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Abstract The present study was performed to investigate the
effect of piracetam on neuroinflammation induced by
lipopolysaccharide (LPS) and resulting changes in cognitive
behavior. Neuroinflammation was induced by a single dose of
LPS solution infused into each of the lateral cerebral ventricles
in concentrations of 1 pg/pl, atarate of 1 pl/min over a 5-min
period, with a 5-min waiting period between the two infusions.
Piracetam in doses of 50, 100, and 200 mg/kg i.p. was
administered 30 min before LPS infusion and continued for
9 days. On ninth day, the behavioral test for memory and
anxiety was done followed by blood collection and
microdissection of the hippocampus (HIP) and prefrontal
cortex brain regions. Piracetam attenuated the LPS-induced
decrease in coping strategy to novel environment indicating
anxiolytic activity. It also reversed the LPS-induced changes
in the known arm and novel arm entries in the Y-maze test
indicating amelioration of spatial memory impairment. Fur-
ther, piracetam moderated LPS-induced decrease in the
mitochondrial complex enzyme activities (I, II, IV, and V) and
mitochondrial membrane potential. It ameliorated changes in
hippocampal lipid peroxidation and nitrite levels including the
activity of superoxide dismutase. Piracetam region specifi-
cally ameliorated LPS-induced increase in the level of IL-6 in
HIP indicating anti-neuroinflammatory effect. Further,
piracetam reduced HIP AP (1-40) and increased blood AP
level suggesting efflux of AP from HIP to blood. Therefore,
the present study indicates preclinical evidence for the use of
piracetam in the treatment of neuroinflammatory disorders.
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Abbreviations

HIP Hippocampus

PFC Prefrontal cortex

AD Alzheimer

PD Parkinson

MS Multiple sclerosis
LPS Lipopolysaccharide
TNF Tumor necrosis factor

ICV Intracerebroventricular
IL Interleukins

TMRM  Tetramethyl rhodamine methyl ester

TBA Thiobarbituric acid

PMS Phenazine methanesulphonate

OFT Open field test

MDA Malondialdehyde

SEM Standard error means

MMP Mitochondrial membrane potential

NFkB  Nuclear factor kappa-light-chain-enhancer of
activated B cells

LPO Lipid peroxidation

SOD Superoxide dismutase

HO Hydroxyl radical

Introduction

Neuroinflammation is considered to be one of the principal
causes of neurodegenerative disorders such as Alzheimer
(AD), Parkinson (PD), and Multiple sclerosis (MS) (Owens
et al. 2005). Thus, there is always a question whether
inhibition of neuroinflammation can slow down these
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disease conditions. Several signaling molecules mediate
neuroinflammation which includes cytokines, chemokines,
oxygen free radicals, reactive nitrogen species, and pros-
taglandin E, (McGeer et al. 2003). Lipopolysaccharide
(LPS) is a bacterial endotoxin which induces microglia for
the production of tumor necrosis factor (TNF) and other
cytokines. It causes inflammation and accelerates the
appearance and severity of AD pathology in several animal
models (Qin et al. 2007). It is used to produce neuroin-
flammation and administered either by systemic injection,
intracerebroventricular (ICV) microinjection, or chronic
infusion (Qin et al. 2007; Hauss et al. 1998). Activation of
TNF and interleukins (IL-6) increases AP in AD brains and
decreases efficient plaque removal by resident microglia
(Koenigsknecht et al. 2005). Increased microglia activation
occurs in brain regions that ultimately demonstrate the
greatest concentration of senile plaques and brain atrophy
in AD patients (Cagnin et al. 2001). An earlier study
reported that LPS induced region-specific expression of
neuroinflammatory markers, which is due to differential
changes in oxidative stress, mitochondrial activities, and
oxidative phosphorylation. Oxidative stress may, in turn,
influence mitochondrial membrane potential and mito-
chondrial complex activity (Jin et al. 2014). Similarly, an
earlier study demonstrated mitochondrial electron transfer
chain dysfunction due to intracerebroventricular injection
of LPS in rat brain (Joshi et al. 2014).

Piracetam 1is a nootropic drug derived from y-
aminobutyric acid. Clinical application of piracetam
includes age-related cognitive disorders, vertigo, cortical
myoclonus, dyslexia, sickle cell anemia, and post-stroke
aphasia (Winblad 2005; Greener et al. 2001). Its mecha-
nism of action is not clearly understood. However, it binds
to AMPA receptor and acts as its positive allosteric mod-
ulator (Ahmed et al. 2010). It has been reported to inhibit
peripheral cytokine production including TNF-o and IL-13
(Croisile et al. 1993; Waegemans et al. 2002; Mehta et al.
2014). Piracetam is reported to protect mitochondrial
complexes and also significantly increased glutathione
peroxidase and glutathione reductase activity in aged rat
brain (Keil et al. 2006). Further, piracetam is reported to
slow down the erythrocyte adhesion at a vascular level and
increases microcirculation (Nalbandian et al. 1983). This
may be due to anti-platelet effect of piracetam (Evers et al.
1999; Moriau et al. 1993). Therefore, increased microcir-
culation tends to increase the blood flow and thus facilitates
removal of AP plaques from the brain. This could result in
enhanced cognition in a case of dementia. Further, inhibi-
tion of cytokine production could slow down the neuroin-
flammation process.

Based on available information, we presume that
piracetam may ameliorate learning and memory deficits of
neuroinflammation, and may facilitate the efflux of AP
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from brain region to blood in LPS-induced neuroinflam-
matory model. Several behavioral observations have been
carried out to confirm the AD-like learning and memory
deficits. The level of AP has been estimated in the plasma
and brain regions to know the extent of efflux of Ap.
Further, the level of IL-6 as a marker of neuroinflammation
and mitochondrial function has been estimated in different
brain regions to establish the mechanism of action of
piracetam.

Materials and Methods
Drug

Piracetam was procured from Sigma (St. Louis, MO, USA)
and was dissolved in 0.9% saline.

Chemicals

Lipopolysaccharides (E. coli, L3129), DTNB (29309099
990), tetramethylrhodamine methyl ester (TMRM), and
Griess reagent were procured from Sigma-Aldrich (St.
Louis, MO, USA). Thiobarbituric acid (TBA), cytochrome
oxidase, NADH, 2-[4-(2-hydroxyethyl) 1-piperazinyl]
ethane sulphonic acid (HEPES buffer, acid-free) phenazine
methanesulphonate (PMS), sodium succinate, sodium
azide, and nitro blue tetrazolium were purchased from
Merck (Darmstadt, Germany). All other chemicals and
reagents were purchased from local suppliers and were of
analytical grade.

Animals

Adult male albino Wistar rats 220-260 g were procured
from the Central Animal House, Institute of Medical Sci-
ences, Banaras Hindu University. The animals were
acclimatized for 4 days at 25 + 1 °C with a 12-h light—
dark cycle and were allowed free access to food (Amrut
Laboratory Animal feed, Sangli, India) and water
throughout the experiment. All efforts were made to min-
imize the number of animals used, and all experiments
were performed following the principles of laboratory
animal care (National Research Council US Committee for
the Update of the Guide for the Care and Use of Laboratory
Animals 2011) guidelines. Before performing the experi-
ment on an animal, approval from the animal ethics com-
mittee was taken (Ref No. Dean/12-13/CAEC/28).

Animal Treatment

Animals were randomly assigned to five groups (n = 9 in
each group); group 1- control, group 2- LPS treated, group
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3,4, and 5 were treated with 50 mg/kg (P-50), 100 mg/kg
(P-100), and 200 mg/kg (P-200) piracetam, respectively.
LPS solution was prepared in 0.9% saline.

Sodium pentobarbitone (45 mg/kg) intraperitoneally
was used as an anesthetic agent (Bamber et al. 1999).
After attainment of surgical level, anesthetic rats were
placed in stereotaxic apparatus (Stoelting, USA). The skin
of the skull was shaved and sterilized conventionally.
Two small holes for needle insertion were drilled in the
parietal bone posterior to Bregma on either side of the
midline (coordinates: posterior —0.8 mm, medial/lat-
eral £ 1.5 mm relative to Bregma, dorsal/ventral
—3.8 mm below dura). A single dose of LPS was injected
into bilateral intracerebroventricular using Quintessential
Stereotaxic Injector. ICV infusion has the advantage of
generating inflammatory processes in defined brain areas.
However, the progression of neuroinflammation may not
be similar to the normal pathophysiological process
leading to brain disorders. Nevertheless, it is commonly
used as an animal model of brain inflammation (Hauss
et al. 1998). LPS solution was injected into each of the
lateral cerebral ventricles at a concentration of 1 pg/pl, at
a rate of 1 pl/min over a 5-min period with a 5-min
waiting period between the two infusions. To limit local
infection, betadine was applied prior to the suturing of
incision followed by application of neomycin onto the
sutured surface. 5 ml of 0.9% saline was injected subcu-
taneously to prevent dehydration during recovery. Rats
were closely monitored during recovery and kept in a
room at 22—26 °C. The control group also underwent all
surgical steps except that saline was administered rather
than LPS. A single ICV infusion of LPS solution was
administered to groups 2, 3, 4, and 5 on the first day of
the experiment. Just half an hour prior to LPS infusion,
group 2 received 0.9% saline i.p., while groups 3, 4, and
5 received piracetam dissolved in 0.9% saline at the dose
of 50 mg/kg, 100 mg/kg, and 200 mg/kg i.p., respec-
tively. This was considered to be day 1, and the treatment
with vehicle or drug continued for 8 more days, i.e., up to
day 9. Figure 1 shows the schematic of the experimental
design. Behavioral experiments were done 30 min after
the last dose on day 9. After the behavioral experiments,
the animals were immediately killed by decapitation. The
HIP and PFC were microdissected on the same day
(Paxinos and Watson 1997). The tissues were stored at
—80 °C until further mechanistic studies.

Behavioral Tests

All the behavioral tests were performed on day nine after
LPS infusion in animal, and the behavioral tests were
performed in following sequences:

Open Field Test (OFT)

An open field apparatus was used to study the exploratory
behavior in rats. It was made of plywood and consists of a
square (61 x 61 cm) with high walls (61 x 61 cm). The
complete apparatus was painted black except for 6 mm
white lines that divided the floor into 16 squares. The
whole room except the open field was kept dark throughout
the experiment. The open field was lighted by a 60 W bulb
focusing on to the field from a height of about 100 cm from
the floor. Each animal was centrally placed in the test
apparatus for 5 min, and the number of crossings were
noted (Brown et al. 1999).

Y-Maze Test

Spatial recognition memory, general exploratory behavior,
and anxiety-like behavior were assessed by Y-maze test
(Dellu et al. 1992; Krishnamurthy et al. 2013). Y-maze
consists of three similar arms of dimension 50 cm long,
16 cm wide, and 32 cm high. In the first trial, the novel
arm was blocked and the animal was allowed to move for
15 min in other two arms. In the second trial, the novel arm
was opened and the animal was allowed to move for 5 min
in all three arms after 4 h of the first trial. The total number
of entries in all arms (for 5 min of trial 1 and 2) is
indicative of general exploration attitude (curiosity). The %
entries in known and novel arms for the 5 min period of
trial 2 were considered as a measure of spatial recognition
memory. Coping strategy to the novel environment was
estimated by the percentage of the ratio of time spent in the
novel arm to time spent in all arms and in the center of the
apparatus during trial 2. The decrease in the coping
behavior to the novel environment was considered as an
increase in anxiety-like behavior (Poimenova et al. 2010).

Mitochondria Respiratory Chain Enzymes
Estimation

Mitochondrial Isolation

After the cervical dislocation, the rats were decapitated and
brain was dissected out. Mitochondria were isolated from
different brain regions by differential centrifugation at 4 °C
(Pedersen et al. 1978).The HIP and PFC were dissected and
rinsed in ice-cold saline (isotonic) followed by homoge-
nization in (1:10, w/v) ice-cold extraction buffer (250 mM
sucrose, | mM EGTA, and 10 mM HEPES-KOH, pH 7.2).
After the removal of cell debris by centrifugation at
600xg for 5 min, the supernatant obtained above was
again centrifuged at 10000xg for 15 min followed by
removal of pellets and discarding the supernatant. Pellets
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Fig. 1 Experiment design indicating LPS infusion and piracetam treatment

were placed in a medium (1 ml) containing 250 mM
sucrose, 0.3 mM EGTA, and 10 mM HEPES-KOH, pH
7.2. The resulting solution thus obtained was centrifuged at
14000xg for 10 min. The pellets obtained were then sus-
pended in a medium (1 ml) containing 250 mM sucrose
and 10 mM HEPES-KOH, pH 7.2.

Complex I (NADH Dehydrogenase) Activity Estimation

This involves measurement of catalytic oxidation of
NADH using spectrofluorophotometer. The reaction mix-
ture consisted of 200 pl of 10 mM potassium ferricyanide,
60 ul of 1 mM NADH in 2 mM potassium phosphate
buffer, and 2.64 ml of 0.12 M potassium phosphate buffer.
Here, potassium ferricyanide acts as the artificial electron
acceptor (Shapiro et al. 1979). In the experiment, 350 and
470 nm were the excitation and emission wavelengths for
NADH, respectively.

Complex Il (Succinate Dehydrogenase) Activity Estimation

The mitochondrial succinate: acceptor oxidoreductase was
determined by the progressive reduction of nitro blue
tetrazolium (NBT) to an insoluble colored compound,
diformazan (dfz), which is used as a reaction indicator. The
reaction of NBT was mediated by H' released in the
conversion of succinate to fumarate. The concentration of
NBT-dfz produced was determined at 570 nm. The mean
SDH activity of HIP and PFC was expressed as micromole
formazan produced/min/microgram of the protein (Sally
and Margaret 1989).

@ Springer

Complex IV (Cytochrome ¢ Oxidase) Activity Estimation

Cytochrome oxidase was assayed in mitochondrial prepa-
ration (Storrie and Amadden 1990). Briefly, cytochrome ¢
was first reduced by the addition of a few crystals of
sodium borohydride and then neutralized to pH 7.0 with
0.1 M HCI. Reduced cytochrome ¢ (0.3 mM) was added to
0.075 M phosphate buffer (pH 7.4), and the reaction was
initiated by the addition of appropriate amount of mito-
chondrial suspension. The decrease in absorbance was
measured at 550 nm for 3 min. Results were expressed as
nmol cytochrome c oxidized/min/mg protein, using molar
extinction coefficient of cytochrome ¢ (19.6 mM ~'em™').

Complex V (Fo—F; Synthase) Activity Estimation

The level of FO-F1 synthase was expressed as nmol ATP
hydrolyzed/mg protein (Griffiths and Houghton 1974). The
mitochondrial sample was incubated at 37 °C for 10 min
with 500 ml of ATPase buffer (containing 50 mM tris and
5 mM MgCl,, pH 7.5) and 5 mM ATP. This was followed
by addition of 500 ml of 10%w/v trichloroacetic acid
solution to the above mixture. The content was then cen-
trifuged at 3000xg for 20 min and 500 ml supernatant was
mixed with 500 ml water. Phosphate thus produced was
measured (Fiske and Subbarow 1925).

Mitochondrial Membrane Potential (MMP) Estimation
The mitochondrial suspensions along with assay buffer

containing 80 mM NaCl, 75 mM KCI, 25 mM b-glucose,
25 mM HEPES, pH 7.4 was firstly mixed with TMRM
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solution followed by incubation at 37 °C for 15 min. Flu-
orescence (excitation at 535 nm, emission at 580 nm) was
measured using Shimadzu fluorescence spectrophotometer
(model F-2500, Japan). The TMRM (rhodamine analog)
taken up by healthy mitochondria was measured in terms of
fluorescence intensity per mg of protein (Huang 2002).

Mitochondrial Oxidative Stress
Superoxide Dismutase (SOD) Level Estimation

The inhibition of reduction of NBT to blue colored formazan
in the presence of phenazine methosulfate (PMS) and
NADH was determined at 560 nm using n-butanol as blank.
The results were expressed as units/mg protein, where one
unit of enzyme is defined as the amount of enzyme
inhibiting the rate of reaction by 50% (Kakkar et al. 1984).

Nitrite Level Estimation

A colorimetric assay using the Griess reagent was used to
determine the nitrite level in mitochondrial samples from
HIP and PFC (Green et al. 1982). The nitrite amount was
calculated in comparison to the standard nitrite curve, and
the results were expressed as nanomoles of nitrite formed/
mg of protein.

Mitochondrial LPO or Malondialdehyde (MDA)
Formation Estimation

Mitochondrial MDA content was measured by following
the standard protocol (Ohkawa et al. 1979). Briefly, the
chromophore formed in the reaction was determined at
532 nm. The MDA concentrations are expressed as
micromoles of MDA per milligram of protein.

Western Blotting Analysis

A standard plot was generated by bovine serum albumin.
An aliquot of each sample was electrophoresed in 12 and
15% SDS-PAGE gels for IL-6 (1:500, Abcam, USA) and
AP (1:500, Covance, Berley, CA, USA) proteins, respec-
tively, transferred to polyvinylidene fluoride membranes,
and probed with specific antibodies. The membranes were
incubated overnight with rabbit anti-IL-6 and anti-Af}
polyclonal primary antibody at a dilution of 1:400 and
1:1000, respectively. After detection with the desired
antibodies against the proteins of interest, the membrane
was stripped with stripping buffer (25 mM glycine pH 2.0,
2% SDS for 30 min at room temperature) and reprobed
whole night with rabbit anti B-actin polyclonal primary
antibody at a dilution of 1:500 to confirm equal loading of
protein. Further, the membrane was probed with

corresponding secondary antibodies. Immunoreactive band
of proteins was detected by chemiluminescence using
enhanced chemiluminescence reagents (Amersham Bio-
sciences, USA). Quantification of results was performed by
a densitometric scan of films. The immunoreactive area
was determined by densitometric analysis using BIOVIS
gel documentation software (Bradford 1976).

Statistical Analysis

Data are presented as mean & Standard Error Mean
(SEM). Data for spatial memory recognition, exploratory
behavior (Y-maze test), locomotor activity (OFT), and
mitochondrial parameters were analyzed by one-way
ANOVA followed by student Newman—Keuls test using
Graph Pad Prism version 5 (San Diego, CA). A level of
p < 0.05 was accepted as statistically significant.

Results

Effect of Piracetam on LPS-Induced Changes
in Behavior

Effect of Piracetam on Locomotor Activity in Open Field
Test

Figure 2a shows the effect of piracetam on a number of
crossings (index of locomotor activity) in OFT. Analysis
by one-way ANOVA showed that there were no significant
differences in a number of crossings among groups [F (4,
25) = 0.9404, p > 0.05].

Effect of Piracetam on Alterations in Arms Discrimination
Behavior in Y-Maze Test

The effect of piracetam on spatial memory impairment
after 9 days of LPS infusion in the Y-maze test is depicted
in Fig. 2b, c. Statistical analysis by one-way ANOVA
revealed that there were significant differences among
groups in % entries in novel [F (4, 25) = 9.811, p < 0.05]
and known [p (4, 25) = 35.46, p < 0.05] arms. Post hoc
analysis revealed that there were a significant increase and
a decrease in the known and novel arm entries, respec-
tively, in LPS-treated rats. Piracetam treatment dose
dependently reversed the known and novel arm entries in
the Y-maze test paradigm.

Effect of Piracetam on Coping Behavior to Novel
Environment in Y-Maze Test

Figure 2d shows the coping behavior in rats in terms of
percentage of time spent in the novel arm of the apparatus

@ Springer
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during trial 2. Statistical analysis revealed that there were
significant differences among groups [F (4, 25) = 20.88,
p < 0.05]. Student Newman—Keuls test suggests that there
was a significant loss of coping behavior in LPS-treated
group animals compared to control (vehicle injected) group
rats. Piracetam at 100 and 200 mg/kg doses attenuated the
LPS-induced decrease in coping strategy to a novel envi-
ronment. Moreover, piracetam (200 mg/kg) was more
effective than other two doses in terms of facilitating
coping strategy to a novel environment.

Effect of Piracetam on Curiosity Behavior in Y-Maze Test
Figure 2e, f shows the total number of entries in trial 1 and 2,

i.e., curiosity behavior in rats subjected to the Y-maze test.
Statistical analysis showed that there were no significant
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differences in trial 1 [F (4, 25) = 0.8781, p > 0.05] and trial
2 [F (4,25) = 1.386, p > 0.05] among the groups.

Effects of Piracetam on LPS-Induced Changes
in Mitochondria

Effect of Piracetam on LPS-Induced Changes
in Mitochondrial Electron Transport Chain Enzyme
Activity in Different Brain Regions

Complex I Activity Figure 3a shows the effect of LPS and
piracetam treatment on complex I activity. Analysis by
one-way ANOVA revealed that there were significant
differences in complex I activity in HIP [F (4, 20) = 38.74,
p < 0.05] and PFC [F (4, 20) = 3.185, p < 0.05] among
the groups. Post hoc analysis showed that LPS adminis-
tration caused a significant decrease in complex I activity
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in both the brain regions. However, piracetam at a dose of
100 and 200 mg/kg attenuated the LPS-induced decrease
level of complex I activity in HIP only.

Complex II Activity The effect of piracetam treatment on
LPS-induced alterations in the complex II activity is
illustrated in Fig. 3b. Statistical analysis revealed that there
were significant differences in SDH activity in HIP [F (4,
20) = 14.61, p < 0.05] and in PFC [F (4, 20) = 6.448,

p < 0.05] among the groups. Post hoc analysis revealed
that LPS administration caused a significant decrease in
SDH activity in both HIP and PFC. However, piracetam in
a dose of 100 and 200 mg/kg attenuated the LPS-induced
decrease in the level of complex II activity in HIP only.

Complex 1V Activity Figure 3¢ shows the effect of

piracetam treatment on LPS-induced changes in complex
IV activity. Analysis by one-way ANOVA showed that

@ Springer



1380

Cell Mol Neurobiol (2017) 37:1373-1386

there were significant differences in complex IV activity in
HIP [F (4, 20) =40.98, p <0.05] and PFC [F (4,
20) = 5.643, p < 0.05] among the groups. Student New-
man—Keuls test revealed that LPS infusion decreased
cytochrome c oxidase activity significantly in HIP and PFC.
However, P-100 and P-200 attenuated the LPS-induced
decrease level of complex IV activity in both HIP and PFC.

Complex V Activity The effect of piracetam on LPS-in-
duced alterations in the complex V activity is depicted in
Fig. 3d. Analysis by one-way ANOVA showed that there
were significant differences in complex V activity in HIP
[F (4, 20) = 13.04, p < 0.05] and in PFC [F (4, 20) =
4.468, p < 0.05] among the groups. Post hoc analysis
revealed that LPS administration caused a significant
decrease in ATPase activity in both HIP and PFC. How-
ever, piracetam in all doses attenuated the LPS-induced
decrease level of complex V activity in HIP only.

Effect of Piracetam on Mitochondrial Membrane Potential
(MMP)

Figure 4 depicts the effect of piracetam on LPS-induced
altered mitochondrial membrane potential (MMP) in dif-
ferent brain regions. Analysis by one-way ANOVA
revealed that there were significant differences in mito-
chondrial membrane potential in HIP [F (4, 20) = 3.544,
p < 0.05] and PFC [F (4, 20) = 3.814, p < 0.05] among
the groups. Post hoc analysis showed that LPS adminis-
tration decreased the MMP in both HIP and PFC signifi-
cantly. However, piracetam in a dose of 100 and 200 mg/kg
attenuated the LPS-induced decrease in MMP in HIP only.

Fig. 4 Effect of piracetam (50,

C3Control

Effect of Piracetam on Mitochondrial Oxidative Stress

Superoxide Dismutase Activity Figure 5a shows the
effect of piracetam on LPS-induced changes in superox-
ide dismutase (SOD) activity. Analysis by one-way
ANOVA revealed that there were significant differences
in SOD activity in HIP [F (4, 20) = 16.89, p < 0.05] and
PFC [F (4, 20) = 3.000, p < 0.05] among the groups.
Pos -hoc analysis revealed that LPS administration
caused a significant decrease in SOD level in both HIP
and PFC. However, P-100 and P-200 attenuated the LPS-
induced decrease in SOD in HIP only.

Nitrite Level The effect of piracetam on LPS-induced
alterations in NO level is depicted in Fig. 5b. Analysis by
one-way ANOVA showed that there were significant dif-
ferences in NO level in HIP [F (4, 20) = 8.385, p < 0.05]
and PFC [F (4, 20) = 3.552, p < 0.05] among groups. Post
hoc analysis revealed that LPS administration caused a
significant increase in NO level in both HIP and PFC.
Piracetam in all the doses attenuated the LPS-induced
increase in NO in HIP only.

Lipid Peroxidation Figure SC depicts the effect of
piracetam on LPS-induced alterations in the extent of LPO.
Analysis by one-way ANOVA showed that there were
significant differences in LPO level in HIP [F (4,
20) = 5.524, p < 0.05] and in PFC [F (4, 20) = 6.608,
p < 0.05] among the groups. Post hoc analysis revealed
that LPS administration caused a significant increase in
LPO level in both HIP and PFC. However, piracetam in a
dose of 200 mg/kg attenuated the LPS-induced increase in
the extent of LPO in HIP only.
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Fig. 5 Effect of piracetam (50, CControl ERP-50 C2P-200
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Effect of Piracetam on IL-6 Production

Figure 6 depicts the effect of piracetam on LPS-induced
changes in IL-6 level. Analysis by one-way ANOV A showed
that there was a significant difference in IL-6 level in HIP
[F (4, 10) = 22.32, p < 0.05] and PFC [F (4, 10) = 14.95,
p < 0.05] among the groups. Student Newman—Keuls test
revealed that LPS infusion increased the level of IL-6 in both
the brain regions. However, P-200 attenuated the LPS-in-
duced increase in the level of IL-6 only in HIP.

Effect of Piracetam on AP in Different Brain
Regions and in the Blood

Effect of Piracetam on LPS-Induced Increase in A} Level
in Brain Regions

The effect of piracetam on LPS-induced alterations in
AB level in HIP and PFC is depicted in Fig. (7).

Analysis by one-way ANOVA showed that there
were significant differences in AP level in HIP [F (4, 10)
= 1393, p<0.05] and PFC [F (4, 10) =437, p<
0.05] among the groups. Post hoc analysis showed
that LPS administration caused a significant increase
in AP level in all the brain regions. However, pirac-
etam in a dose of 200 mg/kg significantly attenuated
the LPS-induced increase in the level of AP in HIP
only.

Piracetam Facilitates the Efflux of A from Brain Region
to Blood

Figure 8 depicts the effect of piracetam on LPS-induced
reduced efflux of AP from different brain regions. Sta-
tistical analysis revealed that there were significant dif-
ferences in AP level in blood [F (4, 10) = 16.59,
p < 0.05] among groups. Post hoc analysis revealed that
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Fig. 6 Effect of piracetam (50,
100, and 200 mg/kg) on LPS-
induced increased IL-6 level in
HIP and PFC. The blots are
representative of IL-6 (a) in HIP
and PFC. The results in the
histogram are expressed as the
ratio of the relative intensity of
levels of protein expression of
IL-6 to B-Actin (b). All Values
are Mean + SEM. ‘p < 0.05
compared to control, ’p < 0.05
compared to LPS, ‘p < 0.05
compared to P-50, “p < 0.05
compared to P-100 (One-way
ANOVA followed by Student
Newman-Keuls test)

Fig. 7 Effect of piracetam (50,
100, and 200 mg/kg) on LPS-
induced increased AP (1-40)
level in HIP and PFC. The blots
are representative of AP (a) in
HIP and PFC. The results in the
histogram are expressed as the
ratio of the relative intensity of
levels of protein expression of
AP to B-Actin (b). All Values
are Mean + SEM. ‘p < 0.05
compared to control, ”p < 0.05
compared to LPS, “p < 0.05
compared to P-50, ‘p < 0.05
compared to P-100 (One-way
ANOVA followed by Student
Newman—Keuls test)
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the level of AP in plasma was not altered by LPS  Discussion

treatment. However, piracetam at a dose of 200 mg/kg

significantly increased AP level in blood, indicating that ~ The present study for the first time reports the anti-neu-
the AP efflux is facilitated by the higher dose of  roinflammatory activity of piracetam in the LPS-infused
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Fig. 8 Effect of piracetam (50,
100, and 200 mg/kg) on
increased efflux of AB (1-40)
level from brain regions to
blood. The blots are
representative of AP (a) in
plasma. The results in the
histogram are expressed as the
ratio of the relative intensity of
levels of protein expression of
AP to B-Actin (b). All Values
are Mean + SEM. “p < 0.05
compared to control, ’p < 0.05
compared to LPS, “p < 0.05
compared to P-50, %p < 0.05
compared to P-100 (One-way
ANOVA followed by Student
Newman—Keuls test)
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increase in the level of AP in plasma with piracetam
treatment suggesting that it may enhance the efflux of Ap.

LPS-induced neuroinflammation leads to learning and
memory deficits (Gong et al. 2010). LPS treatment
increased known arm and decreased the novel arm entries
indicating loss of spatial memory. A similar result has been
reported for LPS-induced decrease in alternation behavior
in the Y-Maze Test (Joshi et al. 2014). Piracetam is
reported to augment learning acquisition, retention of
memory, and exhibited anxiolytic activity after subchronic
administration in rats (Bhattacharya et al. 1993). Piracetam
treatment dose dependently reversed the known arm and
novel arm entries in the Y-maze test indicating attenuation
of LPS-induced spatial memory impairment. Further, LPS
treatment caused significant loss of coping behavior in
terms of time spent in the novel environment indicating
anxiety-like behavior. Piracetam attenuated the LPS-in-
duced decrease in coping strategy to a novel environment.
Thus, piracetam showed anxiolytic activity in the Y-maze
paradigm. Therefore, piracetam improves cognitive deficits
and exhibits anxiolytic activity during LPS-induced
neuroinflammation.

LPS induces a spectrum of cellular insults and host
damage as a result of a dysregulated immune inflammatory
response to an infective stimulus. A complex molecular
network exists which transduces this stimulus and ulti-
mately over expresses the inflammatory mediators by
increasing expression of NFkB (Macdonald et al. 2003).
LPS administration caused increased production of IL-6, a
potent marker of neuroinflammation as reported earlier
(Beurel and Jope 2009). It has been reported that piracetam
inhibits peripheral cytokine production in peripheral neu-
ropathic pain induced by chronic constriction injury of the
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sciatic nerve in rats (Mehta et al. 2014).In the present
study, piracetam at a dose of 200 mg/kg significantly
attenuates LPS-induced increase in IL-6 suggesting anti-
neuroinflammatory activity.

The LPS-induced neuroinflammation has been charac-
terized by an increase in production of inflammatory
cytokines and oxidative stress (Ben et al. 2001). Formation
of ROS and lipid peroxidation products such as superoxide
anions and peroxides was increased by LPS (Giralt et al.
1993; Nowak et al. 1993). There was an increase in the
level of MDA, an end product of lipid peroxidation indi-
cating oxidative stress (Melchiorri et al. 1996). Oxidative
stress may be due to an imbalance between free radical
production and ability to scavenge those (Kim et al. 2004).
Superoxide dismutase is an enzyme, which acts as the first
line of defense against ROS generation by dismutating
superoxide to H,O, (Apel and Hirt 2004). In this present
study, LPS increased oxidative stress by increasing the
level of mitochondrial MDA (by increasing the activity of
LPO) and nitrite levels. Piracetam in a dose of 200 mg/kg
attenuated LPS-induced increase level of MDA and nitrites
as reported earlier (Kalkan et al. 2011; Akdur et al. 2008).
The LPS-induced decrease in SOD level was ameliorated
by piracetam indicating antioxidant activity.

LPS administration leads to the breakdown of mito-
chondrial membrane potential as reported earlier (Noble
et al. 2007). Piracetam in a dose of 200 mg/kg attenuated
LPS-induced decrease in mitochondrial membrane poten-
tial (Keil et al. 2006). The activity of mitochondrial res-
piratory chain enzymes, i.e., complex I, II, IV, and V was
found to be reduced in mitochondria isolated from HIP and
PFC of rats treated with LPS infusion (Escames et al.
2003). Treatment with piracetam significantly ameliorated
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the reduction in activity of the mitochondrial enzyme
complexes in HIP. An earlier study has reported that
piracetam enhances the mobility and function of the
complexes of the respiratory chain (Gupta et al. 2014).
Thus, piracetam attenuated the LPS-induced mitochondrial
dysfunction in HIP suggesting a region-specific role of
piracetam.

Intracerebroventricular infusion of LPS has been pre-
viously reported to increase inflammatory cytokines which
cause the amyloid genesis through - and 7y-secretases,
thereby elevating A level in the hippocampus (Lee et al.
2008). In the present study, the level of soluble AB;_4
was measured as a marker of AD-like symptoms. Infusion
of LPS significantly increased AP level in HIP as well as
PFC which is consistent with earlier findings (Kakkar
et al. 1984; Lee et al. 2008). The administration of
piracetam at a dose of 200 mg/kg attenuated the LPS-
induced increase in Af level in HIP, suggesting a region-
specific role of piracetam. The HIP is the brain region
known to be particularly susceptible to AD and has a
significant role in learning and memory functions (He
et al. 2008). Neuroinflammation of the HIP can lead to
learning and memory deficits. In the present study, LPS
infusion did not cause any significant increase in the A in
blood even though there was a significant increase in HIP
and PFC. It has been reported that LPS causes a selective
influx of AP from blood to the brain and inhibits efflux of
AP from the brain to blood (Jaeger et al. 2009). This can
lead to accumulation of AP in the brain tissues. Piracetam
at a dose of 200 mg/kg significantly increased the level of
AP in blood, while there was a concomitant decrease in
HIP. Therefore, we can presume that piracetam can
facilitate efflux of AP from brain to the blood. This could
perhaps be possibly due to the reports which suggest an
increase in the microvascular blood flow by piracetam
(Vernom and Sorkin 1991; Platt et al. 1993). Therefore,
the possible mechanism behind the neuroprotective effect
of piracetam may be due to increase in the clearance of
AP from HIP tissues.

Conclusions

Piracetam ameliorates the LPS-induced behavioral deficits
in rats. Piracetam (200 mg/kg) significantly decreased
LPS-induced increase in the level of IL-6 and AP in HIP
indicating anti-neuroinflammatory effect. It significantly
increased A level in blood suggesting efflux of AP from
HIP to blood. Piracetam also showed significant attenua-
tion of LPS-induced mitochondrial dysfunction and
decrease of mitochondrial membrane potential. Thus,
piracetam could be considered as a potential drug for
pharmacotherapy of diseases related to neuroinflammation.
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