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Abstract Methylphenidate (MPH) abuse can cause serious
neurological damages. The neuroprotective effects of
topiramate (TPM) have been reported already, but its mecha-
nism of action still remains unclear. The current study evalu-
ates in vivo role of CREB/BDNF in TPM protection of the rat
hippocampal cells from methylphenidate-induced apoptosis,
oxidative stress, and inflammation. A total of 60 adult male
rats were divided into six groups. Groups 1 and 2 received
normal saline (0.7 ml/rat) and MPH (10 mg/kg) respectively
for 14 days. Groups 3 and 4 were concurrently treated with
MPH (10 mg/kg) and TPM 50 and 100 mg/kg respectively for
14 days. Groups 5 and 6 were treated with 50 and 100 mg/kg
TPM only respectively. After drug administration, open field
test (OFT) was used to investigate motor activity. The hippo-
campus was then isolated and the apoptotic, antiapoptotic,
oxidative, antioxidant, and inflammatory factors were mea-
sured. Expression of the total and phosphorylated CREB
and BDNF in gene and protein levels, and gene expression
of Ak1, CaMK4, MAPK3, PKA, and c-Fos levels were also

measured. MPH significantly decreased motor activity in
OFT. TPM (50 and 100 mg/kg) decreased MPH-induced mo-
tor activity disturbance. Additionally, MPH significantly in-
creased Bax protein level, CaMK4 gene expression, lipid per-
oxidation, catalase activity, mitochondrial GSH, IL-1β, and
TNF-α levels in isolated hippocampal cells. Also CREB, in
total and phosphorylated forms, BDNF and Bcl-2 protein
levels, Ak1, MAPK3, PKA and c-Fos gene expression, super-
oxide dismutase, glutathione peroxidase, and glutathione re-
ductase activities decreased significantly by MPH. TPM (50
and 100 mg/kg), both in the presence and absence of MPH,
attenuated the effects of MPH. Immunohistochemistry data
showed that TPM increased localization of the total and phos-
phorylated forms of CREB in dentate gyrus (DG) and CA1
areas of the hippocampus. It seems that TPM can be used as a
neuroprotective agent against apoptosis, oxidative stress, and
neuroinflammation induced by frequent use of MPH. This
might be probably mediated by the CREB/BDNF and their
upstream signaling pathways.
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Introduction

Methylphenidate (MPH) is a neural stimulant widely used for
the management of hyperactive children (Challman and
Lipsky 2000; Motaghinejad et al. 2016c). MPH inhibits reup-
take of dopamine and norepinephrine into presynaptic termi-
nals (Motaghinejad et al. 2015c; Patrick andMarkowitz 1997)
and has properties similar to those of cocaine and metham-
phetamine, which render it a high risk substance in terms of
abuse and dependency (Huss and Lehmkuhl 2001; Tagaya
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2010). Previous studies have suggested that oxidative stress,
inflammation, and apoptosis could be induced by chronic
MPH abuse in brain cells, especially in the hippocampus,
but its mechanism of action and signaling pathway are not
clear (Motaghinejad et al. 2016c; Motaghinejad et al. 2016d;
Réus et al. 2013; Réus et al. 2014). Topiramate (TPM), an
anticonvulsant successfully used in the treatment of alcohol-
ism, cocaine, and methamphetamine addiction (Arnone 2005;
Garnett 2000; Johnson et al. 2013; Motaghinejad et al. 2016a;
Oncken et al. 2014), has antioxidant, anti-inflammatory,
antiapoptotic, immunomodulatory, and neuroprotective prop-
erties (Armaǧan et al. 2008; Dudley et al. 2011; Mao et al.
2015). These studies have shown that TPM could act as a
protective compound in therapy of few neurodegenerative
disorders. However, the exact mechanism of action of TPM
neuroprotective effect and signaling pathways still remain un-
clear (Motaghinejad and Motevalian 2016; Shank et al. 2000).
On the other hand, previous studies have shown that cyclic
AMP response element binding protein (CREB) acts as a ma-
jor transcription factor in brain development and neurogenesis
(Blendy 2006; Gao et al. 2011; Lee et al. 2005). CREB is
activated in a phosphorylated form and some protein kinases
such as Ak1, CaMK4,MAPK3, PKA enzymes phosphorylate
this transcription factor and convert CREB to its active form
(Aguiar et al. 2011; Carlezon et al. 2005; Kitagawa 2007;
Réus et al. 2011; Terranova et al. 2016). CREB act on DNA
and prompts the production of BDNF and c-Fos proteins,
which are important in neurogenesis and the development of
neurons (Aguiar et al. 2011; Almeida et al. 2010; Réus et al.
2011; Zuo et al. 2016). Considering the role of hippocampus
in depression, cognition, and anxiety-like behaviors, the aim
of this research is to study the effects of TPM against MPH-
induced apoptosis, oxidative stress, and inflammation and
clarify the role of the phosphorylated-CREB signaling path-
way in this type of neuroprotection in both dentate gyrus (DG)
and CA1 areas of hippocampus. We also attempted to indicate
the possible roles of Ak1, CaMK4, MAPK3, and PKA, as the
upstream proteins of CREB signaling pathway, on gene ex-
pression and the phosphorylation and activation of CREB
protein and c-Fos as well as BDNF as downstream products
of CREB.

Materials and Methods

Animals

Sixty adult male wistar rats (mean weight 210 ± 10 g, 10 weeks
old) were obtained from animal house of Iran University of
Medical Sciences (IUMS, Tehran, Iran) and transferred to the
laboratory. The animals were kept for 2 weeks before the start
of the experiment at room temperature with free access to stan-
dard food and tap water in a standard dark/light cycle. Our

experimental protocol was approved by the ethical committee
in research deputy of Iran University of Medical Sciences.

Drug

MPH and TPM were obtained from Sigma-Aldrich (USA)
and dissolved in normal saline for injection, freshly prepared
just before use, and the volume of injection was 0.7 ml/rat.

Experimental Design

Sixty adult male rats were divided randomly into six groups.
Group 1 (as negative control) was treated with normal saline
(0.7 ml/rat, ip) for 14 days. Group 2 (as positive control) re-
ceived MPH (10 mg/kg) for 14 days. Groups 3 and 4 were
treated concurrently for 14 days with MPH (10 mg/kg, ip)
and TPM at doses of 50 and 100 mg/kg (ip), respectively.
Groups 5 and 6 received only TPM at doses of 50 and
100 mg/kg respectively for 14 days. On day 15 after drug
administration, open field test (OFT), a standard behavioral
method used for the study of hippocampal degeneration, was
performed to evaluate motor activity in animals and then hip-
pocampus was isolated. In addition, using the mentioned be-
havioral protocol, some markers of oxidative stress, inflamma-
tion, and also some proteins which are involved in apoptosis
were also measured in the hippocampus. Considering the im-
portance of CREB and BDNF signaling in neuroprotection, we
evaluated the effects of TPM on MPH-induced disturbances in
the CREB/BDNF signaling pathway by using real-time reverse
transcriptase-PCR (RT-PCR) and western Blot methods. Also,
the localization of CREB proteins, both CREB and phosphor-
ylated CREB (P-CREB), in DG and CA1 regions of hippocam-
pus were evaluated by immunohistochemistry. In addition, the
alterations in expression of some genes coding for protein ki-
nases such as Ak1, CaMK4, MAPK3, PKA, which are in-
volved in CREB phosphorylation, were measured in hippo-
campus. Furthermore, cell densities of the mentioned areas
were evaluated by hematoxylin and eosin (H&E) staining.

Open Field Test

OFT was used as a standard test for the assessment of anxiety
and locomotor activity in rodents. For performing the test, an
apparatus was used with the bottom divided into 16 equally
spaced squares bordered by opaque walls, 65.90 cm in length.
The bottom was painted black, excluding the 6-mm broad
white lines, which divided the ground into 16 squares. During
the experiment, all parts of the room except for the open field
were kept dark, and the apparatus was illuminated by a 100-W
bulb that focused on the field from a height of about 110 cm
from the ground. The open field maze was cleaned between
experiments for each rat using 70% ethyl alcohol. Behavior was
scored with Hindsight for MS-dos (version 1.5, California,
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USA), and each trial was recorded for latter analysis, using a
video camcorder (Hitachi, VM-7500LA Tokyo, Japan) posi-
tioned above the apparatus. Measures of ambulation distance
and line crosses and other behaviors were obtained with an
automated camera-based computer tracking system
(Limelight, Actimetrics, Wilmette, Illinois, USA) on an IBM
PC computer with the camera fixed to the ceiling, 2.1 m above
the apparatus. To assess the process of habituation to the nov-
elty of the environment, rats were exposed to the apparatus for
5 min 1 day before the experiment (day 14). On the day of
experiment (day 15), each animal was centrally positioned in
the field for a maximum of 5 min and the following behaviors
were monitored:

1. Ambulation distance: the distance with which the rat
crossed one of the grid lines.

2. Center square entries: frequency with which the rat
crossed one of the red lines with all four paws into the
central square.

3. Center square duration: duration of the time rat spent in
the central square.

4. Rearing: frequency with which the rat stood on their hind
legs in the maze. This assay was used to evaluate locomo-
tor activity and anxiety in rodents according to the refer-
ences (Motaghinejad et al. 2016b; Motaghinejad et al.
2016c; Schwarting et al. 1999)

Mitochondrial Preparation

By administration of 50 mg/kg of thiopental, all animals were
anesthetized and euthanized. Then, the brain tissues were de-
tached after the skull was dissected out for isolation of hippo-
campus. The isolated hippocampal tissues were homogenized
separately in cold homogenization buffer (20 mM 4-
morpholinepropanesulfonic acid, pH 7.2, 10 mM MgCl2,
250 mM sucrose, 0.05 mM EGTA) using a homogenizer.
Homogenated tissues were centrifuged at 400×g for 10 min,
and the supernatant obtained was re-centrifuged at 12000×g
for 15 min. The sediments were suspended again two more
times in homogenization buffer and centrifuged at 12000×g
for 10 min. Finally, the remaining sediments were mixed with
homogenization buffer and stored in the refrigerator (3 °C).
The total concentration of mitochondrial protein was deter-
mined by the Bradford method. The homogenized cell solu-
tions were analyzed for the measurement of oxidative stress
and apoptotic factors (Aliev et al. 2003; Motaghinejad et al.
2016d; Motaghinejad et al. 2015a; Tagaya 2010).

Determination of Lipid Peroxidation

The amount of the total lipid peroxidation was measured by
evaluating the amount of thiobarbituric acid reactive

compounds (TBARS). The quantity of this compound was
calculated using an extension coefficient of 165 mM−1 cm−1

at 530 nm. Results were expressed as nmol/mg protein
(Amador et al. 2001; Fortunato et al. 2006; Motaghinejad
et al. 2016e).

Determination of Manganese Superoxide Dismutase
Activity

Activity of manganese superoxide dismutase (MnSOD) was
evaluated using a special kit (Cayman Chemical Company,
USA). The absorbance was obtained at 450 nm, and the find-
ings were expressed as U/ml/mg protein (Bongiovanni et al.
2007; Motaghinejad et al. 2016a; Pomierny-Chamioło et al.
2013; Motaghinejad et al. 2015b)

Study of Catalase (CAT) Activity

The CAT activity was measured by a method that employs
hydrogen peroxide (H2O2) to generate H2O and O2 (Aebi
1984). Brain tissue was sonicated in 50 mmol/l phosphate
buffer (pH 7.0), and the resulting suspension was centrifuged
at 3000×g for 10 min. The sample aliquot (20 μL) was added
to 980 μL of the substrate mixture. The substrate mixture
contained 0.3 mL of hydrogen peroxide in 50 ml of 0.05 M
phosphate buffer (pH 7.0). Initial and final absorbance was
recorded at 240 nm after 1 and 6 min, respectively. A standard
curve was established using purified catalase (Sigma, MO,
USA) under similar conditions (Bongiovanni et al. 2007;
Johansson and Borg 1988).

IL-1β and TNF-α Measurements

Concentrations of TNF-α and IL-1β in supernatant of hippo-
campal cells were measured using a commercially available
ELISA kit (Genzyme Diagnostics, Cambridge, UK). Briefly,
96 well microtitre plates (Nunc) were coated with sheep anti-
rat TNF-α and IL-1β polyclonal antibodies (2 mg/ml in bi-
carbonate coating buffer; 0.1 M NaHCO3, 0.1 M NaCl,
pH 8.2, for 20 h at 48 °C), then washed three times with
washing buffer (0.5 M NaCl, 2.5 mM NaH2PO4, 7.5 mM
Na2HPO4, 0.1% Tween 20, pH 7.2). 100 μl of a 1% (w/v)
ovalbumin (Sigma Chemical Co., Poole, Dorset, UK) solution
in bicarbonate as coating buffer was added to each well and
incubated at 37 °C for 1 h. After three washes, 100 μl of
samples and standards were added and plates were incubated
at 48 °C for 20 h. After three washes, 100 μl of the biotinyl-
ated sheep anti-rat IL-1β or TNF-α antibody (1:1000 dilutions
in washing buffer containing 1% sheep serum, Sigma
Chemical Co., Poole and Dorset, UK) was added to each well.
The further incubation was carried out for 1 h at room tem-
perature. After three washes, 100 μl avidin-HRP (Dako Ltd.,
UK) (1:5000 dilution in wash buffer) was added to each well,
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and the plates were incubated at room temperature for 15 min.
After three washes, 100 μl of 3, 3′, 5, 5′-tetramethylbenzidine
(TMB) substrate solution (Dako Ltd., UK) was added to each
well, and the plates were incubated for 10 min at room tem-
perature. At the end of the incubation period, 100 μl of 1 M
H2SO4 was added to each well to stop the reaction and to
facilitate the color development. Absorbance was read at
450 nm on a microtitre plate reader. The detection limit of
the assay was determined to be 4.3 pg/ml. Results were
expressed as ng IL-1β/ml or TNF-α/ml (Erickson and
Banks 2011; Marquette et al. 2003).

Real-Time Reverse Transcriptase-PCR Studies

The total RNA was extracted from hippocampus (~200 μg)
using ONE STEP-RNA Reagent (Bio Basic, Canada Inc.)
according to the manufacturer’s instructions, and the quantity
and quality of RNA were analyzed using a nanodrop (ND-
1000, Thermo Scientific Fisher, US) and gel electrophoresis.
RNAwas treated with DNase I (Qiagen, Hilden, Germany) to
eliminate any genomic contamination, as described by the
manufacturer. The total RNA (1 μg) was used to synthesize
cDNA. GAPDH primers as housekeeping were used to exam-
ine the integrity and quality of cDNA. RT-PCR was carried
out to evaluate the differences in expression patterns of BDNF
gene among samples of each group. The specific primers cor-
responding to the coding sequence including BDNF Forward:
5′-GGAGGCTAAGTGGAGCTGAC-3′; BDNF Reverse: 5′-
GCTTCCGAGCCTTCCTTTAG-3′; Akt1 Forward: 5′-
AAGGAGATCATGCAGCACCG-3′; Akt1 Reverse: 5′-
GGTGGGCTCACCTTCTTCTC-3′; CaMK4 Forward: 5′-
AGCAGCAGTCACACCAACAT-3′; Reverse: 5′-TCTG
TCTTGTCCTTGCCGTC-3′; MAPK3 Forward: 5′-TATC
AACACCACCTGCGACC-3 ′ ; Reverse : 5 ′ -ATGA
TCTCTGGGGCTCGGTA-3′; c-Fos Forward: 5′-GGGA
GCTGACAGATACGCTC-3 ′ ; Reverse : 5 ′ -TTGG
CAATCTCGGTCTGCAA-3′; CREB1 Forward: 5′-CAGA
CAACCAGCAGAGTGGA-3 ′ ; Reverse: 5 ′-CTGG
ACTGTCTGCCCATTG-3′; GAPDH Forward: 5′-AGAC
AGCCGCATCTTCTTGT; R e v e r s e : 5 ′ - CCGT
TCACACCGACCTTCA-3′; PKA Forward: 5′-GCAG
GAGAGCGTGAAAGAGT-3 ′ ; Reverse :5 ′ -CTGA
GAAGGGGTCTCCCATTT-3′, were designed by Primer 3
software version 0.4 (frodo.wi.mit.edu). Real-time RT-PCR
was performed in 20-μl reactions containing 1 μl cDNA tar-
get, 100 nM forward and reverse primers, and 1× SYBR®
Premix Ex Taq™ II (Takara, Tokyo, Japan). Experiments
were carried out in triplicate using a CFX96™ Real-Time
System (C1000TM Thermal Cycler) (Bio-Rad, Hercules,
CA, USA). Amplification conditions were as follow: initial
denaturation at 95 °C for 10 min, followed by 40 cycles (de-
naturation at 95 °C for 15 s and annealing and extension at 60
°C for 60 s). The relative value of the mRNA expression level

of CREB, Ak1, CaMK4, MAPK3, PKA, BDNF, and c-Fos
gene was calculated by comparing the cycle thresholds (CTs)
of the target gene with that of housekeeping gene (GAPDH)
using the 2−ΔΔct method and REST 2009 software. Serial
dilutions of cDNAs were used to calculate the efficiencies of
the primer sets on real-time PCR. In this regard, it was found
that the efficiencies of the various primer sets were similar
(Motaghinejad et al. 2016a; Peng et al. 2012).

Western Blot

We studied the immunoreactivity, CREB, total and phosphor-
ylated, BDNF, Bax, Bcl-2, and caspase3 contents of isolated
hippocampus from treated rats by western blotting.
Electrotransfer of the resolved bands from gel to
polyvinylidene difluoride (PVDF) membrane (Millipore,
Bedford, USA) was fulfilled in 90 min at 0.7 mA/cm2 using
a semi-dry transfer apparatus (PeQlab). After transferring step,
the membrane was weakly stained for about 3 min with
Coomassie blue G-250 (Sigma-Aldrich, UK) 1 μg/100 ml
distilled water without methanol. Then the membrane was
dried and cut into 2-mm wide stripes. After destaining with
methanol, the strips washed and blocked with 2% BSA over-
night at 4 °C and then added with 1:100 diluted human or
bovine sera at room temperature (RT) for 2 h on a shaker.
Themembranes then were washed with PBS-T (three washing
steps in a total of 10 min) and incubated with the following
conjugated polyclonal anti-rabbit antibody: BDNF, CREB,
total and phosphorylated, (1:500 dilutions in BSA, 360 min,
RT; Sigma-Aldrich, Germany) Bax, Bcl-2 (1:1000 dilutions in
BSA, 240 min, RT; Sigma-Aldrich, Germany) then all strips
was exposed by secondary HRP conjugated polyclonal Rabbit
anti-sheep antibody (1:5000 dilution in BSA, 120 min, RT;
Sina Biotech, Iran). The strips were washed and incubated
with chemiluminescent substrate (Luminol and H2O2) for
2 min in RT. Finally, the reactive bands were detected on X-
ray film within 10–20 s under safelight condition
(Motaghinejad et al. 2016a; Woo et al. 2005).

Immunohistochemistry

Immunohistochemical detection of CREB, total and phos-
phorylated, was performed on tissue slides. Tissue slides were
prepared based on previous studies (Madjd et al. 2013;
Motaghinejad et al. 2016a). After deparaffinization of slides
in xylene and rehydration through graded alcohol, slides were
immersed in methanol/hydrogen peroxide for 10 min to block
endogenous peroxidase activity. Antigen was retrieved by
autoclaving tissue sections for 10 min in sodium citrate buffer
(pH 6.0). The sections were then incubated with primary an-
tibody with an optimal dilution of 1:300 for the total CREB
and 1:50 for phosphorylated CREB for overnight at +4 °C.
After washing, the sections were incubated with anti-rabbit/
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anti-mouse Envision (Dako, Denmark) secondary antibody
for 1 h. Color was developed with the addition of 3, 3′-diami-
nobenzidine (DAB, Dako) to achieve visualization of the an-
tigen. In the final step, sections were lightly counterstained
with hematoxylin (Dako, Denmark), dehydrated in alcohol,
cleared in xylene, andmounted for examination. The omission
of primary antibody and its replacement with TBS (Tris-
buffered saline) was used as negative reagent control. After
processing, sections were mounted on glass slides,
dehydrated, and cover slipped. Immunoreactivity was visual-
ized using a Nikon Eclipse E600 microscope, and images
were captured with a QImaging Retiga 1300 camera using
Image-Pro Plus software, and cell counting was performed
using a 400× oil-immersion lens on a Nikon Eclipse E600
microscope (Media Cybernetics) (Madjd et al. 2013). A com-
puter image analysis system morphometric software
(Optikavision pro, Italy) was used to determine the average
CREB and/or P-CREB positive cells in the hippocampal DG
and CA1 regions (Motaghinejad et al. 2016c).

Histological Studies (H&E Staining)

For histological studies, isolated hippocampus was fixed in
formalin, washed in physiologic serum and dehydrated by
ethanol, embedded in paraffin wax, sectioned at 5 μm thick-
nesses, and stained with Mayer’s hematoxylin and eosin
(H&E). The morphological changes and the cell density were
observed in the DG and CA1 respectively with the use of cell
counting performed by morphometric software (Optikavision
pro, Italy) (Motaghinejad et al. 2016c).

Statistical Analysis

The data obtained was statistically analyzed by Graph Pad
PRISM Software (version 6). In every experimental group,
the data were averaged and expressed as means ± standard
errors of the mean (SEM). Then, the differences between con-
trols and treatment groups were evaluated by one-way
ANOVA. Differences between severities of behaviors in
groups were evaluated by Tukey’s post-hoc test. P < 0.05
was taken as statistically significant.

Results

Results of Open Field Test

As shown in Table 1, the MPH (10 mg/kg) treated group had a
lower frequency of cent ra l square ent r ies , wi th
F(5,42) = 5.908, and also spent a shorter period of time in
the central region of the OFT, with F(5,42) = 3.350, compared
to the negative control group (P < 0.05) (Table 1).

On the other hand, TPM (50 and 100 mg/kg) can diminish
this effect of MPH and significantly increased the frequency of
central square entries, with F(5,42) = 5.908, as well as the time
spent in the central region of the OFT, with F(5,42) = 3.350, in
comparison with the MPH only treated group (P < 0.05)
(Table 1). The MPH treated group had less ambulation distance,
with F(5,42) = 2.412, and rearing, with F(5,42) = 1.960, in OFT
in comparison to the negative control group. But in the MPH
treated groups concomitantly treated with 50 and 100 mg/kg of
TPM, a greater ambulation distance, with F(5,42) = 2.412, and
rearing number in OFT, with F(5,42) = 1.960, were observed in
comparison withMPH (10 mg/kg) only treated group (P < 0.05)
(Table 1). On the other hand, the groups treated with TPM (50
and 100 mg/kg), in the absence of MPH, had more ambulation
distance, rearing number, frequency of central square entries, and
also spent more time in OFT with F(5,42) = 2.412,
F(5,42) = 1.960, F(5,42) = 5.908, and F(5,42) = 3.350 respec-
tively in comparison with groups treated with MPH in combina-
tion with TPM (P < 0.05) (Table 1). Also, our data showed that
there is no significant difference in OFT behavior in groups
treated with TPM (50 and 100 mg/kg) alone in comparison with
negative control group (Table 1).

Effects of TPM onMPH-Induced Alterations in Oxidative
Stress Biomarkers in Mitochondria

As shown in Table 2, the MPH treated group (10 mg/kg) had
an increased MDA level, with F(5,42) = 76.89, and catalase
activity, with F(5,42) = 7.170, and decreased SOD activities,
with F(5,42) = 6.253, in comparison to the negative control
group (P < 0.05) (Table 2).

On the other hand, TPM (50 and 100mg/kg) can diminish this
effect of MPH and decrease MDA level, with F(5,42) = 76.89,
and catalase activity, with F(5,42) = 7.170, and increase SOD
activity, with F(5,42) = 6.253, (P < 0.05) (Table 2). In addition,
the group treated with TPM (50 and 100 mg/kg), in the absence
of MPH, significantly decreased MDA level, with
F(5,42) = 76.89, and catalase activity, with F(5,42) = 7.170,
and increased SOD activity, with F(5,42) = 6.253, in comparison
to the groups treated with MPH in combination with TPM
(P < 0.05) (Table 2). Our data also showed that there are no
significant differences in MDA level, SOD, and CAT activities
in groups treated with TPM (50 and 100 mg/kg) alone in com-
parison with negative control group (Table 2).

Effects of TPM on MPH-Induced Alterations
of Inflammation Biomarkers

As shown in Table 2, the MPH (10 mg/kg) treated group had
an increased IL-1β, with F(5,42) = 11.34, and TNF-α, with
F(5,42) = 19.48, levels in comparison to the negative control
group (P < 0.05) (Table 2). On the other hand, TPM (50 and
100 mg/kg) can attenuate this effect of MPH and decrease IL-
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1β, with F(5,42) = 11.34, and TNF-α, with F(5,42) = 19.48,
levels (P < 0.05) (Table 2). Also, groups treated with TPM (50
and 100 mg/kg) in the absence of MPH, showed a significant-
ly decreased level of IL-1β, withF(5,42) = 11.34, and TNF-α,
with F(5,42) = 19.48, levels in comparison to groups treated
with MPH in combination with TPM (P < 0.05) (Table 2).
According to our data, there is a significant difference with
F(5,42) = 19.48 in TNF-α in groups treated with TPM (50 and
100 mg/kg) alone in comparison with the negative control
group (P < 0.05) (Table 2). While about the IL-1β, this sig-
nificant difference was observed in group treated with TPM
100 mg/kg alone with F(5,42) = 11.34 when compared with
the control group(P < 0.05) (Table 2).

Results of RT-PCR

CREB Expression

MPH decreased CREB gene expression, with F(5,12) = 7.815,
in comparison with the control group (P < 0.05). In the MPH

treated group, TPM 50 and 100 mg/kg increased CREB gene
expression in comparison with the MPH only treated group,
with F(5,12) = 7.815 and (P < 0.05), while the group treated
with TPM (50 and 100mg/kg), withoutMPH, increased CREB
gene expression, with F(5,12) = 7.815, in comparison with
groups treated with TPM in combination with MPH
(P < 0.05) (Fig. 1). According to our data, there is also a sig-
nificant difference in CREB gene expression in groups treated
with TPM (50 and 100 mg/kg) alone, with F(5,12) = 7.815, in
comparison to the negative control group (P < 0.05) (Fig. 1).

Ak1 Expression

MPH-decreased Ak1 gene expression, with F(5,12) = 18.02,
in comparison with the control group (P < 0.05). In the MPH
treated group, TPM 50 and 100 mg/kg increased Ak1 gene
expression, with F(5,12) = 18.02, in comparison with the
MPH only treated group (P < 0.05), while the group treated
only with TPM (50 and 100 mg/kg), without MPH, increased
Ak1 gene expression, with F(5,12) = 18.02, in comparison

Table 1 The effects of various doses of TPM on open field exploratory and anxiety-like behavior in rats treated by MPH

Groups Ambulation distance (cm) Central square
entries (number)

Time spent in central
square (sec)

Number of rearing

Control 375 ± 12 19 ± 3 145 ± 9 11 ± 2

MPH (10 mg/kg) 330 ± 12a 7 ± 1.1a 98 ± 15a 8 ± 2a

MPH (10 mg/kg) + TPM (50 mg/kg) 360 ± 11b 15 ± 1.5b 120 ± 13b 12 ± 0.6b

MPH (10 mg/kg) + TPM (100 mg/kg) 365 ± 15b 17 ± 2b 133 ± 12b 13 ± 1.6b

TPM (50 mg/kg) 381 ± 10c 20 ± 2.5c 155 ± 13c 14 ± 2c

TPM (100 mg/kg) 383 ± 15c 21 ± 2c 156 ± 11c 14 ± 1c

All data are given as mean ± SEM, N = 10

MPH methylphenidate, TPM topiramate
a Shows significant difference compared to the control group (P < 0.05).
b Shows significant difference in comparison to MPH (10 mg/kg) only treated group (P < 0.05).
c Shows significant difference compared to groups under simultaneous treatment with MPH (10 mg/kg) and TPM (50 and 100 mg/kg) (P < 0.05)

Table 2 The effects of various doses of TPM on oxidative stress biomarkers in mitochondria in rats treated by MPH

Groups MDA nmol/mg of protein SOD U/ml/mg protein CAT U/ml/mg protein TNF-α ng/ml IL-1β ng/ml

Control 5.9 ± 0.9 65.4 ± 5.9 0.02 ± 0.002 54.4 ± 7.9 48.1 ± 7.1

MPH (10 mg/kg) 18.5 ± 0.7a 36.7 ± 6.9a 0.04 ± 0.005a 95.2 ± 5.6a 96.6 ± 7.9a

MPH (10 mg/kg) + TPM (50 mg/kg) 12.3 ± 0.6b 51.7 ± 5.6b 0.030 ± 0.003 71.3 ± 6.4 b 75.4 ± 8.8 b

MPH (10 mg/kg) + TPM (100 mg/kg) 10 ± 0.2b 56.3 ± 4.7b 0.027 ± 0.003 60.2 ± 4.2b 63.1 ± 6.8b

TPM (50 mg/kg) 5.6 ± 0.4c 67.1 ± 3.8c 0.012 ± 0.003c 35 ± 2a, c 40 ± 4c

TPM (100 mg/kg) 4.5 ± 0.6c 70.3 ± 5c 0.011 ± 0.007c 33 ± 3.5a, c 36 ± 5.8a, c

All data are given as mean ± SEM, N = 10

MPH methylphenidate, TPM topiramate
a Shows significant difference compared to control group (P < 0.05).
b Shows significant difference in comparison to MPH (10 mg/kg) treated group (P < 0.05).
c Shows significant difference compared to groups under simultaneous treatment with MPH(10 mg/kg) and TPM (50 and 100 mg/kg) (P < 0.05)
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with the group treated with TPM in combination with MPH
(P < 0.05) (Fig. 2). According to our data, there is a significant
difference in Ak1 gene expression in groups treated with TPM
(50 and 100 mg/kg) alone, with F(5,12) = 18.02, in compar-
ison with the negative control group (P < 0.05) (Fig. 2).

CaMK4 Expression

MPH increased CaMK4 gene expression, with F(5,17) = 29.94,
in comparison with the control group (P < 0.05). In the MPH

treated group, TPM 50 and 100 mg/kg decreased CaMK4 gene
expression, with F(5,17) = 29.94, in comparison with the MPH
only treated group (P < 0.05), while groups only treated with
TPM (50 and 100 mg/kg), in the absence of MPH, caused a
decrease of CaMK4 gene expression, with F(5,17) = 29.94, in
comparison with groups treated with TPM in combination with
MPH (P < 0.05) (Fig. 3). Our data also indicated that there is a
significant difference in CaMK4 gene expression in groups treat-
edwith TPM (50 and 100mg/kg) alone, withF(5,17) = 29.94, in
comparison with the negative control group (P < 0.05) (Fig. 3).

Fig. 1 Alterations in expression (RT-PCR) of CREB in hippocampus in
control and groups under treatment with 10mg/kg ofMPH in the absence
and presence of TPM (50 and 100 mg/kg). All data are expressed as
mean ± SEM (n = 10). The asterisk shows a significant difference from
the negative control group (P < 0.05). The number sign shows a

significant difference from methylphenidate only treated group
(P < 0.05). The dagger shows a significant difference from groups
under concomitant treatment with MPH (10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH methylphenidate, TPM topiramate

Fig. 2 Alterations in expression (RT-PCR) of Ak1 in hippocampus in
control and groups under treatment with 10mg/kg ofMPH in the absence
and presence of TPM (50 and 100 mg/kg). All data are expressed as
mean ± SEM (n = 10). The asterisk shows a significant difference from
the negative control group (P < 0.05). The number sign shows a

significant difference from methylphenidate only treated group
(P < 0.05). The dagger shows a significant difference from groups
under concomitant treatment with MPH (10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH methylphenidate, TPM topiramate
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MAPK3 Expression

MPHdecreasedMAPK3 gene expression, withF(5,12) = 16.63,
in comparison with the control group (P < 0.05). In the MPH
treated group, TPM 50 and 100 mg/kg increased MAPK3 gene
expression, with F(5,12) = 16.63, in comparison with the MPH
only treated group (P < 0.05), while the group only treated with
TPM (50 and 100 mg/kg), in the absence of MPH, increased
MAPK3 gene expression, with F(5,12) = 16.63, in comparison
with groups treated with TPM in combination with MPH
(P < 0.05) (Fig. 4). Our data indicated that there is a significant
difference in MAPK3 gene expression in groups treated with
TPM (50 and 100 mg/kg) alone, with F(5,12) = 16.63, in com-
parison with the negative control group (P < 0.05) (Fig. 4).

PKA Expression

MPH-decreased PKA gene expression, with F(5,12) = 16.85,
in comparison with the control group (P < 0.05) (Fig. 5). In the
MPH treated group, TPM at doses of 50 and 100 mg/kg in-
creased PKA gene expression, with F(5,12) = 16.85, in com-
parison with the MPH only treated group (P < 0.05), while
groups only treated with TPM (50 and 100 mg/kg), in the
absence of MPH, increased PKA gene expression, with
F(5,12) = 16.85, in comparison with groups treated with
TPM in combination with MPH (P < 0.05) (Fig. 5). Our data
indicated that there is a significant difference in PKA gene
expression in groups treated with TPM (50 and 100 mg/kg)
alone, with F(5,12) = 16.85, in comparison with the negative
control group (P < 0.05) (Fig. 5).

C-Fos Expression

MPH decreased c-Fos gene expression, with F(5,12) = 7.30, in
comparison with the control group (P < 0.05) (Fig. 6). In the
MPH treated group, TPM 50 and 100 mg/kg increased c-Fos
gene expression, with F(5,12) = 7.30, which was statistically
significant in 50 mg/kg of TPM in comparison with the MPH
only treated group (P < 0.05), while the group treated with only
TPM (50 and 100 mg/kg), in the absence of MPH, increased c-
Fos gene expression, with F(5,12) = 7.30, in comparison with
groups treated with TPM in combination with MPH (10 mg/
kg) (P < 0.05) (Fig. 6). Our data also indicated that there is a
significant difference in c-Fos gene expression in groups treat-
ed with TPM (50 and 100mg/kg) alone, withF(5,12) = 7.30, in
comparison with the negative control group (P < 0.05) (Fig. 6).

BDNF Expression

MPH decreased BDNF gene expression, with F(5,12) = 10.07,
in comparison with the control group (P < 0.05) (Fig. 7). In the
MPH treated group, TPM 50 and 100 mg/kg increased BDNF
gene expression, with F(5,12) = 10.07, in comparison with the
MPH only treated group (P < 0.05), while groups only treated
with TPM (50 and 100 mg/kg), in the absence of MPH, in-
creased BDNF gene expression, with F(5,12) = 10.07, in com-
parison with groups treated with TPM in combination with
MPH (P < 0.05) (Fig. 7). Our data also indicated that there is
a significant difference in BDNF gene expression in groups
treated with TPM (50 and 100 mg/kg) alone, with
F(5,12) = 10.07, in comparison with the negative control group
(P < 0.05) (Fig. 7).

Fig. 3 Alterations in expression (RT-PCR) of CaMK4 in hippocampus in
control and groups under treatment with 10mg/kg ofMPH in the absence
and presence of TPM (50 and 100 mg/kg). All data are expressed as
mean ± SEM (n = 10). The asterisk shows a significant difference from
the negative control group (P < 0.05). The number sign shows a

significant difference from the methylphenidate only treated group
(P < 0.05). The dagger shows a significant difference from groups
under concomitant treatment with MPH (10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH methylphenidate, TPM topiramate
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Results of Western Blot

Total and Phosphorylated CREB (Ser133), Protein
Expression

MPH (10 mg /kg ) d e c r e a s ed t h e t o t a l , w i t h
F(5,12) = 32.56, and phosphorylated CREB (Ser133), with
F(5,12) = 31.71, protein expressions in comparison with

the control group (P < 0.05) (Figs 8 and 9). In the MPH
treated group, TPM 50 and 100 mg/kg increased total,
with F(5,12) = 32.56, and phosphorylated CREB
(Ser133), with F(5,12) = 31.71, protein expressions in
comparison with the MPH only treated group
(P < 0.05), while groups only treated with TPM (50 and
100 mg/kg), in the absence of MPH, increased total, with
F(5,12) = 32.56, and phosphorylated CREB (Ser133), with

Fig. 4 Alterations in expression (RT-PCR) of MAPK3 in hippocampus
in control and groups under treatment with 10 mg/kg of MPH in the
absence and presence of TPM (50 and 100 mg/kg). All data are expressed
as mean ± SEM (n = 10). The asterisk shows a significant difference from
the negative control group (P < 0.05). The number sign shows a

significant difference from methylphenidate only treated group
(P < 0.05). The dagger shows a significant difference from groups
under concomitant treatment with MPH (10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH methylphenidate, TPM topiramate

Fig. 5 Alterations in expression (RT-PCR) of PKA in hippocampus in
control and groups under treatment with 10mg/kg ofMPH in the absence
and presence of TPM (50 and 100 mg/kg). All data are expressed as
mean ± SEM (n = 10). The asterisk shows a significant difference from
the negative control group (P < 0.05). The number sign shows a

significant difference from methylphenidate only treated group
(P < 0.05). The dagger shows a significant difference from groups
under concomitant treatment with MPH (10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH methylphenidate, TPM topiramate
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F(5,12) = 31.71, protein expressions in comparison with
groups treated with TPM in combination with MPH
(P < 0.05) (Figs. 8 and 9). According to our data, there
are a lso s ignif icant di fferences in tota l , wi th
F(5,12) = 32.56, and phosphorylated CREB (Ser133), with
F(5,12) = 31.71, protein expressions in groups treated with
TPM (50 and 100 mg/kg) alone in comparison with the
negative control group (P < 0.05) (Figs. 8 and 9).

BDNF Protein Expression

MPH (10 mg/kg) decreased BDNF protein expression,
with F(5,12) = 6.904, in comparison with the control
group (P < 0.05) (Fig. 10). TPM (50 and 100 mg/kg)
in the MPH-treated group increased BDNF protein ex-
pression, with F(5,12) = 6.904, in comparison with the
MPH only treated group (P < 0.05) (Fig. 10). Groups

Fig. 6 Alterations in expression (RT-PCR) of c-FOS in hippocampus in
control and groups under treatment with 10mg/kg ofMPH in the absence
and presence of TPM (50 and 100 mg/kg). All data are expressed as
mean ± SEM (n = 10). The asterisk shows a significant difference from
the negative control group (P < 0.05). The number sign shows a

significant difference from the methylphenidate only treated group
(P < 0.05). †Shows significant difference from groups under
concomitant treatment with MPH (10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH methylphenidate, TPM topiramate

Fig. 7 Alterations in expression (RT-PCR) of BDNF in hippocampus in
control and groups under treatment with 10mg/kg ofMPH in the absence
and presence of TPM (50 and 100 mg/kg). All data are expressed as
mean ± SEM (n = 10). The asterisk shows significant difference from
negative control group (P < 0.05). The number sign shows a significant

difference from the methylphenidate only treated group (P < 0.05). The
dagger shows a significant difference from groups under concomitant
treatment with MPH (10 mg/kg) and TPM (50 and 100 mg/kg)
(P < 0.05). MPH methylphenidate, TPM topiramate
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only treated with TPM (50 and 100 mg/kg), in the ab-
sence of MPH, increased BDNF protein expression,
with F(5,12) = 6.904, in comparison with groups treated
with TPM in combination with MPH (P < 0.05)
(Fig. 10). According to our data, there is no significant
difference in BDNF protein expression in groups treated
with TPM (50 and 100 mg/kg) alone in comparison to
the negative control group (Fig. 10).

Bax Protein Expression

MPH (10 mg/kg) increased Bax protein expression, with
F(5,12) = 46.52, in comparison with the control group
(P < 0.05) (Fig. 11). TPM (50 and 100 mg/kg) in the MPH-
treated group decreased Bax protein expression, with
F(5,12) = 46.52, in comparison with the MPH only treated
group (P < 0.05) (Fig. 11). Groups only treated with TPM (50

Fig. 8 Alterations in expression
(WB) of the total CREB in
hippocampus in control and
groups under treatment with
10 mg/kg of MPH in the absence
and presence of TPM (50 and
100 mg/kg). All data are
expressed as mean ± SEM
(n = 10). The asterisk shows a
significant difference from the
negative control group (P < 0.05).
The number sign shows a
significant difference from the
methylphenidate only treated
group (P < 0.05). The dagger
shows a significant difference
from groups under concomitant
treatment with MPH (10 mg/kg)
and TPM (50 and 100 mg/kg)
(P < 0.05). MPH methylpheni-
date, TPM topiramate

Fig. 9 Alterations in expression
(WB) of phosphorylated CREB in
hippocampus in control and
groups under treatment with
10 mg/kg of MPH in absence and
presence of TPM (50 and
100 mg/kg). All data are
expressed as mean ± SEM
(n = 10). The asterisk shows a
significant difference from the
negative control group (P < 0.05).
The number sign shows a
significant difference from the
methylphenidate only treated
group (P < 0.05). The dagger
shows a significant difference
from groups under concomitant
treatment with MPH (10 mg/kg)
and TPM (50 and 100 mg/kg)
(P < 0.05). MPH
methylphenidate, TPM
topiramate
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and 100 mg/kg), in the absence of MPH, decreased Bax pro-
tein expression, with F(5,12) = 46.52, in comparison with
groups treated with TPM in combination with MPH
(P < 0.05) (Fig. 11). According to our data, there is no signif-
icant difference in Bax protein expression in groups treated
with TPM (50 and 100 mg/kg) alone in comparison to the
negative control group (Fig. 11).

Bcl-2 Protein Expression

MPH (10 mg/kg) decreased Bcl-2 protein expression, with
F(5,12) = 32.56, in comparison with the control group

(P < 0.05) (Fig. 12). TPM (50 and 100 mg/kg) in the
MPH-treated group increased Bcl-2 protein expression, with
F(5,12) = 32.56, in comparison with the MPH only treated
group (P < 0.05) (Fig. 12). Groups only treated with TPM
(50 and 100 mg/kg), in the absence of MPH, increased Bcl-
2 protein expression, with F(5,12) = 32.56, in comparison
with groups treated with TPM in combination with MPH
(P < 0.05) (Fig. 12). According to our data, there is also a
significant difference in Bcl-2 protein expression in groups
treated with TPM (50 and 100 mg/kg) alone, with
F(5,12) = 32.56, in comparison to the negative control group
(P < 0.05) (Fig. 12).

Fig. 10 Alterations in expression
(WB) of BDNF in hippocampus in
control and groups under
treatment with 10 mg/kg of MPH
in the absence and presence of
TPM (50 and 100mg/kg). All data
are expressed as mean ± SEM
(n = 10). The asterisk shows a
significant difference from the
negative control group (P < 0.05).
The number sign shows a
significant difference from the
methylphenidate only treated
group (P < 0.05). The dagger
shows a significant difference
from groups under concomitant
treatment with MPH (10 mg/kg)
and TPM (50 and 100 mg/kg)
(P < 0.05).MPHmethylphenidate,
TPM topiramate

Fig. 11 Alterations in expression
(WB) of Bax in hippocampus in
control and groups under
treatment with 10 mg/kg of MPH
in the absence and presence of
TPM (50 and 100 mg/kg). All
data are expressed as
mean ± SEM (n10). The asterisk
shows a significant difference
from the negative control group
(P < 0.05). The number sign
shows a significant difference
from the methylphenidate only
treated group (P < 0.05). The
dagger shows a significant
difference from groups under
concomitant treatment with MPH
(10 mg/kg) and TPM (50 and
100 mg/kg) (P < 0.05). MPH
methylphenidate, TPM
topiramate
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A1                                                B1                                                C1

D1                                              E1                           F1

G1                                            H1

Fig. 13 Expression and
localization of the positive total
CREB in dentate gyrus (DG) cell
layer of the hippocampus in A1
(positive control = ×400), B1
(positive control = ×200), C1
(negative control), D1 (group
received 10 mg/kg of
methylphenidate), E1 and F1
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg,
respectively), and G1 and H1
groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. The arrow
pointing up shows a positive
CREB total. (Magnification ×400;
scale bar 100 μm)

Fig. 12 Alterations in expression
(WB) of Bcl-2 in hippocampus in
control and groups under
treatment with 10 mg/kg of MPH
in the absence and presence of
TPM (50 and 100mg/kg). All data
are expressed as mean ± SEM
(n = 10). The asterisk shows a
significant difference from the
negative control group (P < 0.05).
The number sign shows a
significant difference from the
methylphenidate only treated
group (P < 0.05). The dagger
shows a significant difference
from groups under concomitant
treatment with MPH (10 mg/kg)
and TPM (50 and 100 mg/kg)
(P < 0.05).MPHmethylphenidate,
TPM topiramate
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Results of IHC

Total and Phosphorylated CREB Protein (Ser-133),
Expression, and Localization

MPH (10 mg/kg) caused a dramatic loss of positive CREB
total, with F(5,42) = 141.3, and phosphorylated (Ser-133) of
granular cells, with F(5,42) = 133.8, in DG [Figs. 13, 16a, 17,
and 20a]. TPM at doses of 50 and 100 mg/kg in the MPH-
treated groups increased a positive CREB total, with
F(5,42) = 141.3, and phosphorylated (Ser-133), with
F(5,42) = 133.8, of granular cells in DG in comparison with
the MPH only treated group (P < 0.05). Groups only treated
with TPM (50 and 100 mg/kg), in the absence of MPH, in-
creased a positive CREB total and phosphorylated (Ser-133),
with F(5,42) = 141.3 and F(5,42) = 133.8 respectively, of
granular cells in DG in comparison with groups treated with
TPM (50 or 100mg/kg) in combination withMPH (10mg/kg)
(P < 0.05) [Figs. 13, 16a, 17, and 20a].

On the other hand, MPH in the mentioned doses signifi-
cantly decreased a positive CREB total, with F(5,42) = 101.5
in small pyramidal and F(5,42) = 147.5 in large pyramidal and
phosphorylated (Ser-133), with F(5,42) = 184.7 in small

pyramidal and F(5,42) = 266.9 in large pyramidal of small
and large pyramidal cells in CA1 [Figs. 14, 15, 16b, 16c, 18,
19, 20b, and 20c]. TPM at doses of 50 and 100 mg/kg in the
MPH-treated group increased a positive CREB total, with
F(5,42) = 101.5 in small pyramidal and F(5,42) = 147.5 in
large pyramidal, and phosphorylated (Ser-133), with
F(5,42) = 184.7 in small pyramidal and F(5,42) = 266.9 in
large pyramidal small and large pyramidal cells in CA1 in
comparison with the MPH only treated group (P < 0.05)
[Figs. 14, 15, 16b, 16c, 18, 19, 20b, and 20c]. Groups only
treated with TPM (50 and 100mg/kg), in the absence ofMPH,
increased a positive CREB total, with F(5,42) = 101.5 in small
pyramidal and F(5,42) = 147.5 in large pyramidal, and phos-
phorylated (Ser-133), with F(5,42) = 184.7 in small pyramidal
and F(5,42) = 266.9 in large pyramidal, small and large pyra-
midal cells in CA1 in comparison with groups treated with
TPM (50 or 100mg/kg) in combination withMPH (10mg/kg)
(P < 0.05) [Figs. 14, 15, 16b, 16c, 18, 19, 20b, and 20c].
According to our data, there are no significant differences in
the number of CREB and P-CREB positive cells in both DG
and CA1 parts of hippocampus in groups treated with TPM
(50 and 100 mg/kg) alone in comparison to the negative con-
trol group [Figs. 13, 14, 15, 16a, b, c, 17, 18, 19, 20a, b, c].

A2                                                   B2                                                C2

D2                                                     E2                                               F2

G2                                                   H2

Fig. 14 Expression and
localization of the positive total
CREB in small pyramidal cell
layer of the CA1 hippocampus in
A2 (positive control = ×400), B2
(positive control = ×200), C2
(negative control), D2 (group
received 10 mg/kg of
methylphenidate), E2 and F2
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg,
respectively), and G2 and H2
groups received 50 and 100 mg/
kg of TPM in the absence
of methylphenidate. The arrow
pointing up shows a positive
CREB total. (Magnification ×400;
scale bar 100 μm)
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H&E Staining Results

MPH (10 mg/kg), remarkably decreased the cell density of
DG granular cells, with F(5,42) = 28.66, and small and large
pyramidal cells in CA1 region, with F(5,42) = 29.79, in com-
parison with the control group (P < 0.05) (Table 3), while
TPM (50 and 100 mg/kg) inhibited this reduction caused by
MPH and increased number of mentioned cells in DG granu-
lar cells, with F(5,42) = 28.66, and small and large pyramidal
cells in CA1 region, with F(5,42) = 29.79, in comparison with
the MPH only treated group (P < 0.05) (Table 3). TPM (50
and 100mg/kg), in the absence ofMPH, increased the number
DG granular cells, with F(5,42) = 28.66, and small and large
pyramidal cells in CA1 region with F(5,42) = 29.79, which
were statistically significant in comparison with the group
treated with TPM (50 or 100 mg/kg) in combination with
MPH (10 mg/kg) (P < 0.05) (Table 3). Degenerated shrunken
dark cells with condensed nuclei were observed in granular

cells and pyramidal cells in groups treated with 10 mg/kg of
MPH. TPM (50 and 100 mg/kg), in the presence of MPH,
inhibited such MPH-induced histomorphological changes
(Figs. 21, 22, and 23). TPM (50 and 100 mg/kg), in the ab-
sence of MPH, did not show any of the mentioned
histomorphological changes in the mentioned areas of hippo-
campus (Figs. 21, 22, and 23). According to our data, there are
significant differences in cell density and shapes in both DG,
with F(5,42) = 28.66, and CA1, with F(5,42) = 29.79, parts of
hippocampus in groups treated with TPM (50 and 100 mg/kg)
alone in comparison to the negative control group (P < 0.05)
(Table 3) (Figs. 21, 22, and 23).

Discussion

The result of this study indicated that TPM administration can
diminish apoptosis, oxidative stress, and inflammation

A3                                                   B3                                             C3

D3                                                  E3                                              F3

G3                                               H3

Fig. 15 Expression and
localization of the positive total
CREB in large pyramidal cell
layer of the CA1 hippocampus in
A3 (positive control = ×400), B3
(positive control = ×200),
C3(negative control), D3 (group
received 10 mg/kg of
methylphenidate), E3 and F3
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg,
respectively), and G3 and H3
groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. The arrow
pointing up shows a positive
CREB total. (Magnification ×400;
scale bar 100 μm)

Neurotox Res (2017) 31:373–399 387

RETRACTED A
RTIC

LE



Fig. 16 Alterations in expression
(IHC) of the total CREB in
granular cells of DG (a), small
pyramidal cells of CA1 (b) and
large pyramidal cells of CA1 (c)
in control and groups under
treatment with 10 mg/kg of MPH
in the absence and presence of
TPM (50 and 100 mg/kg). All
data are expressed as
mean ± SEM (n = 10). The
asterisk shows a significant
difference from the negative
control group (P < 0.05). The
number sign shows a significant
difference from the
methylphenidate only treated
group (P < 0.05). The dagger
shows a significant difference
from groups under concomitant
treatment with MPH (10 mg/kg)
and TPM (50 and 100 mg/kg)
(P < 0.05). MPH
methylphenidate, TPM
topiramate
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induced by chronic MPH in the isolated hippocampus of adult
rats. In addition, our study suggested that the neuroprotection
of TPM might be mediated by the `signaling pathway. The
present study demonstrated that MPH administered chronical-
ly (10 mg/kg) might alter some behavioral parameters, like
motor activity in OFT. Also, according to our results, MPH
can increase lipid peroxidation, catalase activity, and decrease
SOD activity. Furthermore, it can increase IL-1β and TNF-α
levels in the isolated rat hippocampus. On the other hand,
MPH can activate apoptosis, increase Bax, and decrease
Bcl-2. MPH in the mentioned dose can inhibit CREB, total
and in active phosphorylated form, in gene and protein levels,
and can also change Ak1, CaMK4, MAPK3, PKA proteins
which are involved in CREB signaling pathway and its phos-
phorylation. This agent also causes inhibition of BDNF and c-
Fos as a protein product of the CREB’s effect on DNA. Our
data also showed that MPH can change the localization of
CREB, total and active phosphorylated form, in DG and
CA1 areas of the hippocampus. This data suggests that MPH
can induce neurodegeneration by inhibiting the CREB/BDNF
signaling pathway. Our study suggests that TPM can decrease

lipid peroxidation and catalase activities and increase SOD
activity; furthermore, it can decrease the levels of IL-1β and
TNF-α in the isolated hippocampus of rats. This neuroprotec-
tive agent can ameliorate apoptosis, decrease Bax, and in-
crease Bcl-2 in the isolated hippocampus of MPH treated rats.

TPM can increase CREB, total and active phosphorylated
form, in gene and protein levels, and also it can change Ak1,
CaMK4, MAPK3, and PKA protein expression in MPH-
treated rats. TPM also increased BDNF and c-Fos proteins.
TPM can inhibit MPH-induced changes in the localization of
CREB, total and active phosphorylated form, in DG and CA1
areas of the hippocampus. This data suggests that by inhibiting
the CREB/BDNF signaling pathway, MPH can induce its neu-
rodegenerative effects. In addition, our data showed that TPM,
in the absence of MPH, can inhibit apoptosis, inflammation,
and oxidative stress, activates the CREB/BDNF signaling path-
way, and increases CREB, total and active phosphorylated
form, localization in DG and CA1 areas of the hippocampus.
Other studies have indicated the use of MPH in the manage-
ment of hyperactivity in attention—deficit disorders in children
and demonstrated that MPH is an amphetamine like compound

A4           B4 C4

D4                                              E4                                                    F4

G4                                           H4

Fig. 17 Expression and
localization of positive
phosphorylated CREB in dentate
gyrus (DG) cell hippocampus in
A4 (positive control = ×400), B4
(positive control = ×200), C4
(negative control), D4 (group
received 10 mg/kg of
methylphenidate), E4 and F4
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg,
respectively), and G4 and H4
groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. The arrow
pointing up shows a positive
phosphorylated CREB.
(Magnification ×400; scale bar
100 μm)
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with neural stimulant activity (Huss and Lehmkuhl 2001;
Motaghinejad et al. 2016c). MPH has structural similarities to
cocaine and amphetamines (Klein-Schwartz 2002;
Motaghinejad et al. 2016c; Motaghinejad et al. 2016d). MPH
binds the norepinephrine transporter and to a higher extent to
the dopamine transporter, and inhibits the reuptake of norepi-
nephrine and dopamine into presynaptic terminals (Klein-
Schwartz 2002; Motaghinejad et al. 2015c). Its high potential
for addiction and abuse is for the similarity to amphetamines,
methylenedioxymethamphetamine (MDMA), and cocaine
(Huss and Lehmkuhl 2001; Motaghinejad et al. 2015d). The
data obtained in this study have shown decreases in ambulation
number and ambulation distance in OFT caused by MPH
(10mg/kg), in the brain of adult rats. Furthermore, the concom-
itant use of TPM (50 and 100 mg/kg) with MPH increased
ambulation number and ambulation distance in comparison to
MPH only treated rats. According to the other findings, MPH
can alter motor activity in juvenile rats (Davids et al. 2002;
Juárez and Guerrero-Álvarez 2015), and the result of the

present study also showed that administration of MPH
(10 mg/kg) could decrease time spent in central square and
the number of central square entries in OFT, which suggests
that chronic MPH administrations might induce anxiety like
behavior in adult rats. The anxiety induced by MPH and am-
phetamine have already been reported in different studies
(Motaghinejad et al. 2016c; Vendruscolo et al. 2008). Also,
concomitant use of TPM (50 and 100 mg/kg( by MPH in-
creased time spent in central square and central square entries
in OFT compared to rats treated only by MPH. Also, other
studies have shown that a few anticonvulsant agents have an-
xiolytic effects and can reduce anxiety and depressive-like be-
havior in rodents (Khan and Liberzon 2004; Molina-
Hernández et al. 2010; Motaghinejad et al. 2016a).
Furthermore, anxiety and motor activity disturbance induced
by MPH have been also documented already (Davids et al.
2002; Motaghinejad et al. 2015c; Vendruscolo et al. 2008).
These results suggest that non-pharmacologic and toxic doses
of MPH might induce neurobehavioral changes and anxiety-

A5                                                 B5                                                    C5

D5                                             E5                                       F5

G5                                          H5

Fig. 18 Expression and
localization of positive
phosphorylated CREB in small
pyramidal cell layer of the CA1
hippocampus in A5 (positive
control = ×400), B5 (positive
control = ×200), C5 (negative
control), D5 (group received
10 mg/kg of methylphenidate),
E5 and F5 groups received
10 mg/kg of methylphenidate in
the presence of TPM (50 and
100 mg/kg, respectively), and G5
and H5 groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. The arrow
pointing up shows a positive
phosphorylated CREB.
(Magnification ×400; scale bar
100 μm)
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like behavior in rats (Motaghinejad et al. 2016c; Vendruscolo
et al. 2008). On the other hand, antidepressant and anti-anxiety
activities of topiramate have been approved in many previous
works (Cagetti et al. 2004; Motaghinejad et al. 2016a; Mula
et al. 2007). These studies suggested that TPM can diminish the
anxiety and depression induced by amphetamine and alcohol
and can modulate the disturbances in motor activity induced by
these drugs (Cagetti et al. 2004; Siniscalchi et al. 2015). Based
on our present findings, TPM at doses of 50 and 100 mg/kg, in
the absence of MPH, can also increase the number of rearing,
ambulation distance, central square entry, and the time spent in
central square in OFT which confirms the findings of the pre-
vious studies. MPH (10 mg/kg) can alter oxidative stress situ-
ation, and our data showed that MPH can decrease SOD activ-
ity while increasing MDA level, as a marker of lipid peroxida-
tion, and catalase activity in the hippocampus. Previous studies
showed that chronic administration of MPH caused mitochon-
drial dysfunction and alteration in respiratory enzymes in brain
cells of adult and juvenile rats; these studies suggested that
MPH can induce oxidative stress in the brain of rats (Lau

et al. 2000; Martins et al. 2006; Motaghinejad et al. 2016c).
TPM at doses of 50 and 100 mg/kg can inhibit the changes
induced by MPH in SOD and catalase activities and MDA
level. Previous studies confirmed that TPMhas neuroprotective
effects in rat brain (Gibbs et al. 2006; Motaghinejad et al.
2016a; Noh et al. 2006); these results showed a decrease in
lipid peroxidation by TPM in the brain of rats treated with
pentylenetetrazol (PTZ), and it was highlighted that TPM has
a neuroprotective effect mediated by the inhibition of free rad-
icals (Agarwal et al. 2011; François et al. 2006; Mao et al.
2015). Our data showed that TPM at doses of 50 and
100 mg/kg, in the absence of MPH, can activate antioxidants
and inhibit oxidative damages. The results of the present study
about the the increase of CATactivity byMPH and the decrease
of its activity by TPM is debatable, as noted in previous studies,
chronic abuse of MPH can cause production of free radicals
such as H2O2 and body cells in order to compensate and me-
tabolize the H2O2, increased CAT production. While by TPM
administration, the production of free radicals induced byMPH
would be inhibited, and the compensatory increases of CAT

A6                                                B6                                                   C6

D6                                            E6      F6

G6                                          H6

Fig. 19 Expression and
localization of positive
phosphorylated CREB in large
pyramidal cell layer of the CA1
hippocampus in A6 (positive
control = ×400), B6 (positive
control = ×200), C6 (negative
control), D6 (group received
10 mg/kg of methylphenidate),
E6 and F6 groups received 10mg/
kg of methylphenidate in the
presence of TPM (50 and 100mg/
kg, respectively), and G6 and H6
groups received 50 and 100 mg/
kg of TPM in the absence of
methylphenidate. The arrow
pointing up shows a positive
phosphorylated CREB.
(Magnification ×400; scale bar
100 μm)
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Fig. 20 Alterations in expression
(IHC) of phosphorylated CREB
in granular cells of DG (a), small
pyramidal cells of CA1 (b) and
large pyramidal cells of CA1 (c)
in control and groups under
treatment with 10 mg/kg of MPH
in the absence and presence of
TPM (50 and 100 mg/kg). All
data are expressed as
mean ± SEM (n = 10). The
asterisk shows a significant
difference from the negative
control group (P < 0.05). The
number sign shows a significant
difference from the
methylphenidate only treated
group (P < 0.05). The dagger
shows a significant difference
from groups under concomitant
treatment with MPH (10 mg/kg)
and TPM (50 and 100 mg/kg)
(P < 0.05). MPH
methylphenidate, TPM
topiramate
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were not necessary (Armaǧan et al. 2008; Nazirolu et al. 2008).
While for SOD activity, this phenomenon does not occur, and
according to previous studies, MPH directly inhibits SOD ac-
tivity, and TPM probably inhibits this reduction which showed
in present and previous studies (Kutluhan et al. 2009;
Nazıroğlu et al. 2009). The inflammatory markers in the hip-
pocampus were increased by MPH administration at a dose of
10 mg/kg. Other studies indicated that chronic administration
of MPH (10 mg/kg) increases pro-inflammatory markers such
as TNF-α and IL-1β which are in consistency with our find-
ings (Kuczenski and Segal 2001; Motaghinejad et al. 2016c).
This study suggested that the increase in pro-inflammatory
markers is responsible for neurodegenerative effects of MPH
(Kuczenski and Segal 2001; Motaghinejad et al. 2016c). Many
previous studies have shown that methamphetamine and simi-
lar compounds can activate neuroinflammatory pathways and

increase TNF-α and IL-1β (Wells et al. 2016; Yamamoto and
Raudensky 2008).Furthermore, our study revealed that TPM
(50 and 70 mg/kg) could significantly decrease the inflamma-
tory biomarkers in MPH-treated rats. Some previous studies
showed that TPM has a protective effect against inflammation;
these studies suggested that TPM can attenuate TNF-α and
TGF-β1 and also reduce the inflammation and injury of the
liver and kidneys (Koçer et al. 2009; Motaghinejad et al.
2016c). In consistency with oxidative stress biomarkers, our
data showed that TPM (50 and 100 mg/kg), in the absence of
MPH, can inhibit inflammation biomarkers which confirms the
results of recent studies, conferring the anti-inflammatory prop-
erties of TPM (Motaghinejad and Motevalian 2016;
Motaghinejad et al. 2016a). Based on our data, MPH can in-
crease Bax and decrease Bcl-2 expression in hippocampus. A
recent study suggests that MPH at doses of 2 and 10 mg/kg in

Table 3 The effects of various
doses of TPM on alterations in
hippocampus neuronal cell
counting (number/mm) in rats
treated by MPH

Group CA1(number/mm) Dentate Gyrus (number/mm)

Control 630.8 ± 9.1 691.12 ± 8.8

MPH (10 mg/kg) 476.3 ± 10.4a 531.13 ± 10.5a

MPH (10 mg/kg) + TPM (50 mg/kg) 509.3 ± 10.5b 560.3 ± 10.1b

MPH (10 mg/kg) + TPM (100 mg/kg) 549.7 ± 13b 581.4 ± 8.4b

TPM (50 mg/kg) 581 ± 10.9a, c 620.4 ± 12.5a, c

TPM (100 mg/kg) 607 ± 11.7a, c 629.5 ± 13.5a, c

All data are given as mean ± SEM, N = 10

MPH methylphenidate, TPM topiramate
a Shows significant difference compared to control group (P < 0.05).
b Shows significant difference in comparison to MPH (10 mg/kg) treated group (P < 0.05).
c Shows significant difference compared to groups under simultaneous treatment withMPH (10 mg/kg) and TPM
(50 and 100 mg/kg) (P < 0.05)

A1                                                 B1                                               C1

D1                                                  E1                                                F1

Fig. 21 Hematoxylin and eosin
staining shows dentate gyrus
(DG) cell layer of the
hippocampus in A1, B1, C1, D1,
E1, and F1 which respectively
shows a group of control A1
(negative control), B1 (group
received 10 mg/kg of
methylphenidate), C1 and D1
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg,
respectively), and E1 and F1
groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. Cell layers
are different in all groups and
show marked vacuolations
(arrow pointing up) in DG in B1
(magnification ×400; scale bar
100 μm)
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young and adult rats can activate apoptosis, increase Bax and
some genes involved in apoptosis, and reduce Bcl-2 in some
brain areas (Réus et al. 2014). Our data showed that TPM (50
and 100 mg/kg) can inhibit MPH-induced apoptosis, which
confirms the findings of recent studies, confirming the
antiapoptotic properties of TPM. TPM at doses of 50 and
100 mg/kg, in the absence of MPH, decreases Bax and in-
creases Bcl-2 expressions, which confirms the previous

findings, suggesting that the neuroprotective properties of
TPM might be mediated by the inhibition of pro-apoptotic
pathways and activation of antiapoptotic proteins (Cheng and
Li 2014; Schubert et al. 2005).

As we have noted, TPM can inhibit MPH-induced oxida-
tive stress, inflammation, and apoptosis in hippocampal cells,
but to clearly define its mechanism of action, we have tried to
evaluate its molecular basis and signaling pathways, thus,

A2                                                B2                                                C2

D2                                             E2                                         F2

Fig. 22 Hematoxylin and eosin
staining shows small pyramidal
layer of CA1 of the hippocampus
in A2, B2, C2, D2, E2, and F2
which respectively shows a group
of control A2 (negative control),
B2 (group received 10 mg/kg of
methylphenidate), C2 and D2
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg
respectively), and E2 and F2
groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. Cell layers
are different in all groups and
show marked necrosis,
vacuolization, and shrunken
(arrow pointing up) in CA1 in B2.
(Magnification ×400; scale bar
100 μm)

A3                                              B3                                               C3

D3                                             E3                         F3

Fig. 23 Hematoxylin and eosin
staining shows large pyramidal
layer of CA1 of the hippocampus
in A3, B3, C3, D3, E3, and F3
which respectively shows a group
of control A3 (negative control),
B3 (group received 10 mg/kg of
methylphenidate), C3 and D3
groups received 10 mg/kg of
methylphenidate in the presence
of TPM (50 and 100 mg/kg,
respectively), and E3 and F3
groups received 50 and
100 mg/kg of TPM in the absence
of methylphenidate. Cell layers
are different in all groups and
show marked necrosis,
vacuolization, and shrunken
(arrow pointing up) in CA1 in B3.
(Magnification ×400; scale bar
100 μm)
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evaluating the CREB/BDNF pathway. Our study has shown
that MPH-inhibited CREB gene expression and protein pro-
duction in the hippocampus, while TPM at doses of 50 and
100 mg/kg can activate CREB expression in gene and protein
levels in hippocampus. In addition to the evaluation of CREB,
it has been shown that MPH decreases BDNF expression in
gene and protein levels. On the other hand, TPM (50 and
100 mg/kg) increases BDNF in gene and protein levels and
can probably cause neuroprotection by activating neurotroph-
ic factors. TPM, 50 and 100 mg/kg, in the absence of MPH,
can also activate CREB and BDNF expression in both gene
and protein levels.

The protective role of CREB, as a transcription factor, has
been established by many previous studies, and this transcrip-
tion factor can affect DNA and cause production of BDNF
and c-Fos and probably by this mechanism, can initiate its
protective effect. CREB/BDNF protects brain cells against
neurodegeneration (Almeida et al. 2005; Almeida et al.
2010; Dworkin and Mantamadiotis 2010; Huang et al. 2015;
Wang et al. 2014). It has been shown by many previous stud-
ies that amphetamine abuse decreases CREB and BDNF ex-
pression and through this mechanism, disrupts cell survival
and triggers neurodegeneration (Guo et al. 2011; Meredith
et al. 2002). Furthermore, the neuroprotective effect of TPM
has been established in many previous studies, and based on
our results, we believe that the protective properties of TPM
could be mediated by activating the CREB/ BDNF pathway
(Pandey et al. 2005).

CREB, as a main transcription factor, was activated in phos-
phorylated form and its phosphorylation takes place by some
upstream kinases in signaling pathway including Ak1,
CaMK4, MAPK3, and PKA (Mayr and Montminy 2001;
Saeed et al. 2009; Silva et al. 1998; Wei et al. 2009). Our data
indicates that MPH can decrease Ak1, MAPK3, and PKA
while increasing CaMK4 at the gene level. On the other hand,
our data showed that TPM, 50 and 100 mg/kg, can increase
Ak1, MAPK3, and PKAwhile decreasing CaMK4 at the gene
level. Based on these findings, we can conclude that the inhi-
bition of CREB phosphorylation could be done by the inhibi-
tion of either Ak1 or MAPK3, and PKA kinases and TPM can
prevent this inhibition. However, we have tried to show the
involvement of kinases in CREB phosphorylation, and our
aim was to evaluate the role of CREB and its product, BDNF,
in TPM neuroprotection against MPH-induced neurodegener-
ation. TPM, 50 and 100 mg/kg, in the absence of MPH, can
also increase Ak1, MAPK3, and PKA while decreasing
CaMK4 at the gene level and probably by this mechanism
can increase CREB/BDNF at gene and protein levels and acti-
vate CREB/BDNF signaling pathway. We can discuss this data
by basic concept that TPM can inhibit glutamate receptor and
activate GABA receptor in brain cells. By the inhibition of
glutamate receptor, TPM can inhibit influx of exorbitance
Ca2+ in neural cells, which is responsible for some

neurodegenerative effects of methamphetamine type stimu-
lants. In other neurodegenerative disorders, in fact this inhibi-
tion of MPH-induced Ca2+ influx, by TPM attenuates CaMK4
formation (Arundine and Tymianski 2003; Mattson 2007). On
the other hand, probably TPM by inhibition of Ca2+ influx can
decrease oxidative stress, inflammation, and cell death induced
by influx (Poulsen et al. 2004). Also TPM (50 and 100 mg/kg)
could decrease CaMK4 expression and possibly inhibit the
degeneration caused by exorbitance Ca2+ influx (Poulsen
et al. 2004). Also, some similar data showed that activation of
GABA or inhibition of glutamate by TPM and other similar
agents can affect on some intracellular kinases such as Ak1 or
MAPK3 and PKA and potentiate their protective role in phos-
phorylation and formation of some key proteins such as CREB
(Lonze and Ginty 2002; Raskin et al. 2004), and by this effects
changed the cells and tissues behavior and chemical in response
to the TPM and other agents (Lonze and Ginty 2002). In the
present study, we have tried to show the involvement of the
kinase enzymes in CREB phosphorylation in order to evaluate
the role of CREB and its product, BDNF and c-Fos, in TPM
neuroprotection against MPH-induced neurodegeneration. In
consistency with the current data, the role of BDNF and c-
Fos are indicated in many previous studies (Carlezon et al.
2005; Lonze and Ginty 2002).

Based on our data, we can suggest that CREB/BDNF could
be a signaling candidate for TPM neuroprotection. For the de-
tection of CREB expression and its localization in hippocam-
pus, the immunohistochemistry (IHC) data, in qualitative and
quantitative manner, showed that TPM can be responsible for
the localization and expression of CREB in granular cells of
DG and also small and large pyramidal cells of CA1; this data
showed that TPM can cause an increase in the number of total
and phosphorylated CREB positive cells in both mentioned
areas of hippocampus. On the other hand, TPM at doses of
50 and 100 mg/kg can increase its localization in granular cells
of DG and also small and large pyramidal cells of CA1. This
data showed that TPM in the mentioned doses caused an in-
crease in the number of total and phosphorylated CREB posi-
tive cells in both mentioned areas of hippocampus in MPH-
treated rat. Although TPM can increase CREB expression, its
intensity in localization in granular cells of DG is more signif-
icant than the small and large pyramidal cells of CA1. TPM at
doses of 50 and 100 mg/kg, in the absence of MPH, intensifies
CREB (in both forms) localization and increases total and
phosphorylated CREB positive cells in granular cells of DG
and also in small and large pyramidal cells of CA1, and this
intensity is more significant in granular cells of DG. Moreover,
our study showed that despite all these changes, MPH can
cause cell loss and degeneration and death in the hippocampus
in DG and CA1 areas, and this confirms the results of our
behavioral studies. It also suggests that the mentioned apopto-
sis, oxidative stress, and inflammation by mediation of
CREB/BDNF pathway could be the cause of these types of
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damages, while TPM (50 and 100 mg/kg) can inhibit MPH-
induced cell death and degeneration of hippocampal cells in
DG and CA1 areas. In addition, our histopathological evalua-
tion revealed that, following the consumption of MPH, cell
density and the number of cell layers in these two areas of the
hippocampus dropped which suggests a decrease in hippocam-
pal performance and can be responsible for the drop in animal
performance evaluated by the behavioral assays. However,
TPM (50 and 100 mg/kg) can increase cell density and the
number of cell layers in the MPH-treated groups and this con-
firms the findings of previous studies (Motaghinejad and
Motevalian 2016; Motaghinejad et al. 2016a; Qian and
Noebels 2003). This also confers the results of previous studies,
demonstrating that the amphetamine abuse can cause cell dam-
age and death in rat hippocampus (Brown and Yamamoto
2003; Cippitelli et al. 2010). On the other hand, our data
showed that there is no significant difference in OFT behavior
and oxidative stress biomarkers (MDA level, SOD, and CAT
activity) in group under treatment with TPM (50 and 100 mg/
kg) alone when compared to the negative control group, while
in inflammatory biomarkers (IL-1β and TNF-α) and in expres-
sion of CREB and its upstream kinases such as, MAPK3,
CaMK4, Akt-1, and PKA and also downstream products such
as BDNF and c-Fos, these changes were significantly different
compared to control group. Also at protein level in total and
phosphorylated CREB and also Bcl-2 level, these differences
were significant in TPM (50 and 100 mg/kg) alone in compar-
ison to the control group. Also, about the localization of CREB
in DG and CA1 areas, the changes were not significant com-
pared to the negative control group and in the case of the cell
density and shapes, a significant difference was observed in
TPM (50 and 100 mg/kg) treated alone in comparison to con-
trol group. This concept that TPM alone has not affect the
OFT behavior, motor activity and oxidative stress balances,
shows that TPM has useful properties because it does not
have a disruptive effect on behavior and oxidative stress on
its own (Armaǧan et al. 2008; Arnone 2005), but as soon as
oxidative and behavioral changes occurred by MPH, TPM
can inhibi t th is MPH-induced mal ic ious effec t
(Motaghinejad et al. 2016a). About the anti-inflammatory ef-
fects of TPM, previous data showed that TPM by itself has
anti-inflammatory properties, and these effects are explainable
by its role in activation of GABAA, which has an anti-
inflammatory role itself (Raskin et al. 2004). About the role
of TPM alone on CREB and up- and downstream genes,
similar previous studies showed the role of TPM on gene
expression and cell signaling. Some of these studies claimed
that TPM neuroprotective effect, when used alone, was me-
diated by CREB/BDNF pathway. In the presence of MPH,
this neuroprotective role is more visible, and the role of TPM
administered alone in activation of Bcl-2 and inhibition of cell
death in DG and CA1 can be explained by this neuroprotec-
tive role (Demirci et al. 2013; Park et al. 2008).

Conclusion

The present study supports the beneficial effects of TPM
against oxidative stress, inflammation, and apoptosis induced
byMPH and probably could be applied for therapy of patients
abusing MPH and prevent its neurodegenerative conse-
quences. Also, our results showed that this neuroprotection
is possibly mediated by the activation of phosphorylated-
CREB/BDNF in both DG and CA1 areas of the hippocampus.
Based on our results, we suggested that phosphorylation and
activation of CREB by TPM might be mediated by Ak1,
MAPK3, and PKA genes, and neuroprotection of TPM may
have been mediated by c-Fos as well as BDNF, downstream
products of the CREB expression, although further studies are
required with human subjects.
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