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Background and Purpose: This study aimed to investigate the effect of ceftriaxone on oxidative stress and gap 

junction protein (connexin 43, Cx-43) expression in pentylenetetrazole (PTZ) induced kindling model.

Methods: Twenty four Sprague dawely rats were divided into 3 equal groups (a) normal group: normal rats. (b) 

PTZ kindled group: received PTZ at the dose of 50 mg/kg via intraperitoneal injection (i.p.) every other day for 

2 weeks (c) ceftriaxone treated group: received ceftriaxone at the dose 200 mg\kg/12 hrs via i.p. injection daily 

from the 6th dose of PTZ for 3 days. Racine score, latency before beginning the first myoclonic jerk and 

duration of the jerks used as parameters of behavioral assessment. Immunohistopathological study for Cx-43 

expression in hippocampus and measurement of markers of oxidative stress (malondialdehyde [MDA], low 

reduced glutathione [GSH] and catalase [CAT]) in hippocampal neurons were done.

Results: PTZ kindling was associated with behavioral changes (in the form high stage of Racine score, long 

seizure duration and short latency for the first jerk), enhanced oxidative stress state (as demonstrated by high 

MDA, low GSH and CAT) and up regulation of Cx43 in hippocampal regions. While, ceftriaxone treatment 

ameliorated, significantly, PTZ-induced convulsions and caused significant improvement in oxidative stress 

markers and Cx-43 expression in hippocamal regions (p < 0.05).

Conclusions: These findings support the anticonvulsive effects of some beta-lactams antibiotics which could 

offer a possible contributor in the basic treatment of temporal lobe epilepsy. This effect might be due to 

reduction of oxidative stress and Cx43 expression. (2016;6:8-15)
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Introduction

 Out of all neurodegenerative disorders, epilepsy is one of the 

most poignant and most severe. Seeing somebody falling into relent-

less convulsions is tragic. We can say that this person has epilepsy if 

he or she develops at least two unprovoked seizures with more than 

24 hrs apart or one unprovoked (or reflex) seizure and a probability of 

further seizures similar to the general recurrence risk (at least 60%) 

after two unprovoked seizures, occurring over the next 10 years or if 

he or she is diagnosed with epilepsy syndrome.1 It is an increasing 

burden on the world with about 0.5-2% of population has epilepsy 

worldwide.2 Bad news is that approximately 30% of the patients 

have refractory epilepsy which isn't relieved even after accurate diag-

nosis and treatment.3

To understand the process of epileptogenesis, kindling model is 

implicated. It is a chronic animal model of epilepsy produced by 

chemical or electrical stimuli. Of the chemical stimuli, pentylenete-

trazol (PTZ) kindling is a widely used method by using subconvulsive 

doses that is applied intermittently and repetitively to produce 

full-blown convulsions.4 PTZ kindled rat model simulates human 

temporal lobe epilepsy (TLE) signs: hippocampal atrophy, loss of neu-

rons in the limbic areas: CA1, CA3, and dentate gyrus of the hippo-

campus, glass and growth of neuronal connections. Mechanisms un-

derlying pathogenesis of epilepsy might include oxidative stress and 

altered gap junction communication between neurons. Gupta et al 

reported a role for reactive oxygen species (ROS) and oxidative stress 

in the epileptogenesis.5 This oxidative stress could facilitates more 

connexins to reach the cell membrane due to a decrease in the endo-
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plasmic reticulum associated degradation of connexins.6,7 The role of 

gap junction proteins (connexins) in epileptogenesis has been inves-

tigated by many experimental studies.8,9 Connexins-32 (Cx-32) and 

Cx-43 expression in the rats hippocampus and cortex was inves-

tigated by Zhao et al., the results demonstrated an evident ex-

pression after 8 hrs of PTZ administration where the first expression 

noted after only 2 hrs.10 It has been documented that pharmaco-

logical inhibition of gap junction by drugs such as carbenoxolone and 

glycyrrhetinic acid may be effective anticonvulsant therapy.11

The relationship between beta-lactam antibiotics and epilepsy has 

been studied several times. Some laboratory and clinical evidences 

showed that some of these drugs have epileptogenic tendencies with 

proposed mechanism of inhibiting post-synaptic inhibitory responses 

of GABA-A receptors.12 On the other hand, Jelenkovic et al. have got 

positive results on the frequency and latency of generalized clonic 

convulsions (GCCs) after i.p. administration of 200 mg/kg ceftriax-

one on the PTZ-kindled mice.13 Down-regulation of glutamate trans-

porter-1 (GLT-1) and accumulation of glutamate in the brain have 

been documented in many neurological disorders such as amyo-

trophic lateral sclerosis,14,15 Alzheimer disease,16 several forms of epi-

lepsy,17 ischemia/stroke and traumatic brain injury.18 Recently, it has 

been demonstrated found that ceftriaxone enhances glutamate re-

uptake by up regulating glutamate transporter-1 (GLT-1)19 suggest-

ing that it may have an anti-epileptic effect. So, in the present study 

we investigated the possible neuroprotective effect of ceftriaxone in 

PTZ-induced seizure model as well as its effects on the markers of ox-

idative stress and expression of CX-43 in hippocampus of PTZ kin-

dled animal model. 

Methods

Experimental animals  

Twenty four male Sprague-Dawely rats weighing 180-200 g were 

individually housed in standard cages at Department of Physiology, 

Mansoura Faculty of Medicine. Animals fed on standard diet and wa-

ter adlibitum. All experimental procedures were done according to 

the international guidelines for the care of the experimental animals 

and were approved by our local committee of ethics for animal use 

and care.

Experimental Design 

Rats were randomly divided into 3 equal groups (each contains 8 

rats) as follows: 

a) Normal group: normal animals received 0.2 mL saline i.p. via in-

traperitoneal injection (i.p.)

b) PTZ group: rats received PTZ (50 mg/kg i.p in 0.2 mL) via i.p. in-

jection on alternate day for 2 weeks (7 doses of PTZ) 

c) Ceft group: as PTZ group but rats received ceftriaxone (200 

mg/kg/12 hrs i.p.) from 6th dose of PTZ for 3 days (at the end)

Induction of PTZ-induced Kindling Rat Model and 

behavioral assessment 

PTZ was dissolved in saline and given at 50 mg/kg i.p. on alternate 

day for 14 days i.e. 7 doses were given to every rat. Full animal kin-

dling started after 6th dose o PTZ. After each injection of PTZ, the 

rats were placed singly in isolated transparent Plexiglas cages and 

their convulsive behavior was observed and videotaped for 30 min. 

The latency of the onset of seizure (seconds), seizure duration 

(seconds) and severity of seizures was scored according to Racine’s 

scale20 as follows: 0 = normal, nonepileptic activity, 1 = mouth and 

facial movements, hyperactivity, grooming, sniffing, scratching, wet 

dog shakes, 2 = head nodding, staring, tremor, 3 = forelimb clonus, 

forelimb extension, 4 = rearing, salivating, tonic clonic activity and 5 

= falling, status epilepticus

Collection of samples

When the animal became fully kindled (exhibited stage 4 or 5 of 

seizure score on three consecutive trials), on the next day, it was sac-

rificed by overdose of intraperitoneal Na+ thiopental (120 mg/kg) 

anesthesia. Then 1 mL blood was collected from ophthalmic capillary 

plexus by Pasteur petite. Brain was perfused transcardially with 100 

mL heparinized saline followed by 150 mL of 10% formalin. Then, 

collected brains were postfixed in 10% paraformaldehyde for 4 h and 

stored in a 25% sucrose plus 0.1% sodium azide solution till time of 

processing. For biochemical assay of markers of oxidative stress brain 

was collected after saline perfusion only. 

Assay of lipid peroxidations marker (MDA) and 

antioxidants (GSH activity) in brain tissues 

About 50-100 mg of brain tissues from 4 rats was homogenized in 

1-2 mL cold buffer (50 mM potassium phosphate, pH 7.5,1 mM 

EDTA) using mortar and pestle then centrifuged at 4,000 rpm for 15 

minutes at 4°C. The supernatant was kept at - 20°C until it was used 

for analysis of oxidant and antioxidants. Malondialdhyde (MDA), re-

duced glutathione (GSH) and catalase enzyme activity in the super-

natant of kidney homogenates were measured using a colorimetric 



10 Journal of Epilepsy Research Vol. 6, No. 1, 2016

Copyright ⓒ 2016 Korean Epilepsy Society

Record
Group

p-value*

PTZ group (n = 8) Ceft group (n = 8)

1st Median
Minimum
Maximum

2.33
2.0
3.0

2.167
1.0
3.0

0.863

2nd Median
Minimum
Maximum

2.50
2.0
3.0

2.33
1.0
3.0

0.789

3rd Median
Minimum
Maximum

3.00
2.0
4.0

3.167
2.0
4.0

0.733

4th Median
Minimum
Maximum

3.50
3.0
4.0

3.33
3.0
4.0

0.575

5th Median
Minimum
Maximum

4.00†

3.0
5.0

4.167†

3.0
5.0

0.733

6th Median
Minimum
Maximum

4.167†

3.0
5.0

3.00‡

2.0
4.0

0.022

7th Median
Minimum
Maximum

4.167†

3.0
5.0

3.00‡

2.0
4.0

0.044

Data were expressed as median and minimum and maximum.
PTZ = pentylenetetrazole; Ceft = ceftriaxone.
*p = Mann-Whitney’s test for comparison between 2 groups at the same time. Wilcoxon test for comparison between 2 time intervals in 
the same group; †Significant vs. 1st record of the same time group (p ≤ 0.041);  ‡Significant vs. PTZ group of the same time period (p ≤ 0.041).

Table 1. Racine’s stage score in PTZ and ceftriaxone groups at different trial records 

method according to the manufacturer’s instructions (Bio-Diagno-

stics, Dokki, Giza, Egypt). 

Measurement of expression of connexins 43 by 

immunohistochemistry in hippocampal neurons 

Serial coronal sections (40 μm) of brain from 4 rats were cut using 

a freezing sledge microtome and a 1:6 series was used for all quanti-

tative immunohistochemistry. Peroxidase-based immunostaining 

staining was completed as described previously.21 In brief, following 

quenching of endogenous peroxidase activity where appropriate 

(using a solution of 3% hydrogen peroxide/10% methanol in distilled 

water) and blocking of nonspecific secondary antibody binding 

(using 3% normal serum in Tris-buffered saline (TBS) with 0.2% 

Triton X-100 at room temperature for 1 h), sections were incubated 

overnight at room temperature with the appropriate primary anti-

body diluted in 1% normal serum in TBS with 0.2% Triton X-100; 

polyclonal rabbit anti-Cx43 antiserum (Zymed); 1:1,000. Sections 

were then incubated for 3 h at room temperature with perox-

idase-based immunohistochemical staining, in a biotinylated secon-

dary antibody for 3 h (horse anti-mouse, BA2001, 1:200; Vector, 

Burlingame, CA, USA), followed by a 2-h incubation in streptavidin–

biotin–horseradish peroxidase solution (Vector. For peroxidase- 

based immunohistochemistry, sections were developed in 0.5% sol-

ution of diaminobenzidine tetrahydrochloride (DAB; Sigma–Aldrich) 

in Tris-buffer containing 0.3 lL/mL of hydrogen peroxide. Sections 

were mounted on gelatin-coated microscope slides, dehydrated in 

ascending concentrations of alcohols, cleared in xylene and cov-

er-slipped using DPX mountant (BDH chemicals). 

Image Quantification

Slides were photographed using Olympus® digital camera in-

stalled on Olympus® microscope with 1/2 X photo adaptor, using 40 

X objective. Image analyses were performed with ImageJ software 

(National Institute of Mental Health, Bethesda, Maryland, USA) as 

previously described,22 employing approximately 30 hippocampal sli-

ces from 4 animals (6–8 hippocampal slices from each animal) in 

each group. After channel separation (RGB) of the color images, we 

performed quantification of the mean pixel intensity, where values 

correspond to the brightness of the pixels of delimited areas corre-

sponding to the cell nuclei. For Cx43 analysis, after channel separa-
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Record Group 1st 2nd 3rd 4th 5th 6th 7th

Latency of Seizure (sec)

PTZ group (n = 8)  327.0 ± 28.50174.0 ± 49.04* 75.70 ± 12.50*§ 56.20 ± 11.00*§||  25.20 ± 10.43*§||† 23.11 ± 9.80*§||†  24.70 ± 8.60*§||†

Ceft- group (n = 8) 319.01 ± 35.05182.0 ± 38.60* 89.20 ± 15.45*§ 49.70 ± 14.30*§||  29.10 ± 8.15*§||† 110.50 ± 25.90*§||†‡¶ 129.06 ± 15.60*§||†‡¶

Duration of Seizure (sec)

PTZ group (n = 8)   4.10 ± 0.63 21.40 ± 1.95* 104.50 ± 39.10*§ 165.0 ± 28.80*§ 185.50 ± 33.50*§† 211.50 ± 29.70*§||†‡ 218.50 ± 25.40*§||†‡

Ceft- group (n = 8)   5.10 ± 0.95  29.0 ± 7.80*  124.0 ± 28.60*§159.50 ± 42.50*§ 178.60 ± 26.80*§† 115.50 ± 25.70*§||†‡¶ 101.50 ± 11.30*§||†‡¶

Data expressed as mean ± SD. Independent T test for comparisons between 2 groups of the same time and paired T test for comparison 
between 2 trials of the same group.
PTZ, pentylenetetrazole; Ceft, ceftriaxone.
*Significant vs. 1st trial; †Significant vs. 4th trial; ‡Significant vs. 5th trial; §Significant vs. 2nd trial; ||Significant vs. 3rd trial; ¶Significant vs. PTZ
group of the same time period.

Table 2. Latency of PTZ-induced seizure (sec) and duration of PTZ-induced seizure (sec) in PTZ and ceftriaxone groups in different trial records

tion (RGB) of color images, we performed quantification of the mean 

area of interest (AOI) in hippocampal regions. 

Statistical analysis

SPSS version 16.0 (SPSS Inc., Chicago, IL, USA) was used for stat-

istical analysis. Mann-Whitney test and Wilcoxon test were used for 

statistical evaluation of seizure scores, while independent T test, 

paired T test and One ANOVA with Tukey’s posthoc test were used 

for other quantitative data. The differences were considered statisti-

cally significant at probability level p ≤ 0.05. 

Results 

Effects of ceftriaxone on Racine’s score in 

PTZ-induced seizures 

Racine’s stage score showed gradual increase in PTZ and Ceft 

groups among all trials compared to their basal values which became 

significant in last 3 records in PTZ group and on 5th trial in Ceft group 

(p < 0.01). Also, Ceft group showed non-significant decrease in 

Racine’s score in the last 2 trials compared to 5th trial record. On oth-

er hand, there were significant decrease in Racine’s score in Ceft 

group compared to PTZ group in last 2 trial records (p < 0.01) (Table 

1). 

Effects of ceftriaxone on onset latency (sec) and 

duration (sec) of PTZ-induced seizure 

PTZ and Ceft groups showed significant gradual decrease in seiz-

ure onset latency with significant increase in seizure duration among 

all trials compared to their basal values (p < 0.001). Moreover, Ceft 

group showed significant increase in latency onset with significant 

decrease in seizure duration in the last 2 trials compared to previous 

ones (p < 0.001). Also, Ceft group showed significant increase in 

seizure latency onset with significant decrease in seizure duration 

compared to PTZ group in the last 2 doses (p < 0.01) (Table 2). 

Effects of ceftriaxone on oxidative stress markers 

(MDA, GSH and catalase activity) in rat hippocampus 

Assessment of oxidative stress markers in hippocampal region 

showed significant increase in MDA and significant decrease in (GSH 

and catalase activity) in PTZ group compared to normal group (p < 

0.01). On the other hand, Ceft group showed significant increase in 

GSH concentration and catalase activity with significant decrease in 

MDA concentration compared to PTZ group (p < 0.01) (Fig. 1).

Effects of ceftriaxone on Cx43 protein expression in 

CA3 region of hippocampus 

Immunohistochemical examination showed significant increase in 

the mean area of interest (AOI) of Cx43 positive cells in CA3 region 

of hippocampus in PTZ and Ceft groups compared to normal group (p 

< 0.001). Also, Ceft group showed significant decrease in Cx43 

score compared to PTZ group (Fig. 2A) (p < 0.001). Brain sections 

obtained from normal group showed negative expression of Cx43 in 

normal group (Fig. 2B), high membranous expression in PTZ group 

(Fig. 2C, D), and low expression (negative) in Ceft group (Fig. 2E).

Discussion

The present study demonstrated neuroprotective effects for beta 

lactam antibiotic (ceftriaxone) against PTZ induced seizures in the 

form of reduction in seizure stage and duration and prolongation of 

seizure latency as well as attenuation of oxidative stress and down 

regulation of Cx-43 expression in CA3 region of hippocampus. 
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A B

C

Figure 1. Markers of oxidative stress in hippocamal regions of rat’s brain in 

different groups. Malondialdehyde (MDA) (nmol/g brain tissues) (A), reduced 

glutathione (GSH) concentration mmol/g brain tissue (B) and catalase activity 

(U/g brain tissues) (C). Ceft, ceftriaxone. *Significant vs. normal group (p < 

0.01); †Significant vs. pentylenetetrazole (PTZ) group (p < 0.05). 

Kindling means giving subsequent subconvulsive doses until general-

ized clonic convulsions are detected with the continuity of such hy-

per-excitable state. 

On the footsteps of Goddard who first studied kindling model in 

1967, a lot of scientists used kindling model (whether electrical as 

Goddard did or chemical by using PTZ for example as we did) to study 

either the possible neuromechanisms of epileptogenesis or the neu-

roprotective effects of some drugs on this model as a step on the way 

of developing safe and effective antiepileptic drugs.23 In the present 

study a dose of 50 mg/kg PTZ was given every other day to develop a 

model of chronic PTZ-induced epilepsy. The present study demon-

strated that PTZ administration caused significant increase in Racine 

score and duration of seizure with significant decrease in onset of de-

veloping seizure. These findings are in agreement with previous 

studies.24,25 Rajabzadeh et al developed a rat model of PTZ-induced 

chronic epilepsy by i.p. injection of 40 mg/Kg PTZ- every 48 hrs with 

total a total of 12-15 doses of PTZ were given to each rat.24

Also, the present study demonstrated that treatment with ceftriax-

one in PTZ kindling model greatly reduced tonic-clonic convulsions 

and duration of these convulsions and prolonged the latency time for 

their erupting. The relationship between beta lactam antibiotics and 

epilepsy captured the attention of scientists in the last few years; the 

first convulsant effect of beta lactam antibiotic studied was that of 

penicillin however, other members of this generation showed com-

parative convulsant actions.26 Chen et al used systemic penicillin as 

an experimental model of epilepsy in 1986.27 Convulsant action of 

carbapenem also was studied by Shimada et al in 1992 in one study, 

seven different cephalosprins are entangled in an in-vivo and in-vitro 

models to demonstrate whether this convulsive activity is mediated 

through GABA-A receptor inhibition or through NMDA receptor 

modulation.28,12 The results of a blinded screen of 1,040 FDA ap-

proved drugs carried out by Rothstein et al in 2005.29 In agreement 

with the finding of the present study, Jelenkovic et al, reported an an-

ticonvulsant effect of ceftriaxone using PTZ kindling model in two dif-

ferent mice strains in their young age and after adulthood.13

It was postulated that oxidative stress and ROS play an important 

role in development of epilepsy because oxidative stress resulting 

from mitochondrial dysfunction gradually disrupts the intracellular 

calcium homeostasis, which modulates neuronal excitability and syn-

aptic transmission making neurons more vulnerable to additional 

stress, and leads to neuronal loss in epilepsy.30 In consistence with 

this hypothesis, the present study demonstrated significant increase 
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A B

C D

E

Figure 2. Mean area of interest of Cx43 positivity in CA3 

region of hippocampus from different groups (A). 

Section of brain in CA3 region of hippocampus showing 

negative expression for Cx43 (normal group) (B). High 

membranous brown staining for Cx43 (arrows) (pentyle-

netetrazole [PTZ] group) (C, D) and negative expression 

for Cx43 (Ceft-group) (E) (400×). Ceft, ceftriaxone. 
*Significant vs. normal group (p < 0.01); †Significant vs. 

PTZ group (p < 0.05).

in oxidative stress in hippocampus of rats treated with PTZ as evi-

denced by significant increase in MDA and significant decrease in 

GSH and catalase activities in rat hippocampus. In line with these 

findings, Shin et al demonstrated that kainate (KA)-induced in-

creased seizure susceptibility is associated increased mitochondrial 

lipid peroxidation and protein oxidation and mitochondrial loss of 

glutathione homeostasis in rat hippocampus.31 Also, we demon-

strated in the present study that pretreatment with ceftriaxone 

showed significant attenuation of oxidative stress markers in CA3 re-

gion of hippocampus suggesting antioxidant effects for ceftriaxone. 

These findings suggest neuroprotective and antioxidant for ceftriax-

one antibiotic probably by upregulation of glutamate transporter-1 

resulting in reduction in glutamate chemical transmitter and Ca+2 

overload which are the main mechanisms involved in enhanced pro-

duction of ROS in hippocampus during epileptic seizure.32 The neuro-

protective and antioxidant effect for ceftriaxone was demonstrated 

also, by Altaş et al, who demonstrated that ceftriaxone treatment 

caused significant increase in glutathione peroxidase and SOD activ-

ities with significant decrease in MDA in rat’s brain exposed to 

ischemia.33

The role of gap junction proteins (connexins, Cx) in development 

of epilepsy has been documented in several studies. Laura et al. dem-

onstrated an increase in the protein expression of Cx-32 and Cx-43 

in oligodendrocytes in the right dentate gyrus and in principal cells of 

the hippocampus in 4-aminopyrine –induced seizure within 60 

min.34 In the present study, we demonstrated significant increase in 

Cx-43 protein in CA3 region of hippocampus in rats treated with PTZ. 

These results agree with previous studies in which an increase in 

Cx-43 protein was observed in hippocampal slices treated with pilo-

carpine and bicuculline.35,36 In addition, an increase in the mRNA of 

Cx 43 has been observed in the hippocampus of patients with tem-

poral lobe epilepsy (TLE).37 Also, Zhao et al. demonstrated significant 
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increase in the expression of Cx-32 and Cx-43 in the cortex and hip-

pocampus of rats 2 h after PTZ administration and their expression 

became more obvious 8 h after PTZ administration.10 Upregulation of 

Cx-43 might be explained by enhanced  oxidative stress which could 

facilitates more connexins to reach the membrane due to reduction 

in connexin degradation by endoplasmic reticulum.6,7

Also, we demonstrated, in the present study, that ceftriaxone 

treatment caused significant reduction in Cx-43 expression in hippo-

camal regions especially in pretreatment. Down regulation of Cx-43 

expression in ceftriaxone treated group might be due to reduction of 

oxidative stress in brain tissues. Studies have shown that the opening 

of Cx-43 hemichannels is promoted by positive transmembrane vol-

tages and reduced concentrations of extracellular divalent cations 

such as Ca2+ and its closure is promoted by high intracellular H+ and 

phosphorylation of Cx-43.38-41 Also, Lin et al. demonstrated that cef-

triaxone dramatically inhibited glutamate release from synaptosomes 

by suppression of voltage-dependent Ca2+ entry through Cav2.2 and 

Cav2.1 channels, suggesting that ceftriaxone is an effective inhibitor 

of presynaptic glutamate release.42 So, inactivation of Cx-43 hemi-

channels might be another possible mechanism for the anti-

convulsive action of ceftriaxone. However we did not investigate this 

mechanism in our study. 

In conclusion, this study represents a forward step on the way of 

anticonvulsant effect of ceftriaxone on behavioral changes, oxidative 

stress markers and Cx-43. Of course it will be a myopic view to use 

these data as a full evidence to engage ceftriaxone in treating epi-

lepsy, further studies needed in other animal species and measuring 

other markers as GLT-1 levels and other oxidative stress markers and 

the possible side effects of such dose of ceftriaxone. 
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