefits for treat-

ment-resistant depression patients.
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