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Original Article

Background: An important role of nitric oxide (NO) in neuroinflammation has been suggested. It is 
also suggested that NO has a critical role in learning and memory. Neuro‑inflammation induced by 
lipopolysaccharide (LPS) has been reported that deteriorates learning and memory. The effect of 
L‑arginine (LA) as a precursor of NO on LPS‑induced spatial learning and memory and neuronal plasticity 
impairment was evaluated.
Materials and Methods: The animals were grouped into: (1) Control, (2) LPS, (3) LA‑LPS, and (4) LA. 
The rats received intraperitoneally LPS (1 mg/kg) 2 h before experiments and LA (200 mg/kg) 30 min 
before LPS. The animals were examined in Morris water maze (MWM). Long‑term potentiation (LTP) 
from CA1 area of the hippocampus was also assessed by 100 Hz stimulation in the ipsilateral Schaffer 
collateral pathway.
Results: In MWM, time latency and traveled path were higher in LPS group than the control group (P < 0.001) 
whereas in LA‑LPS group they were shorter than LPS group (P < 0.001). The amplitude and slope of field 
excitatory postsynaptic potential (fEPSP) decreased in LPS group compared to control group (P < 0.05 and 
P < 0.01) whereas, there was not any significant difference in these parameters between LPS and LA‑LPS 
groups.
Conclusion: Administration of LPS impaired spatial memory and synaptic plasticity. Although LA ameliorated 
deleterious effects of LPS on learning of spatial tasks, it could not restore LPS‑induced LTP impairment.
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Abstract

INTRODUCTION

A large number of people in the world suffer from 
different degrees of learning and memory impairments. 
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Learning and memory impairment not only lessen 
the quality of life for the individuals but also burden 
the cost of healthcare for society.[1] The underlying 
mechanisms of learning and memory deficits have been 
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not well‑understood. It is suggested that overproduction 
of inflammatory cytokines such as tumor necrosis 
factor‑α (TNF‑α), interleukin 1β (IL‑1β), and interleukin 
6 (IL‑6) followed by neuroinflammation have a role in 
cognitive impairments.[2,3] Lipopolysaccharide (LPS), as 
a potent bacterial endotoxin, triggers immune responses 
and promotes the generation of inflammatory cytokines 
such as TNF‑α, IL‑1β, and IL‑6.[4] LPS has frequently 
used to induce a neuroinflammation model in rodents.[5] 
This model has been repeatedly used to investigate the 
role of neuroinflammation on learning and memory and 
to evaluate the responsible mechanisms for cognitive 
impairments[6] and finally to investigate the benefits 
of the drugs on learning and memory impairments due 
to inflammation.[7] It has been well‑documented that 
activation of immune cells, including macrophages 
and neutrophils by LPS, is associated with memory 
and synaptic plasticity impairment.[8] In addition, 
researchers have reported that administration of LPS 
leads to spatial memory impairment and cognition, 
reduction of antioxidant defense, and an increased 
level of inflammatory cytokines such as TNF‑α and 
IL‑1β in the hippocampus.[9] It has also been reported 
that intraperitoneally administration of LPS inhibits 
hippocampal‑dependent learning and long‑term 
potentiation (LTP) induction in perforant path granule 
cell synapses.[10]

L‑arginine (LA) is the physiological substrate of nitric 
oxide synthase (NOS) which regulates inflammatory 
responses, redox stress, glucose metabolism, and 
neurogenesis.[11] On the other hand, LA affects 
learning and memory, synaptic plasticity, and has 
a neuroprotective effect in the brain.[12] It has been 
reported that passive avoidance memory retention 
was disturbed in rats when LA is administrated in 
high dose.[13] The results of many studies have also 
indicated that LA restores learning and memory 
impairment caused by L‑nitro‑LA (L‑NA) and 
7‑nitroindazol (7‑NI).[14]

In spite of all these findings, the effects of LA as a 
precursor of nitric oxide (NO) on LPS‑induced memory 
and synaptic plasticity impairments have not been 
studied, therefore; the current research was aimed to 
understand more details about this subject.

MATERIALS AND METHODS

Animals and drugs
In current research, 56 male Wistar rats (8 weeks 
old and weighing 200–250 g) were prepared from 
the animal house of Mashhad University of Medical 
Sciences, Mashhad, Iran. The rats were kept in standard 
conditions (temperature (22 ± 2°C) and 12 h light/dark 
cycle) with free access to food and water. Working with 

animals was carried out in accordance with approved 
procedures by the Committee on Animal Research of 
Mashhad University of Medical Sciences. For Morris 
water maze (MWM), 32 of the animals were divided into 
four groups: (1) Control (2) LPS, (3) LA‑LPS, and (4) LA 
(n = 8 in each group). After dissolving in saline, drugs 
were administrated intraperitoneally (LPS; 1 mg/kg[15] 
and LA; 200 mg/kg[16]). LPS was injected 2 h before 
training trails in MWM test and recording fast excitatory 
postsynaptic potential (fEPSP) in electrophysiological 
experiments, and LA was used 30 min before LPS or 
saline in LA‑LPS and LA groups, respectively.[17] The 
animals of LPS group were treated with saline (2 ml/kg) 
instead of LA. In the animals of control and LA groups, 
2 ml/kg of saline was injected instead of LPS. In this 
study, 32 animals were treated with drugs or vehicles 
for 6 constitutive days. The rest of the animals (24) were 
used for electrophysiological experiments after receiving 
a single dose of drugs or vehicle. All drugs were 
provided freshly. LPS and LA were purchased from 
Sigma (Sigma‑Aldrich Chemical Co.).

Behavioral analysis
Spatial learning and memory was evaluated using 
MWM test. Before each experiment, for familiarizing 
with the apparatuses, the animals were placed in filled 
maze with water without a platform for 30 s. In the 
hidden platform acquisition test, the animals were 
released in the tank and allowed to freely swim to find 
the hidden platform within 60 s. If the rat got rich to 
find the platform within 60 s, it was allowed to remain 
on the platform for 20 s before the next trail otherwise; 
it was guided to the platform by the experimenter and 
permitted to stay on it for 20 s. The animals performed 
four trials on each of the five consecutive days, and each 
trial began with the rat being placed inside the pool and 
released facing the side wall at one of four positions. The 
time spent and traveled distance were measured using 
a software (Radiab, made by Mr. Nomiri) to evaluate 
the spatial learning ability. Twenty‑four hours after 
acquisition, the platform was removed, and probe test 
was performed. The time spent, and the traveled path 
in the target quadrant (Q1) was compared between 
groups. The MWM test was done between 9 and 12 a.m.

Electrophysiological study
The results of MWM showed that there was a 
significant difference between LPS‑LA and LPS groups, 
but no significant difference was observed between 
LA and control groups. For electrophysiological 
experiments, 24 of the animals were divided into three 
groups: (1) Control (2) LPS and (3) LA‑LPS (n = 8 in 
each group).

The animals were deeply anesthetized with 
urethane (1.6 g/kg). The head was fixed in a stereotaxic 
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apparatus. After removing the skin and exposing the 
skull, the proper location of CA1 area of hippocampus 
and Schaffer collateral pathway were drilled according 
to the atlas of Paxinos and Watson. For recording 
of fEPSP, a bipolar stimulating stainless steel 
electrode with 0.125 mm in diameter (A‑M system, 
England) was lowered in Schaffer collateral pathway 
of right hippocampus[18] (AP = 3 mm; ML = 3.5 mm; 
DV = 2.8–3 mm). A unipolar recording electrode with 
the same characteristics of stimulating electrode was 
fixed to the CA1 area of the ipsilateral (AP = 4.1 mm; 
ML = 3 mm; DV = 2.5 mm). Physiological and 
stereotaxic indicators were used for determining the 
proper location of the electrodes. The stimulating 
electrode and recording electrode were connected to 
a stimulator and an amplifier, respectively. After 
stimulating of the Schaffer collateral pathway and 
recording from CA1 area of the hippocampus, fEPSP 
was amplified (100×) and filtered (1 Hz to 3 kHz band 
pass) using a differential amplifier.

After a 30 min resting period, the input‑output (I/O) 
protocol was carried out for determination of synaptic 
potency. For this purpose, the intensity of stimuli (as 
input) was enhanced gradually with a constant current 
and fEPSP (as output) was detected. A stimulus 
intensity, which produced 50% of a maximum response 
was used for recording baseline before and after 
high‑frequency stimuli (HFS).[18] A baseline recording 
was performed at 30 min before LTP induction. Then 
LTP induction was exerted by the HFS protocol of 

100 Hz.[19] Finally, fEPSP was recorded for 90 min. 
Computer‑based stimulating and recording was 
carried out using neurotrace software version 9 and 
electro module 12 (Science Beam Institute, Tehran, 
Iran). The analysis of responses was achieved using 
custom software from the same institute. The values 
of the slope and amplitude of the fEPSP in each graph 
revealed the average of the 30 consecutive traces.

Statistical analysis
All data were expressed as means ± standard error 
of the mean. The data of the time and distance 
during 5 days of MWM and the data of LTP criteria 
were compared using repeated measures analysis 
of variance (ANOVA) followed by Tukey’s post hoc 
comparisons test. The data of probe trail in MWM were 
compared by one‑way ANOVA followed by Tukey’s 
post hoc comparisons test. Differences were considered 
statistically significant when P < 0.05.

RESULTS

Morris water maze test
The animals of LPS group had higher latency and 
longer traveled path in comparison with control 
group (P < 0.01 and P < 0.001). The animals in LA‑LPS 
and LA groups had significantly lower latency and 
traveled length to reach platform compared those of 
LPS group (P < 0.01 and P < 0.001). There was no 
significant difference in the time and traveled distance 
to reach the platform between control, LA‑LPS, and 
LA groups [Figures 1 and 2].

Figure 1: Comparison of time latency to reach the platform in 
Morris water maze test between four groups. Data are presented 
as mean ± standard error of the mean (n = 8 in each group). The 
time latency of the lipopolysaccharide group was significantly 
higher than those of the control group whereas the animals of 
L-arginine-lipopolysaccharide group spent a less time to reach the 
platform than lipopolysaccharide ones. There was no significant 
difference between control, L-arginine-lipopolysaccharide, and 
L-arginine groups. **P < 0.01 and ***P < 0.001 compared with control 
group, ++P < 0.01 and +++P < 0.001 compared with lipopolysaccharide 
group

Figure 2: Comparison of traveled distance to reach the platform in 
Morris water maze test between four groups. Data are presented 
as mean ± standard error of the mean (n = 8 in each group). The 
traveled distance of the lipopolysaccharide group was significantly 
higher than those of the control group whereas the animals of 
L-arginine-lipopolysaccharide group traveled a shorter distance to reach 
the platform than lipopolysaccharide ones. There was no significant 
difference between control, L-arginine-lipopolysaccharide, and 
L-arginine groups. **P < 0.01 and ***P < 0.001 compared with control 
group, ++P < 0.01 and +++P < 0.001 compared with lipopolysaccharide 
group
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In the probe trail, the animals of LPS group spent lower 
time and traveled less distance in target Q1 compared 
to control group (P < 0.001). The animals in LA‑LPS 
and LA groups spent more time and traveled more 
distance in Q1 compared to LPS group (P < 0.01). We 
did not observe any significant difference in the time 
spent and traveled distance in the Q1 among control, 
LA‑LPS, and LA groups. The results also showed that 
there was no significant difference in the time spent 
and traveled distance in the nontarget quadrants 
(Q2, Q3, and Q4) between four groups [Figures 3 and 4].

Electrophysiological results
Figure 5c shows single traces recorded before and 
after induction of long‑term potentiation in CA1 
area of the hippocampus. After applying HFS, the 
fEPSP amplitude significantly decreased in the LPS 
group with respect to control group (P < 0.05 and 
P < 0.01). There was no significant difference in the 
fEPSP amplitude between the LA‑LPS and LPS 
groups [Figure 5a]. The fEPSP amplitude in LA‑LPS 
was also lower than that of the control group (P < 0.05 
and P < 0.01).

After inducing HFS, the fEPSP slope was significantly 
lower in the LPS and LA‑LPS groups compared to 
control group (P < 0.05 and P < 0.01). The results 
did not show any significant difference in the fEPSP 
amplitude between the LA‑LPS and LPS groups 
[Figure 5b].

DISCUSSION

The results of the present research indicated 
that the animals of LPS group spent more time 
and traveled a longer distance to find the hidden 

escape platform in comparison with those of control 
group [Figures 1 and 2]. The results of probe day 
also revealed that the rats of LPS group did not 
remember the location of the platform and spent 
lower time and traveled shorter distance in the target 
Q1 where the platform had been previously located 
[Figures 3 and 4]. In parallel with behavioral results, 
LPS also attenuated synaptic plasticity in the present 
study. In supporting this claim, the amplitude and 
slope of fEPSP in LPS‑treated animals was lower 
with respect to the vehicle‑injected ones [Figure 5a‑c].

Similar to our results, it has been reported that 
administration of 1 mg/kg LPS leads to cognitive 
deficits in rats.[15] It has also been previously 
shown that intraperitoneal administration of LPS 
impaired contextual fear conditioning in rats.[20] 
A direct injection of LPS into the hippocampus of 
rats also deteriorates spatial memory.[21] The exact 
mechanism(s) responsible for deleterious effects of LPS 
on learning and memory has not been well‑known. It is 
suggested that detrimental effects of LPS on synaptic 
function, learning and memory is probably mediated 
by excessive production of inflammatory cytokines, 
particularly IL‑1β in the brain.[22,23] It has also been 
documented that an increased level of IL‑1β followed 
by injection of LPS is accompanied with a reduction of 
glutamate release and LTP impairment.[24] It has also 
been shown that IL‑1 receptor antagonists reverse 
LPS‑induced deficits when were administrated before 
LPS in contextual fear conditioning.[25] Considering 
this evidence, it seems LPS‑induced inflammation 
and overproduction of inflammatory cytokines and 
also decreased level of glutamate release have a role 
in learning, memory, and LTP impairment caused by 
LPS which was seen in the present study.

Figure 3: The results of the time spent in target quadrant in probe 
day, 24 h after the last learning secession. The platform was removed 
and the time spent in target quadrant was compared between groups. 
Data are shown as mean ± standard error of the mean (n = 8 in each 
group). ***P < 0.001 compared with control group, +P < 0.05 compared 
with lipopolysaccharide group

Figure 4: The results of the traveled distance in target quadrant in probe 
day, 24 h after the last learning secession. The platform was removed, 
and the traveled distance in target quadrant was compared between 
groups. Data are shown as mean ± standard error of the mean (n = 8 
in each group). ***P < 0.001 compared with control group, +P < 0.05 
compared with lipopolysaccharide group
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LA as a precursor of NO affects learning and memory. 
It has been reported that memory consolidation was 
ameliorated in rats when LA was administrated 
intracerebroventricularly or subcutaneously.[26] 
Furthermore, injection LA (200 mg/kg) restored 
learning and memory caused by 7‑NI in passive 
avoidance and elevated plus maze tests in rats.[16] In 
line with these findings, in our study administration 
of 200 mg/kg LA 30 min before LPS improved the 
spatial learning and memory impairments in rats. In 
the present experiments, the rats of LA‑LPS group 
not only spent shorter time and traveled less distance 
to find the hidden escape platform but also looked for 
the location of platform better in probe day than the 
animals of LPS group.

LA is considered to be as a potent regulatory of 
the immune system. LA not only postpones the 
onset disorders associated with inflammation 
such as allergic encephalomyelitis disease in rats 
but also prevents the development of neurological 
symptoms and inflammatory responses.[27] It has been 
propounded that in low concentrations, LA increases 
activation‑related functions of macrophages such 
as cytotoxicity against tumor cells, generation of 
superoxide, and phagocytosis in culture media while, in 
high concentration it inhibits production of superoxide, 
cytotoxicity, phagocytosis, and protein synthesis.[28] 

Regarding this fact, the preventive effects of LA in 
a high dose, which was used in the current study on 
learning and memory impairments is conceivable. On 
the other hand, agmatine important metabolites of LA 
considered to have neuroprotective and anti‑apoptotic 
effects in the brain areas such as the hippocampus.[29‑31] 
It also exerts antidepressant, anxiolytic, anti‑tumor, 
and anticonvulsive effects.[32] Therefore, a mediatory 
role for agmatine in improving effects of LA on learning 
and memory deficits caused by LPS which observed in 
the present study might be suggested.

It is suggested that peripheral administration of 
LPS increases the level of β‑amyloid (Aβ) in the 
hippocampus, which has an important role in 
Alzheimer’s disease and neuronal death.[6,33] It has 
been reported that Aβ increases calcium influx through 
voltage‑gated calcium channels (VGCC)[34] and finally 
is followed by neuronal death and apoptosis.[29] It has 
also been indicated that agmatine strongly suppresses 
activation of VGCC in cultured hippocampal neurons 
in rats[35] which might be considered as a possible 
mechanism for improving effects of LA which was 
seen in the present study, however, it needs to be 
more investigated.

Additionally, agmatine has been proposed to act as a 
competitive inhibitor for both of neuronal NOS and 

Figure 5: The results of long-term potentiation induction in CA1 area of the hippocampus using 100 Hz tetanic stimulation at: (a) The field excitatory 
postsynaptic potential slope and (b) the field excitatory postsynaptic potential amplitude. Data are presented as the average percentage change 
from baseline responses. Each point shows mean ± standard error of the mean (n = 8 in each group). Slope and amplitude of field excitatory 
postsynaptic potential in lipopolysaccharide group (*P < 0.05 and **P < 0.01) and L-arginine group (+P < 0.05 and ++P < 0.01) were lower than 
control group. There is not any significant difference in slope and amplitude of field excitatory postsynaptic potential between lipopolysaccharide 
and L-arginine groups, (c) Single traces recorded before and after induction of long-term potentiation in CA1 area of the hippocampus

c

ba
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inducible NOS.[36] Prevention of LPS‑induced NO 
overproduction and the brain tissues oxidative damage 
by agmatine may also have a role in the results of the 
present study.[37,38]

In the present study, we did not observe any significant 
difference in behavioral parameters in LA‑treated 
rats with respect to vehicle‑treated ones in MWM 
test. Therefore, it thought that LA by itself did not 
affect spatial learning and memory. Previously 
in our laboratory, it has been shown that chronic 
administration of LA does not affect learning of spatial 
task in ovariectomized rats.[39] It has also been revealed 
that in spite of reversing of L‑nitro‑L‑arginine‑methyl 
ester (L‑NAME)‑induced learning and memory 
impairment, LA by itself did not affect memory retention 
when it was administered into the hippocampus.[40]

In contrast to the behavioral results, injection of LA 
before LPS could not restore LPS‑caused synaptic 
plasticity impairment in the current study. There was 
no any significant difference in slope and amplitude of 
fEPSP in the animals of LA‑LPS group with respect 
to the rats of LPS group. There is a little information 
about the effect of LA on LTP impairment. In a study, 
intracerebroventricular injection of LA revered the 
effect of L‑NAME on LTP inhibition.[40] It has also been 
proposed that agmatine‑derived LA, which is co‑stored 
with L‑glutamate in the hippocampal pyramidal 
neurons inhibits N‑methyl‑D‑aspartate (NMDA) 
receptors.[41] Considering this fact that LTP induction 
in perforant pathway dependents on the activation of 
hippocampal NMDA receptors,[42] it is possible that 
blockage of these receptors by LA‑obtained agmatine 
take parts in the results of present study. Meanwhile, 
in behavioral experiments LA was injected during 
six consecutive days while, in electrophysiological 
experiments it was administrated as a single dose 
before LPS in current research. Therefore, it seems 
that injection of LA as a single dose may not be able 
to prevent malefic effects of LPS on LTP induction in 
the hippocampus of rats. However, further research is 
needed to elucidate the exact mechanism(s).

Briefly, in current study, LPS disturbed spatial 
learning and memory and synaptic plasticity. The 
result of the present study also indicated that 
pretreatment by LA was able to restore spatial 
learning and memory deficit without affecting synaptic 
plasticity impairment caused by LPS.
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