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Abstract
Aim: Approximately fifty million people in the world suffer from epilepsy, and a large part of these 
patients are resistant to antiepileptic drugs discovered so far. In addition, side effect profiles of 
these drugs are very wide. Rapamycin that is an inhibitor of mammalian target of rapamycin 
(mTOR) has antineoplastic, aging-retarding, and anti-inflammatory effects. The studies regard-
ing the effects of mTOR on nervous system have shown that it has neuro-protective effects. 
Moreover, it has been reported that use of rapamycin reduces epileptic seizures in tuberous 
sclerosis patients. In this study we aimed to investigate acute effects of the mTOR inhibitor 
rapamycin on penicillin-induced experimental epilepsy in rats.
Materials and Methods: In this study, a model of forty adult male Wistar rats with penicillin-
induced experimental epilepsy was used. The forty rats were divided into five groups, which 
were saline group, solvent (dimethylsulfoxide) group, and 0.1 mg/kg, 0.4 mg/kg and 0.8 mg/kg 
rapamycin groups. All substances were administered intraperitoneally. After the administration 
of 1.25 g/kg urethane for anesthesia, the left part of each rat’s skull was opened and electrodes 
were placed on the brain. Electrocorticography recording was initiated. Penicillin was intracorti-
cally administered two hours after the administration of rapamycin. After the administration of 
penicillin, electrocorticographic data were recorded for another two hours.
Results: In rapamycin-treated rat groups, administration of 0.4 mg/kg and 0.8 mg/kg rapamy-
cin significantly reduced epileptic spike-wave frequency and amplitude of epileptiform activity. 
However, when compared in terms of latency no significant difference was found between the 
groups.
Discussion and Conclusion: Acute administration of rapamycin reduced spike-wave frequency 
and spike-wave amplitude of penicillin-induced epileptiform activity in the rats, and these find-
ings indicate that rapamycin has an antiepileptogenic potential.
Keywords: rapamycin; mTOR; epileptiform activity; electrocorticography; rat

Özet
Amaç: Yeryüzünde yaklaşık elli milyon insan epilepsinin pençesindedir ve bu hastaların büyük 
bir bölümü şimdiye kadar keşfedilmiş antiepileptik ilaçlara karşı dirençlidir. Bunun yanı sıra, bu 
ilaçların yan etki profilleri de oldukça geniştir. Memelideki rapamisin hedefi (mTOR) inhibitö-
rü olan rapamisin; antineoplastik, yaşlanmayı geciktirici ve antienflamatuvar etkilere sahiptir. 
mTOR’un sinir sistemi üzerindeki etkilerine dair çalışmalarda ise nöroprotektif etkisinin oldu-
ğu gösterilmiştir. Buna ek olarak, tüberoskleroz hastalarında rapamisin kullanımının epileptik 
nöbetleri azalttığı bildirilmiştir. Bu çalışmanın amacı mTOR inhibitörü rapamisinin sıçanlarda 
penisilinle oluşturulmuş deneysel epilepsi üzerindeki akut etkisini araştırmaktır. 
Gereç ve Yöntemler: Bu çalışmada penisilinle oluşturulmuş deneysel epilepsili kırk adet erişkin 
erkek Wistar sıçan içeren bir model kullanılmıştır. Söz konusu kırk sıçan; salin, çözücü (dimetil-
sülfoksit), ve de 0,1 mg/kg, 0,4 mg/kg ve 0,8 mg/kg rapamisin grupları olmak üzere beş gruba 
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INTRODUCTION
Epilepsy is characterized by recurrent seizures and 

one of the most common neurologic conditions in the 
world. At the present time, about fifty million people 
in the world suffer from active epilepsy with continu-
ing seizures and these people need antiepileptic drug 
treatment. Epilepsy is not a single disease; the term 
defines the common symptomatic manifestation of 
numerous brain abnormalities. These abnormalities 
include genetic syndromes, traumatic brain injuries, 
central nervous system infections, strokes, or struc-
tural brain lesions such as tuberous sclerosis and brain 
tumors (1). In spite of the increasing variety of anti-
epileptic drugs developed in recent years, nearly 30% 
of epilepsy patients are resistant to these drugs (2). In 
addition, current antiepileptic drugs have many side 
effects. For these reasons, intensive research continues 
in order to develop inexpensive and more effective 
medications with fewer side effects and to explain the 
mechanism of epilepsy.

mTOR (mammalian target of rapamycin) is a 
serine/threonine protein kinase, which is a member 
of the phosphatidylinositol 3-kinase related kinase 
(PIKK) family. Rapamycin (sirolimus) consists in two 
multi-protein complexes defined by distinct protein-
binding partners with mTOR. The first is the rapamy-
cin-sensitive mTOR, known as mTORC1, and the 
other is mTORC2, which is largely insensitive to the 
effects of rapamycin (3). The complex details of mTOR 
molecule and mTOR pathway have been extensively 
demonstrated in many studies (4–9). Mammalian 
TOR provides cellular communication, regulates cel-
lular growth, processes growth factor signals, and so 
is a molecule that modulates proliferation and survival 
of cells. It is regulated by different factors such as hor-

mones (insulin), nutrients (amino acids, glucose), cel-
lular energy level and stress. Many studies have shown 
that the inhibitors of mTOR regulate protein synthesis 
and other cellular processes.  

Rapamycin, which is also a macrolide antibiotic, 
is used as an immunosuppressive agent in modern 
medicine. Dysregulation of the mTOR pathway has 
been implicated in the pathophysiology of a number 
of neurological diseases. Tuberous sclerosis complex 
(TSC) is caused by loss-of-function mutations in the 
mTOR-negative regulators TSC1 or TSC2 resulting in 
a constellation of neurological phenotypes that can in-
clude epilepsy. mTOR hyperactivation among a wide 
range of cell types can drive epileptogenesis (10,11). 
In clinical trials, Wong et al. have suggested that ra-
pamycin, an mTOR inhibitor, has anti-seizure effects 
in tuberous sclerosis and common acquired epilepsies 
(12). Therefore mTOR inhibitors may be a potential 
antiepileptogenic medication to treat epilepsy. Stud-
ies have shown that mTOR regulates neuronal sur-
vival and differentiation, as well as axon growth and 
migration, dendritic arborization, and synaptogenesis 
during the developing CNS. In the adult CNS, mTOR 
is very important for every kind of synaptic plasticity, 
such as long-term potentiation that plays an important 
role in the process of learning and memory in hippo-
campus (13). Moreover, mTOR can affect a variety of 
cellular and molecular processes, such as neurotrans-
mitter receptor and ion channel expression, synaptic 
plasticity, neuronal death and apoptosis, and neuro-
genesis in CNS. 

According to the previous studies, the mTOR path-
way is abnormally activated by kainate-induced status 
epilepticus, both acutely during the period of sta-
tus epilepticus and more chronically for a few weeks 
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ayrıldı. Tüm maddeler intraperitoneal yolla uygulandı. Sıçanlara anestezi için 1,25 g/kg üretan uygulandıktan sonra hayvanla-
rın sol kafatası açıldı ve beyin üzerine elektrotlar yerleştirildi. Elektrokortikografi kaydı başlatıldı. Rapamisin uygulamasından 
iki saat sonra intrakortikal olarak penisilin uygulandı. Penisilin uygulandıktan sonra elektrokortikografi verileri iki saat daha 
kaydedildi. 
Bulgular: Rapamisinle tedavi edilen sıçan gruplarında, 0,4 mg/kg ve 0,8 mg/kg rapamisin uygulamaları epileptiform aktivite-
nin diken-dalga sıklığını ve genliğini anlamlı olarak azaltmıştır. Fakat latensleri karşılaştırıldığında gruplar arasında anlamlı bir 
fark bulunmamıştır.
Tartışma ve Sonuç: Akut rapamisin uygulaması sıçanlarda penisilinle oluşturulmuş epileptiform aktivitenin diken-dalga sık-
lığını ve diken-dalga genliğini azaltmıştır ve bu bulgular rapamisinin antiepileptojenik bir potansiyele sahip olduğunu göster-
mektedir. 
Anahtar Sözcükler: rapamisin; mTOR; epileptiform aktivite; elektrokortikografi; sıçan
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during the latent term of epileptogenesis. Rapamycin 
treatment inhibited this inappropriate mTOR acti-
vation and also reduced cellular changes that likely 
contributed to epileptogenesis in this model, includ-
ing hippocampal neuronal death, neurogenesis, and 
axonal sprouting (14,15). Correspondingly, mTOR in-
hibition with rapamycin also decreased development 
of spontaneous seizures; thereby it was indicated to 
have an antiepileptogenic effect. Although some stud-
ies showed that rapamycin reduced seizure frequency 
in some rat models of temporal lobe epilepsy (16,17), 
low doses used in mice were not sufficient to reduce 
seizures (18). On the other hand, mTOR inhibitors 
may decrease somatic growth and interrupt critical 

mechanisms of brain development and learning, such 
as long-term potentiation and synaptic plasticity; and 
high dose rapamycin may have harmful effects on neu-
ronal activity (15). 

The diversity of epilepsy syndromes and their 
causes precludes investigators from using any single 
animal model system for learning about epilepsy and 
for testing potential therapies. Animal models for sei-
zures and epilepsy have played a fundamental role in 
advancing our understanding of the basic mechanisms 
underlying epileptogenesis, and have been instrumen-
tal in the discovery and preclinical development of 
novel antiepileptic drugs (AEDs). The different doses 
and different experimental models should be used to 
determine effectiveness of potential agents before they 
will become an AED. The penicillin-induced epilepsy 
is one of the experimental models used for generalized 
epilepsy, providing electrophysiological evidence. 

The aim of this study is to investigate acute effects 
of rapamycin on penicillin-induced epileptiform ac-
tivity by using electrocorticography (ECoG) in anes-
thetized rats.

MATERIALS AND METHODS
Animals and groups
The experimental protocol was approved by the 

Animal Ethics Committee at University of Duzce 
(2009-21). Forty male Wistar rats weighing approxi-
mately 230–280 g and aged 12 weeks were used in 
the experiment. Rats were supplied from Medical 
Research Center of Duzce University. Four animals 
were housed in each cage and kept under controlled 
environmental conditions (60±5% humidity; 22±2 °C; 
12:12 h reversed light/dark cycle). They were allowed 
to feed and drink water freely. Animals were randomly 
assigned to the five experimental groups (control, ve-
hicle, 0.1 mg/kg, 0.4 mg/kg, and 0.8 mg/kg rapamycin 
groups); each group consisted of eight rats. 

Surgical procedure
Animals were anesthetized with 1.25 g/kg i.p. ure-

thane (Sigma, US) and placed in a stereotaxic frame 
(Harvard Instruments, South Natick, MA, US). The 
scalps were opened by a rostro-caudal incision and the 
left part of the skull was carefully removed. Body tem-
perature was maintained at 37ºC. 
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Figure 1. Changes in ECoG activity after administration of penicillin 
G in the rapamycin-treated and control groups. (A) Baseline ECoG 
activity (B) Control group (C) DMSO group (D) 0.1 mg/kg rapamycin 
group (E) 0.4 mg/kg rapamycin (F) 0.8 mg/kg rapamycin group.



Induction of epileptiform activity
The epileptiform activity was induced by adminis-

tration of penicillin (500 IU / 2 μl) intracortically (i.c.). 
The bregma of the skull was used as reference point 
(coordinates AP=−1 mm, L=1.5 mm) for the intracor-
tical injection. Penicillin was injected into the left sen-
sorimotor cortex by using a Hamilton microinjector 
(type 701N, Hamilton Co., Reno, NV, US) at 1.2 mm 
underneath the brain surface. 

Electrophysiological recordings
Ag/AgCl electrodes were used for the recording 

during ECoG. Two top electrodes were placed over 
the left somatomotor cortex with the common refer-
ence electrode being fixed on the right ear of the rats. 
The coordinates of the recording area were 1 mm an-
terior to the bregma and 2 mm lateral to the sagittal 
suture for the first electrode, and 5 mm posterior to 
the bregma and 2 mm lateral to the sagittal suture for 
the second electrode. The data acquisition system with 
multi-channel (PowerLab/8SP, ADInstruments Pty 
Ltd, Castle Hill, NSW, Australia) was used to record 
the ECoG signal. The signals from the electrodes were 

amplified and filtered with 0.1-50 Hz band-pass via 
the amplifiers (BioAmp, AD Instruments, Australia). 
It was digitized at a sampling rate of 1024 Hz. ECoG 
activity was simultaneously monitored and stored us-
ing a personal computer. Latency time to onset of first 
spike wave, spike-wave frequency and amplitude of 
epileptiform activity were automatically calculated by 
PowerLab Chart software v.6.0. 

Drugs and Applications
Rapamycin (sirolimus) was purchased from LC 

Labs (Woburn, MA, US) and urethane from Sigma 
(Saint Louis, MO, US). Rapamycin was dissolved in di-
methylsulfoxide (DMSO, Loba Chemie, India) follow-
ing dilution with saline (99% DMSO; 0.2 ml final solu-
tion DMSO/saline 1:4, v/v, respectively). Five minutes 
after basal activity recording, it was intraperitoneally 
injected to the rats in rapamycin groups at doses of 0.1 
mg/kg, 0.4 mg/kg, and 0.8 mg/kg. We studied the ef-
fects of a conventional low dose, a medium dose, and 
a higher dose of rapamycin. These doses were deter-
mined according to the doses used in previous stud-
ies (19–22). In equal volume with rapamycin groups 
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Table 1. The effects of saline (control), DMSO and 0.1 mg/kg, 0.4mg/kg, 0.8mg/kg i.p. rapamycin on frequency of penicillin-induced epi-
leptiform activity 

Time 
(min)

Control DMSO 0.1 mg 0.4 mg 0.8 mg
P

Mean ± SEM Median Mean ± SEM Median Mean ± SEM Median Mean ± SEM Median Mean ± SEM Median 
0-5 0±0 0 0±0 0 0±0 0 0±0 0 0±0 0 --

6-10 52,50±8,9 57,5 49,25±18,5 30 82,38±33,9 44 22,50±14,3 8,5 27,25±14,7 6,5 0,268
11-15 144,25±12,0 143,5 97,875±25,0 123 110,75±30,4 93,5 55,625±18,2  * 38,5 54,5±21,2      * 43 0,032
16-20 159,63±16,8 148,00 116,88±28,1 122,0 143,00±28,5 143,0 72,63±17,9    * Δ 39,50 62,63±15,4    * Δ 62,50 0,015
21-25 148,88±14,6 126,5 136,25±29,5 109 146,88±23,4 139,5 78,25±14,7    * Δ 88 72,00±17,2    * Δ 87 0,015
26-30 147,38±13,3 130 122,75±18,9 109 147,88±19,2 140,5 73,13±15,1    * Δ 82 68,00±14,4    *Δ ‡ 71,5 0,002
31-35 141,50±9,6 157 120,75±16,9 109 143,25±18,4 139 72,25±18,6    * Δ 87,5 78,00±14,5    *Δ 77,5 0,020
36-40 129,75±8,9 136,5 122,00±17,3 107 138,63±18,9 143 66,50±19,8 82 96,38±13,6 97,5 0,092
41-45 128,00±10,4 123,5 128,00±22,7 101,5 141,13±20,7 145 59,63±18,9   * Δ  ‡ 62,5 104,00±17,4 96 0,050
46-50 124,00±12,6 107,5 124,50±18,4 102,5 159,75±25,6 160,5 60,13±20,4   * Δ  ‡ 55 85,88±11,1      Δ 82,5 0,013
51-55 132,50±23,1 108 132,88±20,2 138,5 152,38±18,6 161,5 57,50±21,4   * Δ  ‡ 45,5 80,63±13,9      Δ 69 0,013
56-60 114,25±15,3 95,5 126,00±25,1 106,5 156,38±19,3 172,5 58,63±21,8      Δ 42,5 89,25±17,4      Δ 74,5 0,043
61-65 108,75±14,8 107,5 129,50±23,2 128 148,75±19,4 151 55,63±20,9      Δ ‡ 42,5 92,75±20,4      Δ 74,5 0,035
66-70 109,88±10,8 102 122,38±26,8 108,5 143,25±21,7 136,5 55,50±21,7 37 92,63±22,0 68 0,113
71-75 118,25±14,9 114 110,75±24,5 99,5 129,00±22,0 132,5 54,75±21,2 38,5 93,25±23,0 67,5 0,186
76-80 114,00±19,1 112 99,38±25,7 73,5 136,50±24,0 132,5 52,75±21,1 35,5 91,38±23,4 68,5 0,164
81-85 113,38±28,4 92,5 98,38±19,9 92,5 128,13±22,2 130 45,38±20,0 18,5 87,88±21,6 64,5 0,080
86-90 117,75±34,7 110,5 91,88±17,8 83 127,50±22,8 127 40,88±20,5 2,5 87,50±20,6 66 0,087
91-95 114,75±33,0 114,5 93,88±20,1 89,5 130,13±22,8 128,5 35,25±18,9   * Δ  ‡ 0,5 83,63±20,0 67 0,037

96-100 103,75±27,8 107,5 82,63±15,5 73,5 124,63±19,8 124,5 29,63±16,9   * Δ  ‡ 1 81,63±19,5 68 0,028
101-105 91,88±23,5 104 72,50±14,8 68,5 126,00±22,5 117 27,50±15,8   * Δ  ‡ 0 76,13±18,5 64 0,019
106-110 84,38±22,3 91,5 68,63±15,6 66,5 126,50±23,8 129,5 26,00±15,9   * 0 74,38±18,2 63 0,026
111-115 85,38±20,4 87,5 68,00±13,2 68 105,63±23,2 75,5 21,88±13,5   * ‡ Φ 0,5 73,00±17,6 65 0,025
116-120 86,58±21,1 90,93 64,68±11,8 62,33 111,39±18,6 94,22 23,27±13,5   * ‡ Φ 0,5 69,59±16,9 59,64 0,010

All values are number/minute. p≤0.05 was considered statistically significant. (*Compared to control group, Δ Compared to 0.1mg/kg 
group, ‡Compared to DMSO group, Φ Compared to 0.8mg/kg group)



DMSO was injected to vehicle group and saline to 
control group, intraperitoneally. After administration 
of substance, ECoG recording was continued for 120 
minutes. Then, penicillin G potassium (500 IU/ 2 μl 
volume, I.E. Ulagay, Turkey) was administered intra-
cortically to produce epileptiform activity and ECoG 
recordings were continued for 240 minutes.

Statistical analyses
Frequencies and amplitudes of epileptiform activity 

for each animal were automatically digitized using the 
software (Chart v.6.0, ADInstruments Pty Ltd, Castle 
Hill, NSW, Australia). Epileptiform activity was ana-
lyzed in every 5-min interval. Descriptive values were 
computed as mean ± SEM and median. The Kruskal-
Wallis test was used to compare the groups in terms 
of latency spike-wave frequency and wave amplitude 
in each period. For post-hoc analysis, a method of 
Dunn’s test followed by Kruskal-Wallis test was used. 
The significance level was p<0.05. Statistical analyses 
were performed using PASW package (version 18).

RESULTS
Basal ECoG activity of each rat was recorded be-

fore the administration of substances. Spontaneous 
spike was not detected in any of the animals (Figure 1). 
The injected substances (rapamycin, DMSO, or saline) 
before penicillin administration did not cause any 
epileptiform activity (Figure 1). Epileptiform activities 
characterized with bilateral spikes began within 5 to10 
minutes after penicillin administration and lasted for 
3 to 4 h. Frequency and amplitude of spikes  reached 
a constant level about 30 min after penicillin admin-
istration.

The effect of rapamycin on latency
When compared to the control and DMSO groups 

(P=0.070), the rapamycin groups showed no signifi-
cant difference in latency of epileptiform activity (Fig. 
2).

The effect on spike-wave frequency of epileptiform 
activity

After penicillin injection, median spike-wave fre-
quency of epileptiform activity was between 57.50 
spike/minute at the 6–10 min interval and 157.00 
spike/minute at the 31–35 min interval in the control 
group. The decrease in the frequency of epileptiform 
activity continued for 120 minutes (Figure 3, Table 1). 
Median spike-wave frequency of epileptiform activity 
of the DMSO group was 109 spike/min at the 21–25 
min interval after penicillin injection and there was no 
statistically significant difference compared to the con-
trol group (p=0.083) (Figure 3, Table 1).

When compared to the other groups, the 0.1 mg/kg 
rapamycin group did not show significant difference in 
spike-wave frequency of epileptiform activity in any of 
the time periods (p>0.05) (Fig 3, Table 1). Rapamycin 
at 0.4 mg/kg dose reduced the median spike frequency 
in the first 10 min after the injection, but this decrease 
was not statistically significant when compared with 
the other groups (p=0,083). However, the decreasing 
effects of 0.4 mg/kg dose rapamycin on spike frequen-
cies were statistically significant after the 10th min. The 
median spike-wave frequency of 0.4 mg/kg dose group 
was observed to be significantly lower when compared 
to the control group in most of the periods (p<0.05). 
Moreover, administration of 0.4 mg/kg dose rapamy-
cin decreased spike-wave frequency in the group in 
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Figure 2. Latency of the first epileptiform activity.

Figure 3. Values of the spike-wave frequency in the control, DMSO 
and rapamycin-treated groups. *Compared to control group 
(p≤0.05); Δ Compared to 0.1mg /kg rapamycin group (p≤0.05); 
ΣCompared to DMSO group (p≤0.05); Φ Compared to 0.8 mg/kg 
rapamycin group (p≤0.05).



comparison to the DMSO, 0.1 mg/kg rapamycin, 
and 0.8 mg/kg rapamycin groups (Fig 3, Table 1). Ra-
pamycin at 0.8 mg/kg dose reduced the median spike 
frequency in the first 10 min interval, but not statis-
tically significantly, as compared to the control group 
(p=0.058). There was significant difference in median 
spike-wave frequency of epileptiform activity in the 
0.4 mg/kg dose rapamycin group in comparison to the 
control and 0.1 mg/kg groups during the first 35 min. 
This reducing effect continued for 65 minutes, except 
for some periods (p<0.05) (Figure 3, Table 1).

The Effect on Spike-wave Amplitude of Epileptiform 
Activity

Considering the data obtained from the control 
group, the median spike-wave amplitude of epilepti-
form activity reached its maximum value (3.19 mV) at 
the 26–30 min interval after penicillin administration 
and gradually reduced for 120 min. (Figure 4, Table 
2). In the DMSO group the median spike-wave am-
plitude of epileptiform activity was between 3.12 mV 
(6–10 min) and 4 mV (31–35 min) (Figure 3, Table 
2). At the same time, effects of DMSO administration 

on epileptiform activity were investigated. Although it 
decreased the spike-wave amplitude in comparison to 
the control group, there was no statistical significance 
(Figure 4, Table 2).

When compared to the other groups, the 0.1 mg/kg 
rapamycin group did not show significant difference in 
spike-wave amplitude of epileptiform activity in any of 
the time periods (p>0.05) (Fig 4, Table 2). The 0.4 mg/
kg rapamycin group showed no significant difference 
in spike-wave amplitude of epileptiform activity in 
comparison to the other groups in the first 15 minutes 
(p>0.05). When results were detailed on data of 0.4 mg 
/ kg rapamycin group, the median spike-wave ampli-
tudes began to appear lower compared to the control 
group at 26th min, DMSO group at 16th min and 0.1 
mg/kg rapamycin at 21st min, significantly. The sig-
nificant decrease continued throughout the 120 min-
utes of recording (p≤0.05). Moreover, administration 
of 0.4 mg/kg rapamycin resulted in lower spike-wave 
amplitude than administration of 0.8 mg/kg dose ra-
pamycin between the 110th and 120th minutes (p≤0.05) 
(Fig 4, Table 2). Rapamycin at 0.8 mg/kg dose reduced 
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Table 2. The effects of saline (control), DMSO and 0.1 mg/kg, 0.4mg/kg, 0.8mg/kg i.p. rapamycin on amplitude of penicillin-induced epi-
leptiform activity 

Time 
(min)

Control DMSO 0.1 mg 0.4 mg 0.8 mg
P

Mean ± SEM Median Mean ± SEM Median Mean ± SEM Median Mean ± SEM Median Mean ± SEM Median 
0-5 0±0 0 0±0 0 0±0 0 0±0 0 0±0 0 --

6-10 1,85±0,1 1,98 2,84±0,5 3,12 2,55±0,6 2,49 1,66±0,3 1,36 1,30±0,44     ‡ 1,09 0,050
11-15 2,55±0,3 2,60 3,16±0,6 3,42 3,10±0,6 3,37 1,80±0,3 1,61 1,83±0,49 1,44 0,238
16-20 2,96±0,3 2,85 3,48±0,5 3,81 3,30±0,5 3,37 1,97±0,2        ‡ 1,88 2,05±0,53     ‡ 1,63 0,049
21-25 3,10±0,4 2,90 3,67±0,4 3,93 3,43±0,5 3,21 2,05±0,3     Δ  ‡ 1,75 2,24±0,55     ‡ 2,08 0,050
26-30 3,27±0,4 3,19 3,82±0,4 3,95 3,43±0,5 3,27 1,82±0,3   * Δ  ‡ 1,55 2,28±0,4       ‡ 2,06 0.031
31-35 3,26±0,4 3,28 3,85±0,4 4,00 3,35±0,4 3,49 1,77±0,4   * Δ  ‡ 1,12 2,27±0,3       ‡ 2,25 0,025
36-40 3,25±0,4 3,63 3,83±0,4 3,94 3,32±0,4 3,34 1,64±0,4   *  Δ ‡ 1,12 2,50±0,3 2,14 0,025
41-45 3,17±0,5 3,39 3,79±0,4 3,88 3,15±0,3 3,36 1,65±0,4   *  Δ  ‡ 1,14 2,61±0,3 2,36 0,048
46-50 3,19±0,5 3,55 3,68±0,4 3,79 3,01±0,3 3,19 1,64±0,5   *  Δ  ‡ 1,12 2,70±0,3 2,62 0,050
51-55 3,03±0,4 3,45 3,58±0,4 3,71 3,27±0,4 3,27 1,54±0,4   *  Δ  ‡ 1,36 2,65±0,3 2,58 0,034
56-60 2,93±0,4 3,25 3,53±0,4 3,48 3,09±0,3 3,19 1,53±0,4   *  Δ  ‡ 1,27 2,48±0,3 2,23 0,038
61-65 2,92±0,4 3,15 3,40±0,4 3,48 3,23±0,5 3,28 1,55±0,5   *  Δ  ‡ 1,10 2,43±0,3 2,20 0,050
66-70 2,79±0,4 3,25 3,29±0,4 3,26 3,02±0,3 3,19 1,42±0,4   *  Δ  ‡ 1,04 2,42±0,3 2,20 0,048
71-75 2,83±0,4 3,23 3,26±0,5 3,12 3,10±0,5 3,05 1,38±0,4   *  Δ  ‡ 1,17 2,48±0,3 2,34 0,050
76-80 2,64±0,4 3,18 3,08±0,4 2,82 2,96±0,4 2,79 1,37±0,4   *  Δ  ‡ 1,02 2,26±0,3 2,31 0,049
81-85 2,55±0,4 3,08 2,86±0,4 2,98 3,02±0,5 2,88 1,34±0,4   *  Δ  ‡ 0,81 2,26±0,3 2,35 0,050
86-90 2,70±0,5 3,30 2,65±0,4 2,54 2,87±0,5 2,61 1,26±0,4   *  Δ  ‡ 0,65 2,21±0,3 2,31 0,050
91-95 2,69±0,5 3,35 2,60±0,4 2,45 2,86±0,5 2,62 1,18±0,4   *  Δ  ‡ 0,69 2,19±0,3 2,27 0,050

96-100 0,5 3,28 2,71±0,4 2,66 2,94±0,4 2,54 1,14±0,4   *  Δ  ‡ 0,56 2,12±0,3 2,38 0,050
101-105 0,5 3,24 2,60±0,4 2,64 2,77±0,5 2,44 1,08±0,4   *  Δ  ‡ 0,45 1,98±0,2 2,12 0,049
106-110 0,4 3,04 2,49±0,4 2,56 2,63±0,4 2,17 1,09±0,4   *  Δ  ‡ 0,50 1,96±0,2 2,13 0,041
111-115 ,4 2,79 2,38±0,4 2,34 2,73±0,4 2,57 1,00±0,4   *  Δ  ‡ Φ 0,49 2,12±0,2 2,17 0,050
116-120 0,4 3,02 2,52±0,4 2,47 2,70±0,40 2,34 1,04±0,4   *  Δ  ‡ Φ 0,56 1,91±0,2 2,11 0,047

All values are presented as millivolts. p≤0.05 was considered statistically significant. (*Compared to control group, Δ Compared to 0.1mg/kg 
group,  ‡  Compared to DMSO group, Φ  Compared to 0.8mg/kg group)



the median spike-wave amplitude between the 11th 
and 40th minutes, except for the 16–20 min interval, 
as compared to the DMSO groups (p≤0.05) (Figure 4, 
Table 2).

DISCUSSION
This study is the first investigating the effects of 

rapamycin on epileptiform activity by using a penicil-
lin-induced epilepsy model of rats. Penicillin-induced 
epileptiform activity is a good model for focal and 
generalized epilepsy. It is often used in studies of acute 
epilepsy research and provides electrophysiological 
evidence. Intracortical injection of penicillin (500 IU) 
induces epileptiform activity characterized by bilateral 
spikes (23). In this study, rapamycin was used at doses 
of 0.1 mg/kg, 0.4 mg/kg, and 0.8 mg/kg. Administrat-
ing rapamycin prior to penicillin did not cause any 
significant effect on latency of epileptiform activity. 
However, some of the various doses of rapamycin had 
a reducing effect on spike-wave frequency and wave 
amplitude of epileptiform activity, and this effect is 
not dose-dependent. The reducing effect of adminis-
tering 0.4 mg/kg rapamycin on spike-wave frequency 
and wave amplitude of epileptiform activity began at 
the 10th minute following penicillin administration, 
and was more prominent than in the other groups. At 
the dose of 0.8 mg/kg rapamycin also had a reducing 
effect on spike-wave frequency but the effect was of 
short duration. 

Some studies have suggested that completely block-

ing mTOR by administering high doses of rapamycin 
can eliminate the benefits or that the effect of rapamy-
cin may be paradoxical at high and low doses in a 
non-dose-dependent manner (24,25). More research 
is needed to further define the mechanism by which 
low dose rapamycin is more effective. Hartman et al. 
have suggested that rapamycin is protective against 
maximally-electroshock-induced (MES) seizures, but 
not PTZ- and 6 Hz-induced seizures, at doses of 4.5 or 
6.0 mg/kg (26). Thus, low doses of rapamycin may be 
more potent than high doses. On the other hand, we 
did not determine the tissue levels of rapamycin and 
its effects on mTOR production levels and these are 
the most important limitations of this study. In order 
to assess whether rapamycin indeed inhibited mTOR 
signaling pathway, researchers examined its effect on 
p70S6K phosphorylation generally. Many research-
ers on this issue showed that rapamycin, even at low 
doses, is enough to inhibit mTOR activation and to 
distribute in the brain (16). 

Animal models demonstrated that mTOR inhibi-
tors could exert both an anticonvulsant action and 
an antiepileptogenic effect in genetic and acquired 
epilepsy. The relevance of the mTOR pathway to epi-
leptogenesis and its potential as a therapeutic target 
in epilepsy treatment by presenting the current results 
on mTOR inhibitors, in particular, rapamycin in ani-
mal models of diverse types of epilepsy. Compared the 
effects documented in other epilepsy models, effects 
of rapamycin in this study are remarkable. Penicil-
lin, like bicuculline, is responsible for epileptic dis-
charges by the blockage of the GABAA receptors and/
or excitation-inhibition imbalance with increasing of 
glutamatergic transmission (23). On the other hand, 
mTOR hyperactivation in animal models consistently 
produces epilepsy and the loss of TSC1 in forebrain 
excitatory neurons causes hyperexcitability and sei-
zures. In this study, epileptic spike-wave discharge was 
initiated after 5 to 10 minutes from penicillin admin-
istration, and it was confirmed by the literature where 
the pilocarpine model was used (27). Determining the 
effects of penicillin on mTOR pathway may be a use-
ful way to clarify the similarity of the mechanisms. In 
contrast, another study reveals that rapamycin does 
not have antiseizure or antiepileptogenic effects in 
the pilocarpine model (14). Guo et al. suggest that ra-
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Figure 4. Values of the spike-wave amplitude in the control, DMSO 
and rapamycin-treated groups. Comparisons: *Compared to con-
trol group (p≤0.05); Δ Compared to 0.1mg /kg rapamycin group 
(p≤0.05); ΣCompared to DMSO group (p≤0.05); Φ Compared to 
0.8 mg/kg rapamycin group (p≤0.05).



pamycin may represent a rational treatment for pre-
venting posttraumatic epilepsy in patients with trau-
matic brain injury (28). 

DMSO is frequently used as a solvent in the stud-
ies performed with antiepileptic substances (29). Re-
searchers have reported that DMSO decreases seizure 
threshold and augments the proconvulsant activity 
of the substances dissolved in it (30). Intraperitoneal 
DMSO administration altered absence-like epileptic 
seizure activities in freely moving WAG-Rij rats (31). 
DMSO has been reported to have dual effect since it 
decreases spike-wave frequency at low doses (1.65mg/
kg or 1.5 ml/kg) and, contrary to this, increases spike-
wave frequency at high doses (1650.6 mg/kg). In our 
study, DMSO had no effect on latency of the first epi-
leptiform activity, spike-wave frequency, and spike-
wave amplitude. Our dose being much lower than 
those in other studies probably precluded this effect, 
and DMSO had no effect in the experiment as desired. 

Tuberous sclerosis (TS) is a rare genetic disease 
caused by the mutation of one of the TSC1 and TSC2 
genes. TSC1 or TSC2 leads to abnormal disinhibition 
of the mTOR pathway. This hyperactivation of the 
mTOR pathway causes epilepsy (32). However, most 
of the beneficial effect of rapamycin appear to reverse 
on discontinuation of the drug in both animal models 
and clinical trials (33–36). The mammalian target of 
rapamycin (mTOR) regulates protein synthesis related 
to cell growth and proliferation. Hyperactivation of 
mTOR pathway causes an increase in neuronal cir-
cuits’ excitability (37). Probably the abnormal activity 
of mTOR causes alterations to neurotransmitter recep-
tors and ion channels (16). Previous studies showed 
that the mTOR pathway could modulate the expres-
sion of potassium channels and glutamate receptors 
(32,38). 

Rapamycin treatment in the early stage of seizures 
prevents the development of epilepsy in mice, and later 
treatment with rapamycin also decreases seizure-fre-
quency in mice that have already developed epilepsy 
(16). Despite the lack of controlled clinical trials, it has 
been reported that mTOR inhibitors reduces epileptic 
seizures in TS patients (35,36). Results of our study has 
shown that even a single low dose rapamycin reduces 
epileptic activity in rats with penicillin-induced epi-
lepsy. Further detailed studies are needed to clarify the 

mechanism of this action. 
Intriguing findings of the frequent hyperactiva-

tion of mTOR signaling in epilepsy make it a potential 
mechanism in the pathogenesis as well as an attractive 
target for the therapeutic intervention, and have driv-
en the significant ongoing efforts to pharmacologically 
target this pathway (9). As mTOR can be activated by 
glutamate receptor stimulation (39,40), it is not sur-
prising that the initial mTOR activation occurs with 
status epilepticus, which causes massive glutamate 
release (16,41). Activation of the glutamate release 
causes calcium to enter the cell, leading to cell death. 
mTOR increases postsynaptic response of the gluta-
matergic and GABAergic synapse, and approximately 
50% of increased synaptic vesicle release responsible 
for rising of the postsynaptic response. No study has 
been conducted yet regarding mTOR pathway in 
penicillin-induced epilepsy. The presented study has 
showed that rapamycin reduces epileptiform activity, 
and it may suggest that penicillin causes epilepsy via 
mTOR activation pathway.

This study has showed that acute use of rapamycin 
decreases spike-wave frequency and amplitude and 
that long-term rapamycin use reduces epileptiform ac-
tivity. We did not perform molecular and biochemical 
analyses in this study, but only investigated the effect 
on epileptiform activity electrophysiologically. Multi-
disciplinary research including biochemical and histo-
logical studies about this issue will help enlighten this 
matter. Extensive basic clinical research is needed to 
understand mTOR inhibitors’ efficacy and mechanism 
of action in epilepsy treatment.
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