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Functional changes in the septal GABAergic system of animals with 
a model of temporal lobe epilepsy
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Abstract. The septal GABAergic system plays a central role in the regulation of activity and excit-
ability of the hippocampus (the main locus of temporal lobe epilepsy, TLE), but the character of 
changes the septum undergoes in this pathology remains unknown. To address this issue we studied 
the influences on GABAergic receptors in septal slices from the brain of epileptic guinea pigs com-
pared to a control. In the epileptic brain, the overall increase in the mean frequency of neuronal 
discharges and the rise in the number of bursting neurons were revealed. The inhibitory action of
exogenously applied GABA on neuronal activity is sharply enhanced, whereas the efficacy of action
of GABAA and GABAB receptor blockers decreases, indicating the alteration of intraseptal inhibi-
tory processes in epilepsy. In epilepsy, GABA sharply increases the oscillatory activity of the part 
of pacemakers, and the opposite effect was observed in the control. In epileptic animals, the GABA
receptor blockers did not affect burst neurons, indicating the disturbance of the tonic GABAergic
control of the oscillatory activity. Thus, we demonstrated for the first time that the activity of septal
neurons and their reactions to GABAergic substances in animals with TLE model changed sharply 
compared to healthy ones.
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Introduction

Temporal lobe epilepsy (TLE) is one of the most common 
neurological diseases. Despite a number of studies devoted 
to the hippocampus as a locus of seizure activity and the 
involvement hippocampal-entorhinal network in TLE, this 
disease is treated ineffectively by drugs, indicating a poor
understanding of the mechanism of this pathology. 

The medial septum-diagonal band of Broca complex
(MSDB) is one of two hippocampal inputs and it plays a very 
important role in the regulation of activity and excitability 
of the hippocampus in a healthy brain (Buzsaki et al. 1989; 
Vinogradova 2001). The interrelations between these two
structures have been intensively studied in the healthy brain 
(Dutar et al. 1995; Leranth and Hajszan 2007) but are poorly 
understood in neurodegenerative diseases. 

We have recently shown that in animals with a model of 
TLE, substantial changes in the field potentials of MSDB
and septohippocampal relationships occur in vivo (Popova 
et al. 2008). Both in vitro and in vivo studies revealed that 
the general level of the neuronal activity and cell oscillations 
in MSDB abruptly is enhanced in TLE compared to the 
control (Colom et al. 2006; Malkov et al. 2008; Kitchigina 
and Butuzova 2009). These facts indicate a weakening of
the intraseptal inhibitory processes and the reorganiza-
tion of the MSDB neuronal network in epilepsy. There
is evidence from in vivo experiments indicating that the 
subcortical deafferentation results in the appearance of
interictal spikes in the hippocampus and in increase in the 
propensity to seizures (Buzsaki et al. 1989). It was suggested 
that the removal of the tonic inhibitory influence from the
subcortical input allows the extreme synchronization in 
the entorhinal-hippocampal-entorhinal cortex circuitry. 
Subsequently it was shown that epileptiform activity in the 
hippocampus occurs as a result of a repeated blockade of 
GABAA receptors in the medial septal region (Butuzova 
and Kitchigina 2008). 
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The inhibitory control of the activity of various neuronal
populations of MSDB (GABAergic, cholinergic, and glutama-
tergic) is mainly carried out by the internal GABAergic system 
(Henderson et al. 2001, 2004). It is proposed that GABAergic 
neurons are responsible for the synchronization of the activity 
of septal neurons (Vinogradova et al. 1998) and are critical for 
the theta rhythm generation (Brazhnik 2004; Hajos et al. 2004). 
Projection GABAergic cells of the MSDB form the pathways 
to the hippocampus and the entorhinal cortex (Leranth et al. 
1999; Frotcher et al. 2001; Henderson et al. 2001); since they 
terminate on particular subpopulations of inhibitory cells 
in these structures, they likely play an important role in the 
organization of both the hippocampal and neocortical activity. 
However, it is unknown at present what functional changes 
the GABAergic system of the MSDB undergoes in epilepsy. 
It was only shown that the epileptogenesis leads to a partial 
death of GABAergic neurons in the MSDB (Garrido-Sanabria 
et al. 2006). The disturbance of GABAergic communications
can not only change intraseptal neuron-neuron interactions 
but also contribute to the development of pathological activ-
ity in the hippocampus and entorhinal cortex. The goal of the
present work was to study the GABAergic modulation of the 
activity of septal neurons in the brains of guinea pigs with 
a model of TLE. 

Materials and Methods

Animals 

The experiments were carried out in accordance with the
National Institutes of Health “Guide for the Care and Use 
of Laboratory Animals”. Two groups of guinea pigs Cavia 
porcellus (weight 600–700 g) were used: control (n = 5) and 
epileptic (n = 6). The model of chronic TLE was created by
intrahippocampal kainic acid injection (see below). The
development of epilepsy was controlled by an electrode 
implanted into the hippocampus.

Surgery procedures and in vivo manipulations 

Animals were injected with atropine (0.04 mg/kg, s.c.) and 
then anesthetized with Nembutal (40 mg/kg, i.p.). A guide 
cannula for the introduction of kainic acid (placed along 
rostrocaudal axis (AP) at 5.8 mm from the reference point, 
along lateral axis (L) at 7.0 mm, and along vertical axis (H) 
at 5.5 mm) and an electrode for recording of EEG in the 
CA1 field (АР = 6.6 mm, L = 3.0 mm, Н = 5.0 mm; con-
tralaterally) were implanted into the hippocampus along 
the stereotaxic coordinates (Rapisarda and Bacchelli 1977). 
Recording electrodes were made of insulated nichrome 
microwire (150 μm). The reference electrode was screwed
into the occipital bone. 

Four days after the operation, kainic acid (0.6 μg/0.3
μl) was injected unilaterally into the ventral hippocampus 
through the cannula by a Hamilton microsyringe (Bragin 
et al. 1999; Mal’kov et al. 2008). The syringe needle was
extended 4 mm beyond the cannula. Five to seven minutes 
after the injection of kainic acid, status epilepticus developed. 
Behavioral seizures spontaneously terminated 3–4 h after
the injection. The animals of the control group were injected
with a physiological solution. 

For the electrophysiological control of epileptogenesis, 
EEGs were recorded, amplified, filtered (bandpass from 0.1
to 100 kHz, sampling rate 6 kHz), and stored using a software
program developed in-house. Three months after the injec-
tion of kainic acid, animals with the signs of a developed 
epileptic focus (high-amplitude seizure discharges in EEG) 
were taken in the experiment. 

In vitro experiments 

The spontaneous MSDB unit activity was recorded extracel-
lularly across the whole structure in slices. The preparation
and incubation of slices were performed by standard meth-
ods. Animals were decapitated using a special guillotine, the 
brain was isolated and placed on an agar-agar block, and 
frontal sections 300 μm thick containing MSDB were pre-
pared in a cooled (5°C) oxygenated incubation solution using 
a vibrotome. Slices were incubated for 1 h in a thermostated 
chamber (30–31°C) after which the electrical activity of
MSDB neurons was recorded. The rate of the delivery of the
solution was 4 ml/min. The incubation solution contained
(in mmol/l): NaCl 124, KCl 5, KH2PO4 1.25, NaHCO3 26, 
MgSO4 1.3, CaCl2 2.4, glucose 10 (pH 7.4). The incubation
solution without CaCl2 and with a high (up to 8 mmol/l) 
content of Mg2SO4 was used for blocking the synaptic 
transmission in slices to detect the pacemaker potential in 
neurons. The effects of GABA (the final concentration in 
the medium was 1 mmol/l; Sigma Aldrich) and the block-
ers of GABAA and GABAB receptors picrotoxin (1 mmol/l; 
Sigma Aldrich) and phaclofen (0.4 mmol/l; Sigma Aldrich) 
were tested. 

The neuronal activity was recorded using insulated
tungsten microelectrodes (diameter of the electrode tip 
1–3 μm, impedance in physiological solution from 0.7 to 2 
MΩ). Neuron discharges were amplified using a specially
made amplifier of biopotentials (input resistance 150 MΩ;
bandpass 30–100 kHz, sampling rate 6 kHz). Records were 
stored using a software program developed in-house.

Data analysis 

For the analysis of the level and the pattern of neuronal 
activity, histograms of interpulse intervals were plotted, 
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and the mean frequency and the coefficient of variation
(CV) were determined. According to the activity pattern, 
the neurons were divided into three groups: cells with 
regular, irregular, and rhythmic bursting activity (Fig. 
1A). Neurons with regular activity were characterized by 
a narrow Gaussian distribution of interneuron intervals 
(CV < 0.4). For neurons showing an irregular pattern of 
discharges, the Poisson distribution of interspike intervals 
with CV > 0.4 was typical. The neurons in the third group
had bimodal histograms of interspike intervals (CV was 
not calculated in this case). The activity of rhythmic burst
neurons was analyzed by plotting autocorrelation and 
spectral density histograms; additionally, the frequency and 
duration of bursts and the number of impulses in a burst 
were estimated. 

The differences in the parameters of activity between
control and epileptic animals were determined using the 
Student’s t-test. The differences at p < 0.05 were considered 
to be significant.

Results 

Background activity 

Control animals

In the control group, 43 spontaneously active MSDB neu-
rons were recorded. The average rate of neuronal discharges
was 9.0 ± 0.96 imp/s. According to the activity pattern (Fig. 
1A), the neurons were divided into regular (n = 24; 55.8%), 
irregular (n = 15; 34.9%), and rhythmic bursting (n = 4; 
9.3%) groups (Fig. 1C), with the average rate of activity be-
ing 9.6 ± 1.2, 6.2 ± 1.3, and 15.7 ± 4.3 imp/s, respectively. 
The frequency of oscillations was in the range from 0.58 to
1.71 Hz (1.1 ± 0.26 Hz on the average). After the blockade of
synaptic transmission, half of burst cells (n = 2) retained the 
activity, indicating the endogenic origin of their discharges. 
In addition, several neurons with regular (n = 4) and irregu-
lar (n = 3) discharges began to exhibit the bursting pattern; 

Figure 1. Background activity of medial septum neurons in brain sections of control and epileptic guinea pigs. A. Examples of dif-
ferent patterns of discharges. B. Average frequency of neuron discharges. С. Distribution of neurons with respect to the pattern of 
discharges. * p < 0.05.
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i. e., under these conditions, the endogenous nature of their 
activity were unmasked. Thus, endogenous burst pacemak-
ers in MSDB accounted for 20.9% of the whole neuronal 
population (9 out of 43 cells). 

Animals with a model of TLE

In animals with a model of TLE, 48 spontaneously active 
MSDB neurons with an average frequency of discharges of 
17.1 ± 1.63 imp/s were recorded, which is twice the value 
in control animals (p < 0.01; Fig. 1B). The distribution of
cells with respect to the activity pattern also changed: 44% 
of cells exhibited the regular activity (n = 21), 31% of neu-
rons showed irregular activity (n = 15), and 25% of cells 
showed rhythmic bursting activity (n = 12) (Fig. 1С). The
level of spontaneous activity in these groups was 16.5 ± 1.8, 
16.9 ± 3.9, and 18.3 ± 3.5 imp/s, respectively. A comparative 
analysis of the average frequency of discharges in these 
groups showed that the increase in the total level of the 
activity in the septal area in the brain of animals with the 
model TLE was mainly due to an increase in the frequency of 
discharges of cells with the single-spike regular and irregular 
activities. In addition, the number of neurons with spontane-

ous burst discharges in the brain of animals with model TLE 
substantially increased (25%) as compared with the control 
(9.3%, Fig. 1С). Bursts followed with an average frequency of 
1.52 ± 0.34 Hz (in the frequency range 0.11–3.53 Hz), which 
differed insignificantly from the control group.

Under the blockade of synaptic transmission, some burst 
neurons (9/13) retained rhythmic discharges, indicating the 
endogenous (pacemaker) nature of this activity. One neuron 
with originally irregular activity showed a bursting pattern of 
discharges. Thus, the total number of endogenous bursting
pacemakers was 10 out of 47 neurons (21%), which correspond 
to the number of bursting pacemakers in the control brain.

As a result we have revealed the increase of the level of 
spontaneous activity and significant augmentation of neu-
ronal oscillations in epileptic brain.

Effects of GABA

Control animals

The application of GABA led to reversible changes in the
average frequency of discharges of all MSDB neurons. 
GABA had an inhibitory effect on most neurons (Fig. 2).

Figure 2. Responses of medial septum neurons to the application of drugs in control and epileptic animals: distribution of neurons with respect to 
the pattern of response (upper row of histograms) and relative changes in the frequency of discharges in neurons showing activation and inhibi-
tory responses (lower row). The dotted line shows the level of response to the application of GABA in control animals. * p < 0.05; ** p < 0.01.
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The frequency of discharges decreased by the average of 49%
(from 5.7 ± 0.82 to 3.14 ± 0.7 imp/s, p < 0.05). In 37.2% of 
cells (16/43), the activity was completely blocked. In a small 
group of cells (9.3%, 4/43), this inhibitory transmitter elicited 
activation responses (Fig. 2). The frequency of firing of these

neurons increased by the average of 36% and was 11.8 ± 4.16 
imp/s as compared with 8.7 ± 2.8 in the control (p < 0.1). 
The application of GABA led to the inhibition of the oscil-
latory activity in the MSDB (Table 1). The total number of
cells with the burst pattern decreased by one half, and the  

Table 1. GABAergic modulation of the activity of MSDB burst neurons 

Number of burst neurons Burst frequency (Hz)

Control Epilepsy Control Epilepsy

Background 4 (100%) 13 (100%) 1.1 ± 0.26 1.52 ± 0.34

GABA 2 (50%) 3 (23%) 0.19 ± 0.01* 3.77 ± 1.73**

Blockers 9 (225%) 12 (92%) 1.11 ± 0.26 1.91 ± 0.5

GABA + blockers 8 (200%) 5 (39%) 1.23 ± 0.26 2.26 ± 0.67

MSDB, medial septum-diagonal band of Broca complex. * p < 0.05, ** p < 0.01 vs. background. 

Figure 3. GABAergic modulation of burst activity of the medial septum neurons. А. Influence of GABA on the activity of MS neurons depend-
ing on whether these neurons possess the pacemaker properties. B. Changes in the bursting activity by the action of GABA and the blockers of 
GABA receptors in the control and epileptic brain. Above each record, an autocorrelation histogram is given; bin 20 ms, total time 1000 ms.
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average frequency of discharges was reduced to 0.19 ± 0.01 
Hz. It should be noted that a large portion of the initially 
bursting neurons (3/4) switched to the non-bursting re-
gime in response to GABA, and one neuron with the 
irregular activity exhibited rhythmic bursts. It should be 
emphasized that neurons exhibiting the bursting pattern 
in response to GABA (n = 2) were endogenous pacemak-
ers (Fig. 3A). 

Animals with a model of TLE

GABA had an effect on 95.6% of neurons (45/47); almost
all of them (44/45) responded to the application of GABA 
with inhibitory reactions, irrespective of the activity pat-
tern of the neurons (Fig. 2). The decrease in the discharge
frequency was significantly stronger compared with the
control, by an average of 76% (from 16.0 ± 1.57 to 3.9 ± 0.75 
imp/s; p < 0.01). In 38% of cells (18/47), the activity was 
completely blocked. While the inhibitory responses to 
GABA in animals with model TLE were enhanced, the 
few activation responses practically disappeared. In only 
one neuron (2%, 1/47), the application of GABA led to an 
increase in the frequency of spontaneous discharged by 
34.6% (Fig. 2). 

GABA elicited substantial changes in the oscillatory ac-
tivity in MSDB. As in the control, the total number of cells 
with the burst discharge pattern was reduced. However, 
the decrease was more dramatic: fourfold compared with 
the twofold decrease in the control (Table 1). Interestingly, 
in neurons that retained the bursting activity under these 
conditions, the frequency of rhythmic bursts increased to 
3.77 ± 1.73 Hz (p < 0.01). As in the control group, the burst 
pattern of activity in response to GABA was observed only 
in pacemaker neurons (Fig. 3A). 

The data indicates increase of inhibitory neuronal reac-
tions to GABA in the model of TLE.

Influence of the antagonists of GABAA and GABAB 
receptors

Control animals

A simultaneous blockade of GABAA and GABAB receptors 
by picrotoxin and phaclofen changed the activity of 93% of 
MSDB cells (Fig. 2). In most neurons (86%, 37/43), the firing
frequency increased on the average by 34% (from 8.3 ± 1.2 
to 11.1 ± 1.4 imp/s in these cells; p < 0.01). A small group of 
neurons (7%, 3/43) responded to the blockers with a decrease 
in the frequency of discharges by 42% (from 3.17 ± 0.93 to 
2.38 ± 0.66 imp/s, p < 0.1). An abrupt increase in the number 
of neurons with the bursting activity was observed under 
the blockade of GABAergic receptors (Table 1); the burst 
frequency did not change as compared to the background 

and was 1.11 ± 0.26 Hz. The increase in the number of burst
cells was due to the involvement of neurons with an irregular 
activity pattern. 

Animals with a model of TLE

In the brains of the epileptic animals, only 69.5% of neu-
rons (25/36) responded to the blockers of GABAA and 
GABAB receptors, which is considerably less than in the 
brains of the control animals. The number of both activa-
tion and inhibitory responses to the blockers changed. The
number of neurons responding to activation decreased 
(39%, 14/36) although the level of activation increased as 
compared to the control group (the frequency of discharges 
increased by 42%, from 10.55 ± 2.24 to 15.1 ± 2.59 imp/s; 
p < 0.05). At the same time, the number of neurons in 
which activity was inhibited under the blockade of GABA 
receptors increased (30.5%, 11/36); the frequency of dis-
charges decreased by 45% (from 19.23 ± 5.14 to 9.79 ± 3.16 
imp/s; p < 0.01). 

The oscillatory activity of MSDB neurons was not changed
by the action of the blockers. The number of burst cells and
the frequency of bursts did not significantly differ from the
background values (Table 1). 

Thus in epileptic brain (compared to control), the
antagonists failed to modulate neuronal discharges of sig-
nificantly large number of septal neurons, including burst
firing cells.

Influence of GABA under the blockade of GABAA and
GABAB receptors

Control animals

The blockers of GABAergic receptors attenuated the inhibi-
tory effects of GABA. Although the number of neurons
with inhibitory responses was reduced insignificantly
(to 84%) compared to the application of GABA alone, 
the degree of manifestation of these reactions decreased 
twofold: the frequency of discharges declined by 26% 
(from 9.68 ± 1.41 to 7.13 ± 1.1 imp/s) as compared with 
49% by the action of GABA (p < 0.1) (Fig. 2). Moreover, 
the number of activating neurons increased twofold (16%, 
7/43). The frequency of discharges in this group of cells
increased on the average by 22.2%, from 9.73 ± 1.98 to 
11.81 ± 2.44 imp/s (p < 0.05). 

GABA applied in the presence of the blockers of GABAer-
gic receptors increased the number of neurons with the 
bursting activity twofold compared to the background value, 
with the average frequency of discharges being unchanged 
(Table 1). This increase was due to the involvement of
neurons with an irregular activity pattern. Thus, since the
effects of GABA applied simultaneously with the blockers
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completely corresponded to the action of blockers used 
separately, it can be concluded that the blockers completely 
eliminated the effect of GABA on the oscillatory activity of
septal neurons (Fig. 3B). 

Animals with a model of TLE

In animals with a model of TLE, the blockers of GABAA 
and GABAB receptors insignificantly weakened the effects of
GABA (Fig. 2, 4). The frequency of discharges decreased in
97% of cells (35/36) by the average of 67% (from 16.9 ± 1.74 
to 5.57 ± 1.2 imp/s; p < 0.01); 44% of neurons completely lost 
the activity. In only one neuron, the frequency of discharges 
increased by 51%. 

After the application of GABA in the presence of the
blockers of GABA receptors, the total number of neurons 
with the bursting pattern of discharges was 39% as compared 
to the background level, and the average frequency of bursts 
sharply increased (Table 1). In a number of originally burst-
ing neurons (9/13), the disturbance of the bursting pattern 

after the application of GABA in the presence of the blockers
was observed. One neuron with irregular discharges began 
to exhibit the rhythmic bursting activity. 

Thus, in the epileptic brain, the blockers at the concen-
trations used lowered the inhibitory effect of GABA on the
oscillatory activity of MSDB neurons but did not completely 
eliminate it. Overall efficacy of the antagonists was noticeably
lower compared to the control.

Effect of GABA in the presence of higher concentrations
of the blockers of GABAA and GABAB receptors

Animals with a model of TLE

Because the concentration of the blockers used in the con-
trol was ineffective in experiments on the epileptic brain,
we increased the concentration of the blockers twofold and 
examined how it affected the activity of some neurons (n = 8) 
(Fig.4). GABA produced an inhibitory action on their activ-
ity: two out of eight cells completely lost the activity, and the 

Figure 4. Shifts of the spontaneous activity in medial septum neurons from control and epileptic brain under the influence of GABA alone
and under the blockade of GABAA and GABAB receptors. Records of the spontaneous activity integrated for periods of 10 s, calibration 
time 60 s. The time of the agent application is shown by a line under the X-axis.
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frequency of discharges in six units decreased by 58% (from 
19.84 ± 5.0 to 9.17 ± 3.29 imp/s; p < 0.05). The blockers ap-
plied alone increased the frequency of discharges in half the 
cells (4/8) by 21% (from 17.8 ± 5.7 to 21.4 ± 7.84 imp/s; p < 
0.1); the activity of the other cells did not change. GABA in 
the presence of the higher concentrations of blockers did not 
completely suppress the activity of any of the neurons: the 
frequency of discharges in seven out of eight cells decreased 
by 48% (from 26.6 ± 3.84 to 13.74 ± 3.29 imp/s, p < 0.05), 
and the activity in one neuron even increased by 36%. In 
this series of experiments, no neuron with bursting activity 
was registered. 

Thus, the blockers at the increased concentration were
more effective at eliminating the effect of GABA but did not
abolish it completely. 

Discussion 

GABAergic modulation of neuronal activity in MSDB of 
epileptic animals 

The study showed that the spontaneous activity of septal neu-
rons and their reactions to GABAergic substances in animals 
with a model of TLE changed sharply compared to healthy 
ones. The frequency of discharges of MSDB neurons increased
almost twofold, indicating a weakening of inhibitory proc-
esses in MSDB of these animals. This can be due to a partial
loss of GABAergic septal neurons in the epileptic brain (Gar-
rido-Sanabria et al. 2006), which control the excitability of all 
neuronal MSDB populations. Moreover, the decrease in the 
number of inhibitory cells in the MSDB may lead to increase 
of the activating influence within this structure.

In the epileptic brain, the number of MSDB neurons that 
responded to the application of GABA was nearly equal to 
that in the control. However, the inhibitory responses to 
GABA were markedly enhanced compared with those in 
healthy animals. The enhancement of inhibitory responses of
septal neurons to GABA can be explained by compensatory 
changes (an increase in the density of GABAergic receptors 
and/or their affinity) as consequence of the death of a portion
of septal GABAergic neurons. This assumption is confirmed
by the data on changes in the subunit composition of GABA 
receptors in the MSDB of animals with a model of penty-
lenetetrazole-induced kindling (Follesa et al. 1999), which 
may affect the sensitivity of these receptors.

The assumption about changes in the properties of 
GABA receptors is evidenced not only by the enhance-
ment of inhibitory responses but also by the lower efficacy 
of the action of GABA receptor blockers on septal neu-
rons. The inhibitory responses to GABA applied against 
the background of the blockade of GABAA and GABAB 
receptors were retained in almost all cells. A twofold 

increase in the concentration of the blockers was more 
effective; however, it did not completely abolish the effect 
of GABA. These facts indicate changes in the structure 
and/or properties of specific binding sites of the blockers. 
A similar disturbance of the function of GABA receptors 
in epilepsy has been demonstrated earlier on neurons of 
other brain structures. Thus, it was found that in the brain 
of a human with TLE, changes in the expression of α1-and 
γ2-subunits in the hippocampus and basal ganglia take 
place, which leads to the disturbance of the dynamics of 
the interaction of receptors with GABA (Kanaumi et al. 
2006). On the other hand, the mutations of the GABAA 
receptor that cause generalized seizures in humans and 
animals induce changes in the binding of allosteric 
modulators of GABA receptors in the cingular cortex and 
hippocampus (Fedi et al. 2006). 

While the inhibitory responses to GABA in the brain of 
animals with a model of TLE were enhanced, minor activa-
tion responses practically disappeared. In control animals, 
the occurrence of activation responses to GABA is likely due 
to the disinhibition of neurons caused by the suppression of 
the activity of inhibitory cells projecting to these units. The
disappearance of activation responses in the epileptic brain 
may be related to the disruption of GABAergic communica-
tions that provide these responses. 

GABAergic modulation of the oscillatory activity in MSDB 
in epilepsy 

In many studies of the MSDB, special emphasis is placed on 
the analysis of oscillatory activity since this structure plays 
a key role in the generation of the hippocampal theta rhythm 
and therefore plays an important role in the processing of 
information, attention, and memory. The synchronization of
the activity of a greater portion of the neuronal population 
in MSDB and the formation of theta-oscillations in response 
to the entry of significant afferent stimuli are provided by
the GABAergic system (Vinogradova et al. 1998; Wu et al. 
2000; Borhegyi et al. 2004; Varga et al. 2008). 

The results obtained in this study showed that in MSDB of
the epileptic brain, dramatic changes in the oscillatory activ-
ity of neurons occur: the number of burst neurons increases 
threefold as compared with the control. This may be caused by
a reduction of the powerful inhibitory control of the activity of 
burst cells, which likely exists in the healthy brain. Presumably, 
this decrease is associated with the reorganization of the in-
traseptal network during the epileptogenesis (due to the death 
of GABAergic neurons; see Garrido-Sanabria et al. 2006) and 
the enhancement of the activating influence, which results in
the unmasking of the oscillatory activity. The enhancement
of the oscillatory activity in MSDB could also be related to an 
increase in the ability of survived burst pacemakers to involve 
other neurons into the burst activity. 
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In contrast, the efficacy of the action of GABA on rhythmic
neurons of the MSDB of epileptic animals sharply increased. 
Thus, under the influence of GABA, the number of neurons
with the bursting activity in animals with model TLE de-
creased fourfold whereas in the control it decreased only 
twofold. It should be noted that only pacemaker cells exhib-
ited the bursting pattern in response to GABA. Interestingly, 
whereas the average frequency of bursts in the control group 
decreased in response to GABA, the frequency in epileptic 
animals sharply increased. This increase was due to increased
rhythmicity in one fourth of cells with an initially high fre-
quency of bursts, whereas in the other burst neurons an in-
hibition of the rhythmic activity similar to that in the control 
group was observed. This fact indicates that in epilepsy, the
sensitivity of a portion of pacemaker neurons to the GABA 
radically changes. This may occur due to changes of both
their own oscillatory properties and neuronal interactions 
in MSDB. Thus, the manipulation with GABAergic receptors
allowed us to reveal a specific group of burst pacemakers in
MSDB that presumably are responsible for changes in the 
functioning of the septal oscillator in the epileptic brain. 

The blockade of GABAergic receptors in control animals
led to a sharp increase in the number of septal neurons with 
rhythmic activity, which is evidence of the tonic GABAergic 
control of the oscillatory activity in the MSDB. In epileptic 
animals, the blockers did not affect the number of burst
neurons, indicating a disturbance of the tonic GABAergic 
influence. These facts confirm the above assumption about
the decrease of inhibitory control of oscillatory activity in 
the brain of animals with model of TLE. Interestingly, the 
antagonists of GABAergic receptors did not affect the fre-
quency of bursts in the brains of both control and epileptic 
animals. Presumably, GABAergic receptors responsible for 
the formation of tonic effects do not directly participate in
the regulation of frequency of rhythmic activity. 

The application of GABA under the blockade of GABAA 
and GABAB receptors showed that the blockers eliminate the 
action of GABA on the rhythmic activity of septal neurons in 
the normal brain, whereas in the epileptic brain they become 
almost inefficient. These data confirm the assumption that the 
sharp decrease in the efficiency of GABA blockers is due to
a strong increase in the number and/or affinity of GABAergic
receptors. Thus, the results obtained showed that the GABAer-
gic system in MSDB is of importance in the control of not 
only the level of neuronal activity but also the magnitude of 
rhythmic oscillations in the neuronal network. 

Functional changes of the GABAergic system of MSDB in 
the epileptic brain 

The GABAergic system plays a very important role in the
functioning of the MSDB in the normal brain. It is repre-
sented by projecting and local neurons, which form a dense 

network in the central part of the MSDB (Alreja et al. 2000; 
Wu et al. 2003; Henderson et al. 2004). 

Projecting GABAergic neurons form synapses on the 
inhibitory hippocampal interneurons (Frotcher and Leranth 
1985; Freund and Antal 1988; Jones et al. 1999; Gartner et 
al. 2001; Henderson et al. 2001). A particular group of hip-
pocampal GABAergic neurons in turn contacts MSDB cells 
through descending pathways (Toth et al. 1993; Gulyas et al. 
2003) to form a GABAergic inhibitory septohippocampal 
“loop”. Local GABAergic neurons of the MSDB presum-
ably control the activity of projecting cells of a different
biochemical nature (Leranth et al. 1992; Toth et al. 1993; 
Armstrong and MacVicar 2001; Henderson et al. 2001). The
data obtained in the experiments on the normal brain con-
firm the view that the GABAergic system exercises a strong
control of the neuronal activity in the MSDB since GABA 
inhibited spontaneous discharges in most of the cells, and 
the frequency of discharges increased under the blockade 
of GABAergic receptors. It should be noted that there is no 
correlation between the pattern of spontaneous activity of 
neurons and their response to GABA; this is consistent with 
the electron microscopy data on the connections between 
inhibitory interneurons and cells of different chemical nature
in MSDB (Henderson et al. 2001). The data obtained in the
present study showed for the first time the functional changes
of the GABAergic system in the MSDB of the epileptic brain. 
We found that GABAergic interactions are a critical factor 
in the regulation of not only the level of activity but also the 
oscillatory properties of MSDB neurons. 

It is possible that the increase in the number of neurons 
operating in the rhythmic mode in the MSDB of the epi-
leptic brain is of adaptive significance; thus, it was shown
that theta-oscillations fulfill the protective function in the
animals with the models of TLE (Miller et al. 1994; Ferencz 
et al. 2001; Colom et al. 2006; Kitchigina and Butuzova 
2009). The results of the study give a deeper insight into
the mechanisms of epileptogenesis and contribute to the 
development of new approaches to the treatment of TLE. 
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