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1. Summary 

Lateral amygdala (LA) projection neurons (PNs) are critically involved in temporal lobe 

epilepsy (TLE); however, their precise contribution to the development and 

maintenance of epilepsy are not fully understood. 

The present study was aimed to investigate the hypothesis that glutamatergic 

mechanisms are altered during the course of seizure development in TLE. For this 

purpose, the pilocarpine mouse model of TLE was used and intrinsic and synaptic 

properties of LA PNs were analyzed in relation to epileptic seizure activity. The 

pilocarpine mouse model of TLE was chosen because of its similar pathological features 

with human TLE. LA PNs were electrophysiologically analyzed using the whole-cell 

version of the patch-clamp technique in an attempt to shed light onto their role in 

seizure generation and maintenance. 

Their intrinsic properties were analyzed in a first step and their synaptic mechanisms in 

a second step during various stages of seizures development. Properties were analyzed 

using slice preparation of the LA in vitro prepared in the latent phase (No observed 

Seizures, NS) and in the recurrent phase of TLE (Spontaneous Recurrent Seizures, 

SRS). Properties were compared with those after saline injection in age-matched mice 

(controls). The final step consisted of morphological verification of the nature of the 

recorded neurons. 

Data obtained from the analysis of intrinsic properties revealed only mild alterations of 

LA PNs during seizure development and maintenance. However, analysis of their 

synaptic properties revealed an imbalance between excitation and inhibition associated 

with epileptic seizure development. There was a differential increase in frequency of 

spontaneous and miniature excitatory synaptic events during the latent and the recurrent 

phases. Indeed, analysis indicated a presynaptic versus postsynaptic origin during the 

latent and recurrent phases, respectively. Additionally, changes were sensitive to the 
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NMDA-receptor antagonist AP5 but not to the AMPA-receptor antagonist NBQX, 

suggesting an implication of NMDA receptors. In addition, inhibitory synaptic activity 

also displayed changes. There was an increase in the amplitude of spontaneous 

inhibitory events, most likely of postsynaptic origin since the frequency was not altered, 

in LA PNs from the mice which were in the latent phase when compared to age-

matched Saline controls. This increase was not visible in mice which were in the 

recurrent phase of TLE  

This study indicates about TLE, that: a) dynamic changes in the glutamatergic 

transmission occur during seizure development and SRS, respectively relating to 

spontaneous and miniature excitatory synaptic activity b) NMDA receptors are 

differentially implicated in these changes during the two considered phases of epilepsy, 

c) postsynaptic increase in the amplitude of spontaneous inhibitory synaptic events 

takes place selectively during the latent phase of epilepsy d) the excitation/inhibition 

ratio is skewed towards higher excitation levels during its development and 

maintenance phase. 

Because TLE challenges scientists by its high frequency, impairment of patients’ 

quality of life, and highly frequent intractability, an understanding of the synaptic 

mechanisms implicated during the course of seizure development in TLE may 

contribute to increase the efficacy of pharmacological treatment.  
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2. Introduction 

2.1 Temporal lobe epilepsy 

Epilepsy is a common neurological disorder in which the patient experiences recurrent 

unprovoked and unpredictable seizures. Seizures are characterized by a sudden highly 

synchronized over-activity, an “electrical surge”, of at least one part of the brain 

networks, leading in some cases to unconsciousness. Among the different types of 

epilepsy, TLE is the most common adult type of refractory focal epilepsy (Avoli et al., 

2002; Morimoto et al., 2004; Aroniadou-Anderjaska et al., 2008). In TLE, seizures have 

their focus within the temporal lobe. The temporal lobe is a region in the brain including 

among others the amygdala, the hippocampal formation, the entorhinal cortex, the 

piriform cortex and the insular cortex. During the seizures, or ictal state, ictal discharges 

can thus be observed on the electroencephalogram traces recorded from the patients’ 

temporal lobe (Fig. 1). 

TLE challenges scientists by its high frequency (Engel, 1989), impairment of patients’ 

quality of life, and highly frequent intractability. It is refractory to treatment in 40% to 

80% of the cases (Semah et al., 1998; DeLanerolle and Lee, 2005; Aroniadou-

Anderjaska et al., 2008). 

Fig. 1: Extract of an electroencephalogram from the amygdala and the hippocampus showing the onset of 

a temporolimbic seizure in a patient. Typical spike and wave discharges are visible in the hippocampus 

and seem to drive slowly the amygdala to high amplitude high frequency spiking. Adapted from Ryvlin, 

2006. 
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2.2 Importance of the amygdala in TLE 

2.2.1 Normal function of the amygdala 

The amygdala is responsible for the integration of environmental information with one’s 

previous life experiences, leading to appropriate emotional evaluation and, as a direct 

consequence, to the corresponding autonomic response by activation of downstream 

structures conducting to changes in hormones levels, blood pressure, activation of the 

motor system, etc. (Sah et al., 2003; LeDoux in www.cns.nyu.edu/ledoux/Slid_show.htm). An 

example of such a response would be to run away when one is confronted with a life 

threatening situation (Fig. 2). Such a controlling role can be achieved by the numerous 

inter-connections that the amygdala has with other brain structures. Notably, the 

amygdala receives inputs from and sends outputs to many cortical regions, the 

thalamus, the hippocampus, the hypothalamus, the basal forebrain and the brainstem.  
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Fig. 2: Schematic representation of a danger situation and the appropriated bodily responses triggered by 

the amygdala. The information follows two separate ways to reach the amygdala. The first, fast and 

imprecise way, goes from the eyes to the visual thalamus and directly to the amygdala. The second, slower 

but precise way, involves the visual cortex before reaching the amygdala. Once the visual information 

reaches the amygdala, it is treated according to already present forms of memory and the appropriated 

bodily response is triggered by activation of downstream effectors: increased heart rate, increased blood 

pressure, muscle activity for fight or flight. Adapted from LeDoux, in LeDoux Lab in 

www.cns.nyu.edu/ledoux/Slid_show.htm. 

 

2.2.2 Evidence for abnormal function of the amygdala in TLE 

It is well accepted that the amygdala is the structure responsible for the different 

manifestations of fear (reviewed in LeDoux, 2000). The amygdala is also related to the 

aversive sensations in epileptic patients at ictal and interictal states as now widely 

demonstrated in numerous experiments including human studies (Gloor, 1992; Biraben 

et al., 2001; Rauch et al., 2003; Beyenburg et al., 2005). Indeed, fear, depression and 
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anxiety-related behaviors are common comorbidities of TLE (Gloor, 1992; Piazzini et 

al., 2001; Marsch and Rao, 2002; Beyenburg et al., 2005).  

Depth electrode explorations in patients with refractory TLE revealed an involvement of 

the amygdala in 32% of the focal seizures and in 92% of the regional seizures (Quesnay, 

1986). Furthermore, histological examination demonstrated neuronal loss and gliosis 

also in the absence of hippocampal sclerosis (Pitkänen et al., 1998). The amygdala from 

TLE patients, most frequently on the same side than the epileptic focus, shrinks from 

10% to 57% (reviewed in Pitkänen et al., 1998; Aroniadou-Anderjaska et al., 2008). 

The importance of the amygdala in the common comorbidities of TLE was evidenced 

for instance by a decreased volume of the amygdala in TLE patients which was much 

more pronounced in those patients who were experiencing fear during the ictal state 

(Cendes et al., 1994). Additionally, aversive reactions have also been observed in 

animal studies of TLE (Amaral, 2002; Szyndler et al., 2005). 

Among the different subnuclei of the amygdala, the lateral (LA) and basal (BA) nuclei 

displayed the most severe histochemical (Yilmazer-Hanke et al., 2000) and 

morphological (Aliashkevich et al., 2003) alterations. Damages were similarly located 

in animal models of TLE (Tuuanen et al., 1996; Aroniadou-Anderjaska et al., 2008). 

Importantly, these two subnuclei, LA and BA, are responsible for most of the 

projections from the amygdala to the hippocampal and parahippocampal areas (Pitkänen 

et al., 2000), which are also involved in seizure generation and spread (reviewed in 

Sloviter, 1996; Avoli et al., 2002; Morimoto et al., 2004; Sharma et al., 2007).  

 

2.3 Anatomy and physiology of the amygdala 

2.3.1 Anatomy of the amygdala 

The amygdala is an almond shaped structure composed of a heterogeneous ensemble of 

numerous interconnected nuclei buried deep within the mediotemporal lobe (Fig. 3). 
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Nuclei are characterized by distinct neuronal populations and exhibit different separated 

connections. With regards to the connections, these nuclei are not only interconnected 

between each other, they are also extensively connected with other brain regions.  

The amygdala is usually divided into three major components (see Pitkänen and 

Amaral, 1998; Sah and al., 2003; Knapska et al., 2007 for review):  

- The basolateral complex: BLA, itself composed of three nuclei, the lateral nucleus, the 

basal nucleus (BA) and the accessory basal nucleus (AB). 

- The centromedial nuclei: CE, composed of both central and medial nuclei as well as of 

the amygdaloid part of the bed nucleus of stria terminalis 

- The cortical-like nuclei: represented by the cortical-like nuclei comprising the anterior 

and posterior cortical nuclei, the nucleus of the olfactory tract and the periamygdaloid 

cortex.  

The LA is the main input station for sensory information to the amygdala. Sensory 

information is then sent to the other divisions of the amygdala, where it can be 

associated with inputs from other functional brain systems. Outputs from the amygdala 

will affect in the end four different systems: the motor system, the temporal lobe 

memory system, the autonomic system and the endocrine system. 
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Fig. 3: Anatomical organization of the amygdala, nuclear divisions and subdivisions. AB: accessory basal 

nucleus, Bi: intermediate subdivisions of the basal nucleus, Bmc: magnocellular subdivisions of the basal 

nucleus, Bpc: parvocellular subdivision of the basal nucleus, CEc: capsular subdivision of the central 

nucleus, CEl: lateral subdivision of the central nucleus, CEm: medial subdivision of the central nucleus, LA: 

lateral nucleus of the amygdala, Ldl: lateral subdivision of the lateral nucleus, Lm: medial subdivision of the 

lateral nucleus, Lvl: ventrolateral subdivision of the lateral nucleus. Adapted from Pitkänen et al., 1998. 

 

 

2.3.2 Different types of cells 

Neurons of the amygdala are classified as PNs and interneurons according to their 

expression of different electrophysiological and molecular markers. PNs are the main 

excitatory neurons, while interneurons are the inhibitory neurons and act in the closed 

circuit of their respective nucleus. 

2.3.3 Intrinsic properties of amygdalar neurons 

2.3.3.1 Projection neurons 

PNs have a relatively hyperpolarized resting membrane potential (Vrest) and do not show 

spontaneous activity at this potential. They fire relatively broad action potentials in 

response to current injection, show a strong adaptation of their firing frequency across 

the time of stimulation and liberate glutamate in response to electrical and/or 

physiological stimulation (Fig. 4) (Washburn and Moises, 1992; Faber et al., 2001; Sah 

A 
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and DeArmentia, 2003; Sah et al., 2003; Hüttmann et al., 2005). Within this general 

scheme, various subclasses of PNs have been identified according to 

electrophysiological and molecular properties (Sosulina et al., 2006). 

  

Fig. 4: Large action potential and strongly adapting firing pattern in answer to a current injection of a typical 

lateral amygdala PN from a rat. Adapted from Sah and DeArmentia, 2003.  

 

2.3.3.2 Interneurons 

Importantly, interneurons possess a resting potential more positive than the one from 

PNs and exhibit spontaneous action potentials. Additionally, they fire short duration 

action potentials at high frequencies in response to current injection. In contrast to PNs, 

they show little or no firing frequency adaptation and liberate GABA in answer to 

stimulation (Fig. 5) (Washburn and Moises, 1992; Sah and DeArmentia, 2003; Sah et 

al., 2003; DeArmentia and Sah, 2004; McDonald and Mascagni, 2006). As for PNs, 

interneurons have been subgrouped upon electrophysiological and molecular properties 

(Rainnie et al., 2006; Sosulina et al., 2006), and genetic labeling enabled the 

identification of a large variety of cells (Woodruff and Sah, 2007, Jasnow et al., 2009). 

 

Fig. 5: Fast action potential and high frequency firing in response to current injection of a typical lateral 

amygdala interneuron from a rat. Adapted from Sah and DeArmentia, 2003.  
 



Introduction 
 

 13

2.3.4 Synaptic properties of amygdala neurons 

2.3.4.1 Excitatory synapses 

Two types of ionotropic glutamate receptors, AMPA/Kainate- and NMDA receptors, 

are found at excitatory synapses pre- and post-synaptically. Both types of receptors are 

heteromultimeres permeable to monovalent cations, with specific differences in 

permeability for calcium ions. While AMPA and Kainate receptors are respectively 

composed from the products of four (GluR1 to 4) and five (GluR5 to 7, KA1 and KA2) 

genes with each gene product conferring specificity to the final assembled receptor, 

NMDA receptors are composed of only two types of sub-units, the NR1 and NR2 

subunits. The NR1 subunit carries the glycine binding site and the NR2 subunit carries 

the glutamate binding site. The NR2 subunit is coded by four different genes (NR2A to 

NR2D) and each of the products expresses different kinetics, pharmacological 

properties and expression patterns (Cull-Candy and Leszkiewicz, 2004; Furukawa et al., 

2005). NMDA receptors have been called coincidence detecting receptors since their 

activation depends on co-binding of glycine and glutamate in addition to depolarization 

of the membrane potential, which relieves a voltage-dependent magnesium (Mg2+) 

block. Importantly, NMDA receptors are much more sensitive to glutamate than non-

NMDA receptors, but display slower activation and deactivation kinetics.  

In general, PNs and INs express the same type of glutamate receptors. However, it has 

been shown that AMPA receptor GluR2 subunit has very low expression levels in INs. 

This provides them with higher calcium (Ca2+) permeability and stronger inward 

rectification (Fig. 6) (Sah and DeArmentia, 2003).  
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Fig. 6: Current-Voltage relationship of AMPA receptor-mediated currents in a typical rat lateral amygdala 

PN (left) and interneuron (right) showing the stronger inward rectification in the interneurons. Adapted from 

Sah and DeArmentia, 2003. 
 

In addition to ionotropic glutamate receptors, metabotropic glutamate receptors have 

also been reported on amygdalar neurons. These receptors are classified into three 

classes (mGluR I to III) according to their mechanism of action. They are situated both 

pre- and post-synaptically. Among the different types, group I receptors are the ones to 

produce depolarization of the membrane potential, leading to excitation. (Audinat, 

1998; Dingledine et al., 1999; Sah et al., 2003)  

2.3.4.2 Inhibitory synapses  

GABA is the main inhibitory neurotransmitter in the brain. GABA receptors come in a 

ionotropic and metabotropic class, and GABA binding results in increased opening of 

chloride and potassium conductances, both resulting in an inhibitory post synaptic 

event. Hyperpolarization of the membrane potential reduces in turn the excitability of 

the postsynaptic neuron. Inhibitory post synaptic events have a fast and a slow 

component, indicating mediation through GABA fixation on GABAA and GABAB 

receptors respectively (Feltz, 1998). In addition to GABA, glutamate can also lead to 

inhibition when it binds to metabotropic glutamate receptors of the groups II and III. 

 

2.4 Pathophysiology of the amygdala in TLE 

As already mentioned, histochemical (Yilmazer-Hanke et al., 2000), morphological 

(Aliashkevich et al., 2003) and volumetric (Cendes et al., 1994) human studies have 
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evidenced neuronal damage in the amygdala. Similarly, histopathological studies have 

also indicated neuronal alterations in the amygdala from animal models of TLE (Turski 

et al., 1983a; Shibley and Smith, 2002; Borges et al, 2003). These findings were 

completed by in vitro electrophysiological recordings which revealed changes in the 

responses of neurons in the amygdala (Niitykoski et al, 2004; Benini and Avoli, 2006; 

Yang J et al., 2006). Additionally, one study aimed at characterizing human LA neurons 

from patients with intractable TLE (Hüttmann et al., 2005) by combining 

morphological, electrophysiological and gene expression data. It showed that PNs and 

interneurons displayed distinct features and had electrophysiological behaviors similar 

to those reported in LA neurons from the rat (Mahanty and Sah, 1998; Szinyei et al., 

2000; Faber et al., 2001). 

2.4.1 Alteration of intrinsic properties  

Very few studies focused on identifying possible alterations of the intrinsic properties of 

amygdalar neurons in TLE. And those which did focus on it did not find much 

alteration. Experimental models of TLE failed to detect any difference in the intrinsic 

neuronal properties, such as the Vrest, the input resistance, the height of action potentials 

and the firing pattern (Mangan et al., 2000; Benini and Avoli, 2006). Only the current-

voltage relationship showed that less current passes during depolarization in BLA PNs 

from epileptic rats than in those from controls (Mangan et al, 2000). 

2.4.2 Alteration of synaptic properties 

Neurons in amygdalar tissue resected from human TLE patients showed dramatic 

morphological changes when compared to healthy autopsy controls, all of which were 

indicative of altered synaptic connectivity, such as smaller somata, reduced dendritic 

arborization and higher dendritic spines density per dendrite (Aliashkevich et al., 2003). 

Through the different regions analyzed using different experimental models, synaptic 

alterations have been persistently related to hyperexcitability, such as reduction of 
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spontaneous IPSPs and reduction in feedforward inhibition as the hallmark of 

epileptiform activity (Gean et al., 1989; Mangan et al, 2000; Benini and Avoli, 2006). 

However, a reduced excitatory transmission has been reported in a study using epileptic 

rats (Niittykoski et al, 2004). 

 

2.5 Pilocarpine mouse model of TLE 

The pilocarpine mouse model of TLE is a well established post Status Epilepticus (SE) 

model, based upon its phenomenological resemblance with human TLE (Cavalheiro, 

1995; Leite et al., 2002; Löscher, 2002; Borges et al., 2003; Szyndler et al., 2005; 

Sharma et al., 2007). In this model, very quickly after injection of the muscarinic 

agonist pilocarpine mice develop SE. SE is defined as continuous type VI seizures as 

classified by the modified Racine scale and characterized by tonic-clonic seizures with 

loss of posture or jumping (Borges et al., 2003). After SE occurs a silent period, ranging 

from 8 weeks to 4 months in mice as shown in our pilot study, followed by the 

apparition of spontaneous recurrent seizures (SRS). During the latent phase, changes 

take place in the amygdala and other brain regions such as the hippocampal formation, 

the entorhinal cortex and the piriform cortex. Changes include neuron loss in the hilar 

region and in the CA1 and CA3 regions of the hippocampus, edema in the amygdala, 

mossy fiber sprouting, microglia proliferation in the thalamus, striatum, amygdala and 

piriform area, astroglia proliferation and axonal damage (Turski et al., 1983a; Borges et 

al., 2003; Nairismagi et al., 2004). It has been previously shown that mice display small 

seizure activity up to one week before beginning of the chronic phase (Racine, 1972a).  

 

2.6 Aims of the study 

The lateral amygdala and its projections are likely to play a role in the intractability of 

TLE as well as in the accompanying psychiatric disorders of TLE. However, the 



Introduction 
 

 17

hippocampal region and the basal nucleus of the amygdala were the regions of 

scientists’ focus to date. As a consequence very little is known about LA 

pathophysiological alterations leading to and maintaining TLE.  

In particular, the intrinsic and synaptic properties of LA PNs are of interest, as they 

comprise the input station of the amygdala and transmit excitatory signals to 

downstream regions within and outside the amygdala. More specifically, glutamatergic 

synaptic mechanisms can be assumed to be critically involved. 

Therefore, the present study has been performed to test the hypothesis that 

glutamatergic mechanisms are altered in LA PNs during the course of seizure 

development in TLE. For this purpose, the following strategy has been used: 

a) The pilocarpine mouse model of TLE (Turski et al., 1983a; Rüschenschmidt et al., 

2005) was used in this work because it replicates pathological features seen in human 

TLE such as edema in the amygdala after SE, mossy fiber sprouting, microglia 

proliferation and axonal damage, as well as fear, anxiety and development of SRS after 

an initial latent phase following SE induction (Turski et al., 1983a; Borges et al., 2003; 

Nairismagi et al., 2004; Gröticke et al., 2007). 

b) LA PNs were specifically focused on because of their interrelation with other brain 

regions playing a role in seizures generation and spread (Pitkänen et al., 1998; Pitkänen 

et al., 2000; Sharma et al., 2007; Sloviter, 1996). 

c) Intrinsic properties and synaptic mechanisms were analyzed during various stages of 

seizures development using whole-cell recordings in LA PNs in acute slices in vitro 

prepared from pilocarpine treated mice and compared them with properties of LA PNs 

from Saline control mice. 

In a first step, LA PNs were examined to detect eventual intrinsic alterations occurring 

during seizures development. Intrinsic properties investigations encompassed 

measurement of the Vrest, input resistance, action potential width and threshold, as well 
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as action potential generation properties. Additionally, being a good indicator of a 

neuron’s excitation state, the firing frequency adaptation was calculated. It was 

expected that all these properties would tend to indicate intrinsic over-excitation, which 

would be reflected by a reduced firing frequency adaptation, leading to the reported 

enhanced responsiveness in the course of TLE (Benini and Avoli, 2006).  

In a second step, the synaptic properties of LA PNs were examined. More precisely, 

pre- and postsynaptic glutamatergic as well as GABAergic synaptic mechanisms have 

been analyzed, and possible alterations were investigated in light of activity-dependent 

versus elementary synaptic properties, pre- versus postsynaptic site of action, and 

involved types of receptors. In addition, excitation to inhibition ratios have been 

compared. 

All studies have been performed in acute slices of the amygdala in vitro. Properties of 

LA PNs were comparatively analyzed between two groups of pilocarpine injected mice, 

the NS (No observed Seizures, mice in which no seizures were observed) and the SRS 

(Spontaneous Recurrent Seizures, mice which displayed spontaneous recurrent seizures) 

mice, and age-matched Saline controls. Comparing Saline controls, NS and SRS mice 

will provide information on alterations taking place, respectively, during 

epileptogenesis and developed TLE. 
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3. Materials and methods 

3.1 The pilocarpine mouse model of temporal lobe epilepsy 

Adult male C57Bl/6 mice (Charles River Laboratories) single housed in standard dark-

light conditions (12/12 hours in dark/light cycle) with access to food and water ad 

libitum were used for all the experiments. At 8 to 10 weeks of age, mice received an 

injection of methyl-scopolamine (1mg/kg body weight, subcutaneous, Sigma, St. Louis, 

MO, USA) 20 minutes before receiving an injection of the muscarinic agonist 

pilocarpine (340mg/kg body weight, subcutaneous, Sigma, St. Louis, MO, USA) in 

order to reduce peripheral side effects due to cholinergic stimulation. Pilocarpine 

induced SE within 40 minutes of injection. SE is characterized by continuous seizure 

activity of the type VI as classified by the modified Racine scale (Racine, 1972a; Borges 

et al., 2003):  

Stage I: rigid posture or immobility 

Stage II: stiffened, extended, and often arched tail,  

Stage III: partial body clonus, including forelimb or hind limb clonus or head nodding 

Stage IV: rearing 

Stage IV ½: severe whole body continuous clonic seizures while retaining posture 

Stage V: rearing and falling 

Stage VI: tonic-clonic seizures with loss of posture or jumping 

Once SE was reached, it was stopped by an injection of diazepam (Valium® 4mg/kg 

body weight, intra peritoneal, Ratiopharm, Ulm, Germany). In the two days following 

SE induction, all mice received oral glucose administration and food was soaked in 

water to facilitate intake. Out of 36 pilocarpine-injected mice, 18 survived the induction 

of SE. In the first days after SE, mice showed stage I to III seizures; pilot experiments 

showed that these seizures disappeared by the end of the first week and that mice stayed 

then seizure-free until 6 to 8 weeks later when some of them showed again stage I to III 
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seizures. As previously reported, the appearance of such seizure activity was predictive 

of the imminent apparition of recurrent full motor seizures, also called spontaneous 

recurrent seizures (SRS) (Racine, 1972b). In order to increase the probability of the mice 

being in the chronic phase, characterized by appearance of SRS, mice were taken for in 

vitro electrophysiological experiments 14 to 16 weeks after SE induction. At this time-

point, 45% (n=8) of them showed SRS. The remainder (n=10) did not display SRS, and 

rather showed stage I to III seizures indicating the persistent latent phase. The latter 

were thus termed No observed Seizures (NS) mice.  

As controls, age-matched mice (n=28) were treated in the exact same way as the 

pilocarpine injected mice, except that they received a Saline injection (0.9% NaCl) 

instead of the pilocarpine injection. 

As a result, the following three groups of mice were used in this work:  

The SRS group with mice in the chronic phase of TLE, 

The NS group with mice in the latent phase of TLE, 

The Saline controls group. 

 

3.2 Preparation of acute brain slices for in vitro electrophysiological recording 

In vitro recordings were performed 14 to 16 weeks after SE induction. A total of 43 

mice were prepared: 8 SRS, 10 NS and 28 Saline controls. The animals were deeply 

anesthetized with isoflurane (Forene, Abbott, Baar, Switzerland), and then decapitated. 

The brain was quickly removed and transferred to iced and oxygenated artificial 

cerebrospinal fluid (ACSF) containing (in mM): NaCl, 120; KCl, 2.5; NaH2PO4, 1.25; 

NaHCO3, 22; MgSO4, 2; CaCl2, 2; Glucose, 20 and gassed with carbogene (95% O2-5% 

CO2) to a final pH of 7.3. Solely the right hemisphere was used for in vitro recordings. 

Acute coronal brain slices of 250µm thickness containing the amygdala were prepared 

using a vibratome (Vibratome Series 1000, Warner Instruments, Hamden, CT, USA) in 
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oxygenated iced ACSF. Slices were then transferred for 20 min into a bath with ACSF 

at 33°C. The temperature of ACSF in the bath was brought down to room temperature 

(20-23°C) at least 45 min before use. Slices were kept up to 8 hours after cutting for 

recording. 

 

3.3 Electrophysiological measurements and corresponding analysis 

Slices were transferred to an interface-type recording chamber, continuously superfused 

with ACSF (2.6 ml/min) at 25°C in a carbogene atmosphere. Neurons in the LA were 

visualized by means of a differential interference contrast microscope (Axioskop 2FS, 

Zeiss, Oberkochen, Germany) connected to an infrared video camera (CF8/4NIR, 

Kappa, Gleichen, Germany). Whole-cell patch-clamp recordings were performed using 

an EPC7 patch-clamp amplifier (EPC7, List Medical Systems, Darmstadt, Germany) 

and sampled at 10kHz. Patch electrodes, made out of borosilicate glass (GC150T-10, 

Harvard Apparatus LTD, Edenbridge, UK), were pulled on a vertical puller (PP-830, 

Narishige, Tokyo, Japan) to a resistance of 2-3MΩ. Fig. 7 illustrates the organization of 

the electrophysiological in vitro set-up. 
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Fig. 7: Schematic representation of the experimental patch-clamp setup. 1: oxygenated extracellular 

solution, 2: pump, 3: tubing, 4: recording chamber with slice, 5: microscope, 6: camera, 7: TV screen, 8: 

patch electrode connected to the head-stage from the amplifier, 9: syringe for application of pressure, 10: 

amplifier, 11: AD/DA digitizer, 12: personal computer, 13: vibration isolating table, 14: used extracellular 

solution. 

 

3.3.1 Intracellular solutions 

Current-clamp recordings were performed by using a potassium (K+) gluconate based 

internal solution containing (in mM): K+-gluconate, 95; K3-citrate, 20; NaCl, 10; 

HEPES, 10; MgCl2, 1; EGTA, 1.1; CaCl2, 0.1; Mg-ATP, 3; Na-GTP, 0.5 (pH 7.2). 

Recordings of synaptic activity were performed in voltage-clamp by using a cesium-

based internal solution composed as the previous one, except that K+-gluconate was 

replaced by CsMeSO4 (120mM) and K3-citrate was omitted (pH 7.2). Potential 

measurements were corrected for liquid junction potential: 14.1mV for the K+-gluconate 

based solution and 7.3mV for the cesium one. Vrest was measured 5 to 10 minutes after 
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breaking into the cell in the whole-cell configuration to allow for solutions 

equilibration.  

3.3.2 Electrophysiological parameters considered 

In the present study, the following electrophysiological parameters have been analyzed: 

- Resting membrane potential: Vrest (mV), the potential difference at rest between the 

intracellular and extracellular compartments. Vrest results mostly from concentration 

gradients between the intracellular and extracellular milieu of ions, such as potassium, 

chloride, sodium (Na+), and of proteinic anions. The lower permeability of the cellular 

membrane to sodium than potassium creates an imbalance in charges, resulting in an 

excess of positive charges on the external side of the membrane. This imbalance in 

charges is maintained by the active process of a Na+/K+ pump, which exports more 

sodium ions than it imports potassium ions. 

- Depolarization: a reduction in membrane potential, where the intracellular side of the 

membrane becomes less negative than at rest. It can be caused by excitatory post-

synaptic potentials (EPSPs) or by a positive current injection. 

- Hyperpolarization: an increase in membrane potential, where the intracellular side of 

the membrane becomes more negative than it is at rest. It can be caused by inhibitory 

post-synaptic potentials (IPSPs) or by a negative current injection. 

- Input resistance: Rin (MΩ), the resistance to current flow opposed by the cellular 

membrane, which depends on the channels opened. It can be calculated by using Ohm’s 

law: U= R*I, with U in Volts, R in Ohms and I in Amperes. 

- Action potential: a self-regenerating short-duration depolarization of the membrane 

potential of about +100mV. Action potentials (“spikes”) serve for communication 

between neurons by carrying frequency coded information. Action potentials originate 

in the axon hillock in response to a depolarization sufficiently strong to trigger the 

opening of voltage-dependent Na+ channels. If the depolarization reaches the critical 
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activation threshold, often situated about 15mV above Vrest, the process continues 

further on its own due to positive feedback. The depolarization of the membrane 

potential is stopped by intracellular accumulation of positive charges gradually 

opposing to further entry of Na+ ions, and by inactivation of the Na+ channels. 

Additionally, depolarization activates voltage-dependent K+ channels, thus allowing 

repolarization. The exit of K+ still continues for a short time after reaching Vrest, due to 

the slow kinetics of the K+ channels, and results in hyperpolarization. 

- Current threshold to reach action potential: the minimum current necessary to trigger 

an action potential. 

- Half-width: HW (ms), the spike duration measured at half amplitude. 

- Instantaneous firing frequency: f (Hz), determined as the reciprocal value of the 

interval (in sec) between any two consecutive action potentials.  

- Firing frequency adaptation: a reduction in firing frequency that occurs during a 

prolonged depolarization of the cell. Two types of adaptation are calculated in this 

work: the early and the late adaptation  

 The early adaptation   Aearly = (finitial-f200)/finitial 

 The late adaptation     Alate = (f200-ffinal)/finitial 

finitial is the instantaneous frequency between the first two spikes, f200 the instantaneous 

frequency at 200ms and ffinal the instantaneous frequency at the end of the current step 

(Cauli et al., 1997). 

- Post-synaptic potential: PSP, caused by the flux of ions following the opening of 

channels consecutively to activation by their ligand. PSPs can be excitatory (EPSPs) or 

inhibitory (IPSPs) according to the transmitter system involved. For example, binding 

of glutamate onto its receptor will trigger EPSPs, while binding of GABA onto its 

receptors will trigger IPSPs. PSPs are graded signals since they can be spatially and 
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temporally summed. PSPs are called spontaneous (sPSPs) or miniature (mPSPs) in the 

respective cases of synaptic activity triggered by action potentials or not. 

-Excitation/Inhibition ratio: E/I, ratio of EPSCs frequency measured at -65mV to IPSCs 

frequency measured at 0mV. 

3.3.3 Current-clamp recordings 

In current-clamp recordings, a series of current steps of 1 sec duration ranging from -10 

to +100pA with 10pA increment was applied to the cell at Vrest to measure the input 

resistance, and the action potential threshold; then the response of the cell to current 

injection of 1 sec duration ranging from 100 to 250pA with an increment of 50pA was 

measured at -60mV. Neurons with a Vrest more positive than -50mV and non-

overshooting action potentials were discarded. From these measurements, the 

instantaneous frequencies were calculated as well as the firing frequency adaptation 

rates, Aearly and Alate. Fig. 8 illustrates the parameters measured in current-clamp. 
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Fig. 8: Parameters measured in current-clamp. A. Determination of the current threshold for action 

potential generation at resting membrane potential (Vrest). Upper traces for the applied current, lower traces 

for the cell’s response. The current injected is said infrathreshold when no action potential is generated 

(left) and suprathreshold when action potential(s) is (are) generated (right) B. Spike form showing a low 

frequency firing in response to a low injected current (left) and a high frequency firing in response to a 

higher injected current (right). The typical shape of a spike is represented at a larger scale. C. Spike 

frequency adaptation representing the early- (Aearly) and late- (Alate) adaptation, and an inter-spike interval. 

D. Schematic illustration representing the principle of input resistance (Rin) determination. 
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3.3.4 Voltage-clamp recordings 

In voltage-clamp experiments, input resistance was calculated from the steady-state 

current response to 5mV hyperpolarizing step and series resistance was calculated from 

the peak current amplitude of the transient capacitive current response to this step. 

Series resistance is due to the opposition to current flow of the patch electrode. A 

change in the series resistance across the recording duration was accepted only up to 

20% of the initial value. Membrane capacitance, resulting from the insulation between 

the intra- and extra- cellular solutions by the patch electrode glass, and access 

resistance, the sum of the electrode resistance and the resistance at the junction between 

the patch electrode and the cell, (up to 70%) were routinely compensated for to 

minimize current measurement errors. Excitatory events, both spontaneous (sEPSCs) 

and miniature (mEPSCs), were measured at -65mV as inwardly directed currents. Then 

the membrane was depolarized to 0mV and inhibitory events, sIPSCs and mIPSCs, 

were measured as outwardly directed currents.  

The drugs used during these experiments were: AP5 (50µM, DL-AP5, Tocris, Bristol, 

UK Cat. No. 0105), NBQX (10µM, NBQX Disodium Salt, Tocris, Bristol, UK, Cat. 

No. 1044), Bicuculine (30µM, Bicuculine methiodide, Biotrend Chemikalien GmbH, 

Köln, Germany, Cat. No. BN 0107) and TTX (1µM, TTX citrate, Tocris, Bristol, UK, 

Cat. No. 1069). All drugs were applied to the bath. Recordings of spontaneous activity 

were realized at the potentials -65mV and 0mV, where the following drugs were 

successively applied to ACSF: AP5 or NBQX, NBQX and Bicuculline. The general 

pattern of recordings for the miniature currents was the same but with the addition of 

TTX to the bath. The recording time was set to 12 minutes for each sub-protocol. 
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3.4 Data analysis 

Detection of action potentials and synaptic events were realized using the Mini Analysis 

software (Synaptosoft, Fort Lee, USA). In each file, events accuracy was verified and 

results of the analysis were subsequently copied to Excel where inter-spike interval, 

instantaneous frequency, firing frequency adaptations (Aearly and Alate) and 

excitation/inhibition ratio (E/I ratio) were calculated. Subsequent statistical analysis was 

performed using Prism 5 for Windows (GraphPad Software, San Diego, USA). 

Comparisons between the two different internal solutions were done using an unpaired 

t-test (with Welch’s correction when variances significantly differed according to the F 

test). Comparisons between the three groups within one internal solution and within one 

group between the three drugs conditions were done using the One-way ANOVA 

followed by Tukey’s multiple comparisons test when the data were normally 

distributed, and using the Kruskal-Wallis non parametric test followed by Dunn’s 

multiple comparisons test when the data were not normally distributed. Cumulative 

fractions of the frequency and amplitude of the spontaneous and miniature events 

representing the number of observations at given values, with a total number of 

observations equal to one, were compared using the Kolmogorov-Smirnov test. All 

results are given as average ± S.E.M. 

 

3.5 Morphological characterization 

To allow for morphological characterization of LA PNs, biocytine (Biocytine, 3mg/ml, 

B4261, Sigma-Aldrich Co., St. Louis, MO, USA) was added to the internal solution. 

Practically, the tip of the recording electrode was first filled with standard internal 

solution, without biocytine, and then the electrode was back-filled using a syringe 

containing biocytine-supplemented internal solution.  
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After recording of the cells, slices were fixed in a solution containing 4% 

paraformaldehyde (PFA) in 0,01M Sodium phosphate buffer (PBS), pH 7.4, and stored 

at 4°C until further processed. Slices processing necessitated firstly re-cutting into a 

series of 50 µm thick slices before histochemical reactions were performed. The time 

interval between fixation and staining was at least 24h. Staining reactions consisted of 

the following steps: 

1/ Slices were rinsed successively in: 

 3 times for 10 min in PBS (3drops on each slice) 

 30 min in PBS containing 0.5% H2O2  

 3 times for 10 min in PBS 

2/ Slices were then incubated at room temperature over-night under constant agitation in 

freshly prepared Avidin-Biotin-Peroxydase complex (ABC kit, Vectorlab, Burlinghame, 

CA). 

3/ Slices were subsequently rinsed 3 times for 10 min in PBS before being incubated in 

the dark in a filtered Diaminobenzidine (DAB) (SigmaFast 3,3’ Diaminobenzidine 

tablets, D4418, Sigma-Aldrich Co., St. Louis, MO, USA) solution for 6 min prepared of 

the following components: 

3725 µl PBS 

125µl of 1% Cobalt chloride solution (BioChemika Cobalt Chloride 0.1M 

solution, 15862, Sigma-Aldrich Co., St. Louis, MO, USA) 

100µl of 1% nickel ammonium sulfate solution (Ammonium nickel (II) sulfate 

hexahydrate, A1827, Sigma-Aldrich Co., St. Louis, MO, USA) 

50µl of 10% H2O2 in PBS 

1000µl of DAB (125mg/ml) solution 

4/ Slices were washed 3 times for 10 min in PBS before being mounted on gelatine-

covered glass-plates and dried for 2 to 3 days.  
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5/ In a final step, slices were dehydrated in successive baths for 1 min in each: 100% 

isopropanol, 100% isopropanol, xylol I, xylol II; and embedded in DePex. 

Stained neurons were visualized and their photographs were acquired using an upright 

microscope (Axioskop, Zeiss, Oberkochen, Germany) and the Neurolucida software 

(Neurolucida, version 7, MicroBrightField, Inc., Williston, VT, USA). 
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4. Results 

4.1 Intrinsic properties 

Intrinsic membrane properties were measured in a first step to test for possible 

alterations related to epilepsies. Overall, intracellular recordings revealed no major 

differences in the intrinsic properties between groups of cells (Saline, NS, SRS). When 

held at -60mV, cells answered similarly to current injection (Fig. 9).  

 

Fig. 9: Typical answer from LA PNs in the three groups of mice, when held at -60mV, upon a one second 

long stimulation of 150pA. 

 

Electrotonic membrane properties [Vrest and input resistance] and electrogenic 

membrane properties [instantaneous frequency of the first spike, half-widths of the first 

spike and of the one at 500ms as well as early- and late- adaptation] showed only mild 

differences upon current injection (Table 1 and Fig. 10-12) between cells issued from 

different groups.  

4.1.1 Electrotonic membrane properties 

Vrest was not significantly different between PNs from Saline controls and NS mice, and 

between those from NS and SRS mice (Fig. 10A, Table 1). However, Vrest was more 

hyperpolarized in PNs from the SRS group than in those from the Saline controls 

(F(2,44)= 3.17, p=0.05; Saline vs SRS: p < 0.05).  

The input resistance, Rin, was significantly different between the different groups 

according to the One-way ANOVA (F(2,44)= 4.42, p < 0.05), but the multiple 

comparison test failed to evidence differences between any two groups (Table 1). 

NS SRS 

500ms 

50mV 

Saline 

-60mV 
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The current threshold leading to action potentials generation was not significantly 

different between the different groups (K(3)= 5.42, ns; Table 1). 

 

 Saline NS SRS 

n 30 9 8 

Vrest (mV) 
-68.8 ± 1.6 -71.9 ± 3.2 

* 

-77.1 ± 1.8 

Rin (MΩ) 388.1 ± 25.8 276.4 ± 40.5 260.0 ± 36.9 

Threshold (pA) 56.0 ± 6.2 67.5 ± 14.4 112.2 ± 24.7 

 

Table 1: Summary of the measured electrotonic membrane properties. Vrest: resting membrane potential; 

Rin: input resistance. *, p < 0.05. 

 

4.1.2 Electrogenic membrane properties 

The half-widths of the first spike and of the spike at 500ms were not significantly 

different between the different groups except for the first spike at 100pA, where the 

half-widths in PNs from NS mice were shorter than those from Saline controls (K(3)= 

7.01, p < 0.05; Saline vs NS: p < 0.05; Fig. 10). 
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Fig. 10: Bar histogram of the average half-widths of the first spike (left), spike 1, and of the spike 500ms 

(right), spike 500, after start of the current steps at -60mV in function of increasing current injection. Saline, 

n = 28; NS, n = 9; SRS, n= 8; Saline vs NS: #, p < 0.05. 
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The instantaneous firing frequencies, as measured between the first two spikes in a train 

evoked by constant current injection of different amplitudes, were not significantly 

different between the three groups, showing that all neurons start firing at the same rate 

at a given current strength (Fig. 11).  
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Fig. 11: Frequency / Intensity (f/i) relationships obtained from the instantaneous frequency between the first 

two spikes in answer to increasing current injection at -60mV. Saline, n = 28; NS, n = 9; SRS, n= 8. 

 

The adaptations, early and late, were not significantly different between the groups, 

except in the case of the early adaptation for the two highest current injections. The 

early adaptation was longer in PNs from the Saline controls than in PNs from the SRS 

group for 200pA injected current (K(3)= 7.59, p < 0.05; Saline vs SRS: p < 0.05) and 

for 250pA (K(3)= 9.94, p < 0.01; Saline vs SRS: p < 0.05; Fig. 12). 
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Fig. 12: Histograms of the firing frequency adaptation, early and late adaptation, measured upon 

increasing current injection at -60mV. Saline, n = 28; NS, n = 9; SRS, n= 8. Saline vs SRS: *, p < 0.05. 
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All these results brought together indicate that pilocarpine treatment has only very mild 

effects on the integrative properties of the neurons, characterized by their receptiveness 

and responsiveness. 

4.1.3 Electrotonic membrane properties in cesium based solution 

When using cesium-based internal solution (Cs), no significant differences in the 

electrotonic properties were visible between the three groups. However, the values 

measured were different from those measured using potassium gluconate-based solution 

(KGluc). Vrest using Cs was significantly more positive when compared to the values 

obtained using KGluc (Saline KGluc vs Cs: p < 0.01; NS KGluc vs Cs: p < 0.05; SRS 

KGluc vs Cs: p < 0.01; Table 2). In addition, the input resistance using Cs was at 

significantly higher values than using KGluc (Saline KGluc vs Cs: p < 0.05; NS KGluc 

vs Cs: p < 0.05; SRS KGluc vs Cs: p < 0.05; Table 2).  

386.6 ± 39.0
n=9

260.0 ± 36.9
n=8

SRS

434.4 ± 38.5
n=14

276.4 ± 40.5
n=9

NS

542.3 ± 58.4
n=17

388.1 ± 25.8
n=30

Saline

Rin (MOhm)

-53.9 ± 6.2
n=9

-59.8 ± 3.0
n=14

-57.3 ± 3.6
n=17

CsMeSO4

-77.1 ± 1.8
n=8

-71.9 ± 3.2
n=9

-68.8 ± 1.6
n=30

KGluc

SRSNSSaline

Vrest (mV)

386.6 ± 39.0
n=9

260.0 ± 36.9
n=8

SRS

434.4 ± 38.5
n=14

276.4 ± 40.5
n=9

NS

542.3 ± 58.4
n=17

388.1 ± 25.8
n=30

Saline

Rin (MOhm)

-53.9 ± 6.2
n=9

-59.8 ± 3.0
n=14

-57.3 ± 3.6
n=17

CsMeSO4

-77.1 ± 1.8
n=8

-71.9 ± 3.2
n=9

-68.8 ± 1.6
n=30

KGluc

SRSNSSaline

Vrest (mV)

#

** * ** * * *

 

Table 2: Summary of the measured electrotonic membrane properties. Vrest: resting membrane potential; 

Rin: input resistance. Saline vs SRS, #: p < 0.05. KGluc vs CsMeSO4, *: p < 0.05, **: p < 0.01. 
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This depolarization and high level of input resistance in Cs were very likely due to 

cesium block of K+ channels and GABAB receptors (Gähwiler and Brown, 1985; 

Brown, 1988; Rudy, 1988; Storm, 1993; Pape, 1996; Pape and Driesang, 1998). 

 

4.2 Excitatory post synaptic currents 

4.2.1 Spontaneous EPSCs 

In an attempt to assess synaptic network activity, spontaneous excitatory post-synaptic 

currents were recorded. Inspection of original traces already revealed a higher frequency 

of the excitatory activity impinging in PNs obtained from the NS and SRS groups when 

compared to Saline controls (Fig. 13).  

 

Fig. 13: Representative original traces from raw voltage-clamp recordings of spontaneous EPSCs 

measured in the PNs from the three groups under control conditions, AP5 and NBQX bath application. 

 

These results were confirmed after quantification of sEPSC average frequencies (Fig. 

14A). The frequencies were significantly higher in PNs from the NS and SRS groups 

than in PNs from Saline controls (K(3)= 18.05, p = 0.0001; Saline vs NS: p < 0.001; 

Saline vs SRS: p < 0.05). Results from cumulative probability plots of sEPSCs’ 
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frequencies (Fig. 14C) were in accordance with these findings and showed a clear shift 

towards higher frequencies in PNs from the NS and SRS groups compared to Saline 

controls (Kolmogorov-Smirnov Z test (Z): Saline vs NS: p < 0.01; Saline vs SRS: p < 

0.05; NS vs SRS: ns).  

In a next step, different glutamatergic blockers were applied on slices from the different 

groups to shed light onto the nature of the receptors mediating the sEPSCs (Fig. 14A). 

Application of the NMDA receptor blocker AP5 blocked slow components of the 

sEPSCs (Fig. 13). During action of AP5, no difference in sEPSCs frequency was 

detected between groups. This result suggested that the increase observed in NS and 

SRS was due to NMDA receptor driven activity. NBQX application confirmed this 

hypothesis, in that fast components were blocked and differences between groups 

persisted (K(3)= 8.91, p<0.05; Saline vs NS: p<0.05; Saline vs SRS: ns; NS vs SRS: 

ns).  

It should be noted that sEPSCs frequency was affected in pilocarpine treated mice; 

whereas differences in amplitude were not detected (Fig. 14 B; K(3)= 3.34, ns; 

Cumulative fractions with Z test- Saline vs NS: ns; Saline vs SRS: ns; NS vs SRS: ns; 

Fig. 14C).  
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Fig. 14: A, B Bar histograms of the average sEPSCs frequency (A) and amplitude (B) in LA PNs from the 

three groups before and during application of glutamate receptor antagonists (from left to right: control 

conditions, AP5, and NBQX bath application). B, Cumulative fractions of the sEPSCs frequency (left) and 

amplitude (right) from LA PNs from the three groups in control conditions, with y axis representing the 

number of observations (calculated as a fraction of the total number of observations, with total number = 1) 

at given values of frequency or amplitude (on the x axis). Saline, n = 35; NS, n = 14; SRS, n= 12. *, p < 

0.05; **, p < 0.01; ***, p < 0.001. 

 

4.2.2 Miniature EPSCs 

Next, TTX was applied to the bath in order to block action potential activity-dependent 

release of transmitters and thereby to isolate elementary synaptic processes. Analysis of 
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mEPSCs frequency confirmed the pilocarpine effect. Different from sEPSCs, the 

increase was significant when comparing the NS group to Saline controls, but not the 

SRS group (K(3)= 7.94, p < 0.05; Saline vs NS: p < 0.05; Saline vs SRS: ns; NS vs 

SRS: ns; Fig. 15A). The cumulative probability function of mEPSCs confirmed the 

increase in frequency (right shift in the curve from PNs issued from the NS group; 

Saline vs NS: Z= 1.54, p < 0.05; Saline vs SRS: Z= 0.93, ns; NS vs SRS: Z= 0.83, ns; 

Fig. 15C). Consistently with the results obtained from the analysis of sEPSCs, 

application of glutamatergic receptor blockers indicated the contribution of NMDA 

receptors. Application of AP5 abolished the frequency differences between groups 

(K(3)= 2.44, ns; Fig. 15A), while application of NBQX uncovered a significantly higher 

mEPSCs frequency in the SRS group when compared to the Saline group (K(3)= 12.80, 

p < 0.005; Saline vs NS: ns; Saline vs SRS: p < 0.01; NS vs SRS: ns; Fig. 15A).  

No difference was visible between PNs from the different groups regarding the 

amplitude of mEPSCs (Fig. 15B and C). 
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Fig. 15: A, B Bar histograms of the average mEPSCs frequency (A) and amplitude (B) in LA PNs from the 

three groups before and during application of glutamate receptor antagonists (from left to right: control 

conditions, AP5, and NBQX bath application). C, Cumulative fractions of the mEPSCs frequency (left) and 

amplitude (right) from LA PNs from the three groups upon application of TTX, with y axis representing the 

number of observations (calculated as a fraction of the total number of observations, with total number = 1) 

at given values of frequency or amplitude (on the x axis). Saline, n = 18; NS, n = 8; SRS, n= 7. *, p < 0.05; 

**, p < 0.01. 
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4.3 Inhibitory post synaptic currents 

4.3.1 Spontaneous IPSCs 

In a second line of experiments, spontaneous inhibitory events were recorded (Fig. 

16).

 

Fig. 16: Representative original traces from raw voltage-clamp recordings of spontaneous IPSCs 

measured in LA PNs in the different groups of mice under control conditions, AP5, and NBQX bath 

application. 

 

PNs from NS and SRS mice did not exhibit differences in sIPSCs frequency when 

compared to Saline controls (K(3)= 4.24, ns; Fig. 17A). However, the amplitude of 

sIPSCs was significantly higher in PNs from NS compared to that from SRS and Saline 

controls (K(3)= 10.93, p < 0.005; Saline vs NS: p < 0.05; Saline vs SRS: ns; NS vs 

SRS: p < 0.01; Fig. 17B). The larger amplitude in PNs from NS was confirmed in 

cumulative probability plots by the rightward shift seen in PNs of the NS group (Saline 

vs NS: p < 0.05; Saline vs SRS: ns; NS vs SRS: p < 0.005; Fig. 17C). In order to 

examine if these differences reflected a direct effect on inhibitory synaptic transmission 
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or an indirect effect acting via presynaptic excitatory influences, AP5 and NBQX were 

added (separately and combined). Upon either combination, glutamate receptor 

antagonists abolished differences in sIPSC amplitudes between groups (Fig. 17A and 

B).  

C

Saline
NS
SRS

Saline
NS
SRS

C
um

ul
at

iv
e

Fr
ac

tio
n

0
0.2
0.4
0.6
0.8
1.0

0
0.2
0.4
0.6
0.8
1.0

Frequency (Hz)

C
um

ul
at

iv
e

Fr
ac

tio
n

Amplitude (pA)
0 20 40 60 80 1000 20 40 60 80 100

0
0.2
0.4
0.6
0.8
1.0

0
0.2
0.4
0.6
0.8
1.0

0 20 40 60 80 1000 20 40 60 80 100

*
***

A

Saline NS SRS

Fr
eq

ue
nc

y
(H

z)

0
2

6
4

8
10

0
2

6
4

8
10

Control

Saline NS SRS
0
2

6
4

8
10

0
2

6
4

8
10

Fr
eq

ue
nc

y
(H

z)

AP5

Saline NS SRS
0
2

6
4

8
10

0
2

6
4

8
10

Fr
eq

ue
nc

y
(H

z)

NBQX

B

Saline NS SRS

A
m

pl
itu

de
 (

pA
)

0
10

30
20

40
50

Control

Saline NS SRS

Am
pl

itu
de

 (
pA

)

AP5 NBQX

Saline NS SRS

Am
pl

itu
de

 (
pA

)* **

0
10

30
20

40
50

0
10

30
20

40
50

 

Fig. 17: A, B Bar histograms of the average sIPSCs frequency (A) and amplitude (B) in LA PNs from the 

three groups before and during application of glutamate receptor antagonists (from left to right: control 

conditions, AP5, and NBQX bath application). C, Cumulative fractions of the sIPSCs frequency (left) and 

amplitude (right) from LA PNs from the three groups in control conditions, with y axis representing the 

number of observations (calculated as a fraction of the total number of observations, with total number = 1) 

at given values of frequency or amplitude (on the x axis). Saline, n = 31; NS, n = 12; SRS, n= 12. *, p < 

0.05; **, p < 0.01; ***, p < 0.005. 
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4.3.2 Miniature IPSCs 

Next, TTX was added to the bath in order to isolate mIPSCs. During action of TTX 

mIPSCs frequencies and amplitudes were not different between groups (K(3)= 0.40, ns; 

Fig. 18 B and C), and additional application of AP5 and/or NBQX did not further affect 

the mIPSCs properties (Fig. 18 A and B).  
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Fig. 18: A, B Bar histograms of the average mIPSCs frequency (A) and amplitude (B) in LA PNs from the 

three groups before and during application of glutamate receptor antagonists (from left to right: control 

conditions, AP5, and NBQX bath application). C, Cumulative fractions of the mIPSCs frequency (left) and 

amplitude (right) from LA PNs from the three groups upon application of TTX, with y axis representing the 

number of observations (calculated as a fraction of the total number of observations, with total number = 1) 

at given values of frequency or amplitude (on the x axis). Saline, n = 15; NS, n = 9; SRS, n= 7. 
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4.3.3 Reversal potential of sIPSCs 

In order to assess possible influences of pilocarpine treatment on GABAA reversal 

potentials, bicuculline sensitive GABAA receptor-mediated currents were measured by 

voltage steps ranging from -100 mV to 0 mV. The current-voltage relationships (I-V) 

obtained for PNs from the three groups of mice did not reveal any significant 

differences of the reversal potential of GABAA neither in control condition, nor upon 

application of TTX (control conditions: F(3,22)=0.03, ns; TTX: F(3,25)=0.06, ns; Fig. 

19). 
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Fig. 19: Reversal potential of GABAA in control conditions (A) and upon application of TTX (B). 

In control conditions: Saline, n = 11; NS, n = 8; SRS, n= 4; In TTX: Saline, n = 13; NS, n = 7; SRS, n= 7.  

 

4.4 Excitation/Inhibition ratio 

Finally, to further analyze whether alterations in synaptic interactions resulted in shifts 

of the balance between inhibition and excitation in LA PNs from pilocarpine treated 

mice, the excitation/inhibition ratio (E/I ratio) was calculated. The E/I ratio was 

obtained by dividing the frequency of excitatory events, measured at the reversal 

potential of chloride (-65mV), by the frequency of inhibitory events, measured at the 

reversal potential of glutamate (0mV).  

In the absence of TTX, a significant imbalance in E/I ratio was found in PNs from both 

groups of pilocarpine treated mice (K(3)= 12.85, p < 0.005; Saline vs NS: p < 0.01; 

Saline vs SRS: p < 0.05; NS vs SRS: ns; Fig. 20A). However, during presence of TTX, 
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the E/I ratio was not different to control values in PNs from NS and SRS mice, even 

though PNs from the SRS mice displayed an E/I ratio twice as high compared to Saline 

control (K(3)= 2.829, ns; Fig. 20B). 
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Fig. 20: Excitation/Inhibition ratio in control conditions (A) and upon application of TTX (B). In control 

conditions: Saline, n = 31; NS, n = 12; SRS, n= 10; In TTX: Saline, n = 15; NS, n = 7; SRS, n= 7. *, p < 

0.05; **, p < 0.01. 

 

4.5 Morphological characterization 

In order to confirm that recorded neurons represented PNs in LA, the cells were 

morphologically characterized after recording. 

All recorded neurons assessed this way showed typical features of projection neurons: 

pyramidal-shape soma, spiny dendrites and three to five primary dendrites (Fig. 21).  

No morphological differences were apparent between neurons from the different 

groups. 
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Fig. 21: Photographs showing typical PNs recorded in the LA from the three groups of mice. The 

photographs in the first row show localization of neurons in the LA in slices in vitro (x25). Recorded 

neurons from these slices were then visualized at a higher enlargement (x200) in middle row. Portions of 

dendrites were enlarged in the insets in the bottom row. Spines were visible as small black dots on the 

dendrites. LA: lateral nucleus of the amygdala, BA: basal nucleus of the amygdala. 
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5. Discussion 

5.1 Experimental limitations 

This study demonstrates alterations of NMDA receptor dependent synaptic transmission 

during the course of seizure development in TLE. The results have to be interpreted 

with some caution due to possible technical limitations.  

The first limitation is that whole-cell patch-clamp has been used in this work. This 

method implies dialysis of the cytoplasm from the patched cell. Nevertheless, the 

compositions of the internal solutions have been chosen based on the physiological 

basis. Additionally, series resistance, reflecting the “health” of the recorded cells, has 

been monitored and changes were accepted only up to 20%. 

The second limitation consists in the electrolyte employed for the voltage-clamp 

recordings. An intracellular solution based on cesium gluconate has been used. Cesium 

has the property of blocking K+ currents and was used to allow the unambiguous 

separation of non K+-based currents from the K+-based ones. However, K+ channels 

negatively modulate spiking activity (Feltz, 1998). Therefore, recordings of the intrinsic 

spiking activity were performed in a separate set of experiments in which a potassium 

gluconate-based internal solution was used. 

The third limitation lies in the nature of the investigated material. By preparing acute 

brain slices, we loose an important part of synaptic connections. It is therefore not 

possible to directly transfer the results obtained on a slice to the level of the intact brain. 

By using relatively thick brain slices for the present experiments, the loss of synaptic 

connections was limited. Number of studies using acute brain slices could record 

evoked post synaptic currents in areas remote from the stimulation zone, indicating a 

preservation of synaptic networks (Klueva et al., 2003; Szinyei et al., 2003; DeArmentia 

and Sah, 2004).  

 



Discussion 
 

 47

5.2 Validation of the findings 

5.2.1 Pilocarpine-induced damages 

Pilocarpine-induced SE is known to cause widespread histopathological changes 

depending on severity, duration and dose. Alterations include mossy fiber sprouting, 

neuronal loss and neuronal damage (Turski et al., 1983a; Borges et al., 2003). Mild to 

severe neuronal loss accompanied by neuropil disruption and presence of pyknotic and 

shrunken somata were seen in the hippocampus (mainly in the ventral part of the CA1 

and CA3 subfields), in the hilus of the dentate gyrus, in the temporal and piriform 

cortices, in the amygdala, in the thalamus, and in the substantia nigra (Turksi et al., 

1983; Shibley and Smith, 2002; Borges et al., 2003). Severe edema was reported in the 

amygdala, ventral hippocampus and piriform cortex (Turksi et al., 1983). Moreover, 

gliosis was apparent in the amygdala, hippocampus, thalamus, striatum and piriform 

cortex (Borges et al., 2003). Pilocarpine-induced SE was thus shown to cause 

widespread brain damages which are not specifically linked to epileptogenesis and 

epilepsy. With respect to the present study, this implies possible unspecific alterations 

of synaptic networks and of neurons’ intrinsic properties. 

5.2.2 Specificity of the findings 

Despite the reported patho-morphological effects of pilocarpine-induced SE, results 

reported in the present work can be considered specific for SE and seizure development 

since only minor alterations in the intrinsic properties were detected. These findings are 

in line with a previous study showing that intrinsic properties of LA neurons were not 

altered (Benini and Avoli, 2006). In addition, the frequency of inhibitory events and the 

AMPA receptor-dependent glutamatergic transmission, which represents the basal 

transmission mode of the principal excitatory transmitter in the brain, were not altered 

after pilocarpine treatment.  
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5.2.3 Confirmation of the nature from the recorded neurons 

In the present study, two methods have been used to confirm that the recorded neurons 

were PNs. Both the electrophysiological and morphological properties indicated typical 

features of PNs. Hyperpolarized Vrest, large action potentials, initial firing frequency, 

and firing frequency adaptation in response to a sustained depolarization figured all in 

the range of those found in previous studies, which aimed at classifying neuronal types 

in the rodent LA (Faber et al., 2001; Sah et al., 2003; Sosulina et al, 2006).  

Additionally, biocytine staining of the cells showed the typical pyramidal-shape soma 

and the spiny dendrites of PNs (McDonald et al., 1984; Washburn and Moises, 1992; 

Rainnie et al., 1993; Sugita et al., 1993; Faber et al., 2001; Sosulina et al., 2006).  

 

5.3 Over-excitation theory in epilepsy 

5.3.1 Increased excitation and glutamate 

The over-excitability hypothesis took its origin from the observation in animal models 

that epilepsy could result from artificially increasing electrical brain activity. Increased 

electrical activity can be achieved through different techniques such as direct injection 

of current in different brain structures (Goddard, 1967; Racine, 1972a), injection of the 

glutamate receptor agonist kainate (Ben-Ari and Lagowska, 1978) or injection of the 

muscarinic agonist pilocarpine (Turski et al., 1983a and b). Over-excitation due to 

glutamate is most obvious in the case of the kainate model, since kainate directly 

stimulates glutamatergic kainate receptors. But glutamate has also been involved in 

seizure generation in the pilocarpine model (Smolders et al., 1997). Concerning 

kindling and electrical stimulation models, glutamate-mediated excitation has also been 

implicated in seizure induction (McNamara et al., 1988; Sato et al., 1988; Rogawski et 

al., 2001). Reports of increased glutamatergic transmission in the LA and BA in vitro 

are supportive of the over-excitation theory. For instance, increased amplitude of 
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excitatory post synaptic potentials (Asprodini et al., 1992; Rainnie et al., 1992; Benini 

and Avoli, 2006) and spontaneous action potentials (Gean et al., 1989; Benini and 

Avoli, 2006) were seen in LA and BA PNs in the kindling and pilocarpine models of 

TLE. A case study reporting the development of TLE following domoic acid 

intoxication (Cendes et al., 1995) raises the possibility of the involvement of a similar 

mechanism in humans since domoic acid is an AMPA receptor agonist. Supportive of 

these previous findings, the present study also hints to an increased excitation during 

TLE with higher frequency of EPSCs in LA PNs from NS and SRS mice as compared 

to Saline controls. 

5.3.2 Decreased inhibition and GABA 

Additionally, the over-excited state observed in TLE models might result from reduced 

inhibition. In the BLA complex, hints to a failure in inhibition include a depolarized 

reversal potential of GABAA, a decreased peak conductance of inhibitory post synaptic 

potentials, a reduced incidence (Benini and Avoli, 2006) or even absence of inhibitory 

events (Gean et al., 1989), and a reduced population of interneurons (Tuunanen et al., 

1996). The impairment of inhibition in the amygdala was further confirmed by a study 

showing a specific loss of somatostatin-positive GABAergic interneurons in the LA, 

BA, and AB (Tuunanen et al., 1997). Furthermore, a reduction in the frequency of 

inhibitory post synaptic potentials was also detected in layer II stellate cells from the 

entorhinal cortex (Kumar and Buckmaster, 2006) and in the hippocampal interneurons 

(Stief et al., 2007). Reduced GABAergic activity was also suggested to participate 

directly in the development of epileptic activity, since repeated applications of the 

GABAA antagonists in the amygdala as well as repeated intraperitoneal injection were 

shown to have a kindling-like effect (Cain et al., 1987; Uemura and Kimura, 1988). The 

other way around, enhanced inhibition could prevent or retard SE induction. 

Pretreatment with the GABAA agonist phenobarbital could prevent SE induction and 
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brain damage elicited in the SE model induced by electrical stimulation of the 

prepiriform cortex (Inoue et al, 1992). In the lithium pilocarpine model of TLE, the 

GABA analogue pregabalin was shown to delay epileptogenesis (André et al., 2007).  

 

5.4 Implication of NMDA receptors in TLE 

5.4.1 Participation of NMDA receptors in basal synaptic transmission 

The present study showed increased NMDA receptor-dependent activity in control 

conditions at rest after pilocarpine-induced SE. This increase at rest is relevant since 

NMDA receptors have been previously implicated in basal synaptic transmission in the 

LA (Sugita et al., 1993; Szinyei et al., 2003) and BA (Rainnie et al., 1991). For instance 

in the BA, application of the NMDA antagonist APV blocked spontaneous EPSPs, 

hyperpolarized significantly the Vrest, and decreased the input resistance (Rainnie et al., 

1991). Additionally, stimulation of afferents was shown to induce NMDA and non-

NMDA receptor mediated EPSCs in LA PNs at Vrest (Sugita et al., 1993; Li et al., 1995; 

Weisskopf and LeDoux, 1999; Szinyei et al., 2003; Miwa et al., 2008; but see Mahanty 

and Sah, 1999). All these results suggest that NMDA receptors are tonically active at 

resting membrane potential and could therefore play a role in basal synaptic 

transmission.  

5.4.2 Differential involvement of NMDA receptors in the different phases of TLE  

NMDA receptors have been shown to be involved in seizure development. Previous 

works using the NMDA receptor channel blocker MK801 showed that network 

excitation through increased NMDA receptor activation during SE (Stafstrom et al., 

1993; Rice and DeLorenzo, 1998; Mazarati and Wasterlain, 1999), but not after (Brandt 

et al., 2003), was necessary for the induction of TLE. Additionally, increased 

phosphorylation resulting in increased activity of NMDA receptors was detected for one 

to several hours after SE following pilocarpine (Huo et al., 2006) and kainate (Moussa 
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et al., 2001). Therefore, changes occurring in the latent phase and leading to SRS would 

be specifically initiated by NMDA receptor activation. The present study showed a 

difference in glutamatergic transmission during seizure development and SRS relating, 

respectively, to spontaneous and miniature (elementary) EPSCs and linked to NMDA 

receptors. More specifically, during the development of epilepsy, in NS mice, there was 

an overall increase in synaptic activity. It was characterized by a higher NMDA 

receptor-dependent activity driven by action potentials, since TTX application abolished 

differences with Saline controls, increased elementary excitatory activity in the absence 

of glutamate receptor antagonists, and larger GABAA receptor-related sIPSCs as 

compared to both Saline controls and SRS mice in control conditions. However, only 

basal changes in the elementary synaptic transmission, NMDA receptor-dependent, 

were left in the SRS phase. This would support an implication of NMDA receptor-

dependent transmission in the induction and expression of TLE. The NMDA receptor-

mediated activity of the synaptic networks in the LA after SE is proposed to in turn 

favor seizure activity and to lead to the observed significant imbalance between 

excitation and inhibition in PNs (Fig. 22). 
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Fig. 22: Proposed changes in synaptic mechanisms in the LA during the course of epilepsy development. 

The Saline scheme illustrates the normal functioning of LA interneurons (INs) and PNs. The NS scheme 

illustrates the situation observed during the latent phase of TLE with an overall increase (increase marked 

by thick lines) in synaptic activity of LA PNs: increased influence of the network through LA PNs NMDA 

receptors, increased influence of LA INs on the PNs, increased activity-dependent synaptic interactions in 

between PNs and increased weight of GABAA receptor-mediated inhibition on LA PNs. The SRS scheme 

illustrates the increased elementary synaptic excitation (thick lines) in between PNs due to an increase in 

NMDA receptor-mediated synaptic activity. 

 

5.4.3 NMDA receptors induced plasticity and TLE 

Additionally to the participation of amygdalar NMDA receptors in basal synaptic 

transmission (Rainnie et al., 1991; Sugita et al., 1993; Szinyei et al., 2003) and evoked 

synaptic activity (Sugita et al., 1993; Li et al., 1995; Weisskopf and LeDoux, 1999; 

Szinyei et al., 2003; Miwa et al., 2008), they also contribute to the short-term (Zinebi et 

al., 2001) and long-term (Bauer et al., 2002; Humeau et al., 2003; Miwa et al., 2008) 

forms of synaptic plasticity within the LA resulting in facilitation of the answer to a 

given stimulus. For example, long term changes on LA PNs were caused by an 



Discussion 
 

 53

increased release probability of glutamate following heterosynaptic stimulation of 

presynaptic NMDA receptors (Humeau et al., 2003). And intra-LA infusion of NMDA 

receptor antagonist CPP could block the induction of long-term potentiation (Goosens 

and Maren, 2004). Glutamate is therefore likely to induce long term plastic changes due 

to NMDA receptor activation in the LA. Interestingly, an increased glutamate level was 

revealed during the course of epilepsy in different brain regions in human and rodents 

such as the hippocampus (Cavus et al., 2005; Meurs et al., 2008; Szyndler et al., 2008), 

the amygdala (Shin et al., 2004) and the cerebellum (Smolders et al., 1997). Therefore, 

increased excitation levels in NS and SRS mice might represent long term plastic 

changes induced by NMDA receptors.  

5.4.4 Presynaptic NMDA receptors, plasticity and TLE 

In addition to their well-known postsynaptic localization (De Armentia and Sah, 2003; 

Szinyei et al., 2003; Miwa et al., 2008), NMDA subunits NR2 have been evidenced 

presynaptically in number of brain structures such as the visual cortex, entorhinal 

cortex, hippocampus, and LA where they have been reported to modulate spontaneous 

and evoked transmitter release and long term plasticity (LTP) (reviewed by Corlew et 

al., 2008). Tonic activation of presynaptic NMDA receptors by ambient glutamate, 

without action potential triggered release, was observed in the entorhinal cortex 

(Berretta and Jones, 1996; Woodhall et al., 2001), neocortex (Sjöström et al., 2003), and 

in the visual cortex (Li and Han, 2007; Li et al., 2008); there it was indicated by reduced 

miniature EPSCs frequency following NMDA antagonist application. Since increased 

concentration of glutamate has been reported in the amygdala (Shin et al., 2004) and 

because mEPSCs frequency was decreased in SRS mice after application of the NMDA 

receptor antagonist AP5 when compared to control conditions, it might indicate the 

participation of presynaptic NMDA receptors to the development of SRS. Additionally, 

tonic activation of presynaptic NMDA receptors from cortical afferents was also 
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reported to cause LTP on LA PNs (Humeau et al., 2003). This result could provide an 

explanation as to why the overall excitation was increased in NS mice and evolved 

towards sustained elementary alteration of the NMDA receptor dependent activity.  

5.4.5 Hints to an implication of presynaptic NR2B-containing NMDA receptors in TLE 

 5.4.5.1 Electrophysiological evidence 

Intra-LA infusion of the NR2B antagonist ifenprodil (Rodrigues et al., 2001) could 

reproduce the impairment in fear memory acquisition which was obtained by infusion 

of the NMDA receptor antagonist CPP (Goosens and Maren, 2004), indicating thereby 

the importance of NR2B-containing NMDA receptors for LTP in the LA. Additionally, 

a developmental switch is known to occur from NR2B to NR2A and to regulate the 

physiological properties of NMDA-mediated answer (Williams et al., 1993; Kirson et 

al., 1999). However, the proportions of NR2B subtypes in a mature brain vary 

depending on the region and its activity (reviewed by Cull-Candy and Leszkiewsicz, 

2004). For example, the mature central nucleus of the amygdala expresses twice as 

much NR2B than NR2A, while the mature LA expresses close to seven times less 

NR2B than NR2A (DeArmentia and Sah, 2003). Still, the contribution of NR2B 

subunits to synaptic transmission and LTP induction is higher in the LA than in the CA1 

region of the hippocampus (Miwa et al., 2008). NR2B subunits are relevant for TLE 

because of the link between NR2B subunits and LTP, and the weight of their 

contribution for synaptic plasticity in the LA. The possible involvement of NR2B 

subunits in TLE has been further confirmed by a study bringing human TLE in parallel 

with rats in the chronic phase of TLE (Mathern et al., 1998). In this work, 

immunohistochemistry of the hippocampus showed increased NR2B expression in 

human and increased NR2A and NR2B in spontaneously epileptic rats. Interestingly, 

NR2B-containing NMDA receptors have been suggested to increase back to their initial 

immature level in the entorhinal cortex of chronically epileptic rats following 
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pilocarpine treatment, where it was indicated by an upregulated facilitation of glutamate 

release by the presynaptic NR2B subtypes (Yang et al., 2006). Presynaptic NR2B-

containing NMDA receptors could thus be possible candidates for the higher elementary 

NMDA receptor-mediated activity that was observed in LA PNs of SRS mice, as 

indicated by the decreased mEPSCs frequency in SRS mice upon application of the 

NMDA receptor antagonist AP5 when compared to control conditions.  

 5.4.5.2 Molecular evidence 

At the genetic level, increased expression of many genes has been shown in TLE 

(Elliott et al., 2003). At the same time, numerous factors can regulate NMDA receptor 

function and expression (for review see Dingledine et al., 1999; Yamakura and Shimoji, 

1999). For instance, immunohistochemistry and Western-blot analysis in hippocampus 

of spontaneously epileptic pilocarpine treated rats have shown increased levels of the 

synaptic protein Mint1, which participate in the transport of the NR2B subunit to the 

synaptic membrane. These results are fitting with the findings of numerous previous 

studies (Berretta and Jones, 1996; Mathern et al., 1998; Woodhall et al., 2001; Sjöström 

et al., 2003; Yang et al., 2006; Li and Han, 2007; Li et al., 2008) and the present study 

with regard to the increased elementary excitation NMDA receptor-dependent observed 

in SRS mice. Extracellular signal-regulated kinases (ERK) are an additional potential 

link between the reported increase of glutamate concentration in TLE and the activity 

level of NR2B-subunit containing NMDA receptors. ERK are part of a signaling 

cascade that couples intracellular responses, such as changes in protein function and 

gene expression, to the binding of extracellular ligands. A conditional mouse mutant, 

giving rise to activated ERK, developed SRS at the age of 6-8 weeks and displayed 

increased NR2B protein expression and phosphorylation (Nateri et al., 2007). NR2B 

blockade in this mutant, in vitro and in vivo, was able to inhibit the expression of 

epilepsy. These results here confirm the up-regulation hypothesis of NR2B activity 
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during the course of SRS, perhaps also suggesting a direct link between higher mEPSCs 

frequency in SRS mice and the expression of seizures in SRS. It would thus be of 

interest in future studies to cross existing knowledge on NMDA receptor regulation 

proteins with microarrays results obtained from epileptic patients and animal models of 

TLE in order to try to understand better the mechanisms leading to and maintaining 

TLE. 

 

5.5 Implication of GABA receptors in TLE 

The higher amplitudes, and not frequency, of sIPSCs exhibited by NS mice when 

compared to SRS and to Saline controls indicates postsynaptic alterations of GABAA 

receptors. Since changes in GABAergic activity are likely postsynaptic, this would 

imply that they are not linked to the activity-dependent increase of NMDA receptor-

driven sEPSCs observed in these mice. Number of alterations occurring on the level of 

the GABAergic system has been already previously reported, however results were 

mixed according to the area observed and the model utilized. A decreased GABAergic 

population was described in the kainate model of TLE with 44% and 75% loss of 

interneurons in LA and BA, respectively (Tuunanen et al., 1996). While in the same 

model, visualizations techniques using immunohistochemistry surprisingly showed 

increases in number and length of GABAergic synapses within the hippocampus (Morin 

et al., 1999). A depolarized level of reversal potential of GABAA along with a decreased 

peak conductance of the IPSPs and a loss of paired pulse inhibition have been shown in 

LA PNs of spontaneously epileptic pilocarpine treated rats (Benini and Avoli, 2006). 

These findings suggested a reduction of inhibition influence per se, and a shift towards 

more depolarizing effects of the remaining inhibition. These alterations were not 

observed in the present study, presumably due to differences on the pilocarpine 

application procedures or species differences. Differential regulation of all GABA 
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receptor subunits in the CA3 and CA1 regions and in the granule cells was reported 24h 

after electrically induced SE and some of the changes lasted up to 30 days after SE 

(Nishimura et al., 2005). Patch-clamp experiments combined with single-cell PCR in 

dentate gyrus cells of pilocarpine treated rats also showed profound alterations of post-

synaptic GABA receptor subunits in dentate granule cells which gave rise to larger 

GABA-evoked responses, increased GAD67 mRNA expression and differential 

sensitivity to GABA receptors modulators such as enhanced zinc block and decreased 

sensitivity to benzodiazepine agonist, BZ1-selective, zolpidem. Changes were already 

visible in the latent period, except for the efficacy of GABA receptor to evoke larger 

responses (Brooks-Kayal et al., 1998). These results are fitting with those of the present 

study and suggest that the changes obtained here could be due to a modification of 

postsynaptic GABAA subunits. Even though GABAergic transmission has been 

implicated in TLE development and expression (Brooks-Kayal et al., 1998; Nishimura 

et al., 2005), it can not explain from its own all alterations seen in TLE. For example, 

BLA neurons showed enhanced population spikes which were only partly due to 

reduced GABAergic transmission during the chronic phase of TLE after kainate 

induced SE since application of GABAA and GABAB receptors antagonists did not 

abolish the difference in excitability seen when comparing epileptic and control neurons 

(Smith and Dudek, 1997).  

 

5.6 Future directions 

As a follow-up of the present study, a number of experiments would be of interest: a) 

investigation of synaptic mechanisms in pilocarpine injected mice in vivo and in tissues 

resected from TLE patients, b) establishment of a link between the regulatory proteins 

of glutamate receptors, TLE, fear and anxiety, by matching micro-array data with 

immunohistochemistry or in-situ hybridization, c) search for a genetic predisposition, or 
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resistance, to develop TLE and to manipulate the concerned gene(s) in a mouse strain to 

try to better understand epileptogenesis and maybe also to get a chance to prevent it. 

a) Investigating synaptic mechanisms in vivo would probably be helpful, because in this 

case it is possible to keep intact synaptic connections. We might thus be able to find out 

which are the regions driving the higher excitation in the amygdala during the 

epileptogenesis phase. This would also allow us to find whether there is any self-

reinforcing synaptic circuit that would lead to the development of TLE and SRS. Since 

previous studies showed a leading role of perihippocampal cortices in the recruitment of 

temporal lobe structures during epileptiform activities (Klueva et al., 2003; McIntyre 

and Gylbi, 2008), in vivo experiments in which these regions would be sequentially and 

then cumulatively silenced through micro-dialysis application of GABA agonist, such 

as muscimol or baclofen, would help us testing whether one or more of these regions 

is/are necessary for epileptogenesis and seizures development. Additionally, the 

participation of INs in the development of seizure activity could be tested in the LA as 

well as in the region(s) which would have been found to be leaders of temporal lobe 

structures recruitment during epileptiform activities. Finally, findings from these 

experiments would be tested in resected tissues from TLE patients, perhaps helping to 

improve future treatment of epileptogenesis and SRS. 

b) If it would be possible to establish a link between the regulatory proteins of 

glutamate receptors, TLE, fear and anxiety, by matching micro-array data with 

immunohistochemistry or in-situ hybridization, then this may help developing 

treatments for the patients which would treat TLE as well as its’ comorbid disorders. 

c) In case a genetic predisposition to develop TLE would be known, we may be able to 

develop a preventive neuroprotective treatment, which may probably be more beneficial 

for the patients than a treatment started only when the neuronal damages are already 

done by seizure activity. 
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7. Zusammenfassung 

Die Projektionsneurone (PN) der lateralen Amygdala (LA) spielen eine kritische Rolle 

in der Pathogenese der humanen Temporallappen-Epilepsie (TLE); ihre präzise 

Beteiligung an der Generierung, Ausprägung und Verlauf epileptischer Erkrankungen 

ist bisher jedoch nur lückenhaft untersucht. 

Diese Studie zielte darauf ab der Hypothese nachzugehen, daß glutamaterge 

Mechanismen während der Entwicklung epileptischer Anfälle bei der TLE verändert 

sind. Zu diesem Zweck wird hier das sog. Pilokarpin-Mausmodells für TLE verwendet, 

um die intrinsichen und synaptischen Eigenschaften von Projektionsneuronen der 

lateralen Amygdala in Abhängigkeit von der epileptischen Anfallsaktivität zu 

analysieren. Das Pilokarpin-Mausmodells für TLE wurde gewählt, da es große 

Ähnlichkeiten mit den pathologischen Charakteristika der humanen TLE aufweist. Zur 

elektrophysiologischen Analyse der LA PN kam die sog Ganzzell-„patch-clamp“-

Technik zur Anwendung, um deren Rolle an der Generierung und dem Verlauf 

epileptischer Anfallsaktivität zu untersuchen.  

Im ersten Schritt wurden die intrinsischen Eigenschaften dieser Zellen analysiert; in 

einem zweiten Schritt erfolgte die Analyse der synaptischen Mechanismen zu 

verschiedenen Phasen der Entwicklung epileptischer Anfälle. Unter Anwendung der in 

vitro-Schnitt-Technik wurden die zellulären Eigenschaften der LA PN von Pilokarpin-

behandelten Mäusen in einer latenten Phase (keine Anfälle, NS) und in einer 

rekurrenten (spontan wiederkehrende epileptische Anfälle, SRS) Phase analysiert, und 

mit den Daten von NaCl-behandelten Kontrolltieren verglichen. 

Die Analyse der intrinsischen Eigenschaften erbrachte nur geringfügige Veränderungen 

der LA PN von Tieren nach Pilokarpin-Behandlung, wo hingegen die synaptischen 

Eigenschaften ein deutliches Ungleichgewicht zwischen Erregung (Exzitation) und 

Hemmung (Inhibition) aufwiesen, sichtbar in einer erhöhten Frequenz der spontanen 
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und exzitatorischen Miniaturpotenziale während der latenten und rekurrenten Phasen. 

Im Ergebnis dieser Analyse  konnten sowohl prä- als auch postsynaptische 

Beteiligungen während der latenten und rekurrenten Phase ermittelt werden. Ferner 

erwiesen sich zelluläre Veränderungen als sensitiv gegenüber dem NMDA-Rezeptor 

Antagonisten AP5, und nicht gegenüber dem AMPA-Rezeptor-Antagonisten NBQX, 

was auf eine Beteiligung des NMDA-Rezeptors schließen läst.  

Im Vergleich mit altersgleichen NaCl-behandelten Tieren, konnte außerdem eine 

Erhöhung der Amplitude inhibitorischer Antworten in LA PN von Pilokarpin-

behandelten Mäusen in der latenten Phase beobachtet werden. Diese Erhöhung war 

nicht sichtbar in Zellen von Mäusen, die sich in einer rekurrenten Phase der TLE  

befanden. 

Hinsichtlich der TLE zeigt diese Studie: 

1. dynamische Veränderungen in der glutamatergen Transmission während der 

Anfallsentwicklung und in der rekurrenten Phase  

2. eine differentielle NMDA-Rezeptor-Beteiligung an den Veränderungen während 

der beiden untersuchten Phasen der Epilepsie 

3. ein selektives Auftreten einer postsynaptischen Amplitudenvergrößerung 

spontaner inhibitorischer synaptischer Ereignisse während der latenten Phase der 

Epilepsie 

4. eine Verschiebung des Exzitations-/Inhibitions-Verhältnisses in Richtung eines 

höheren Exzitationsniveaus während der Anfallsentwicklung (Generierung) und der 

TLE-Manifestierungsphase. 

Ein verbessertes Verständnis der neuralen und synaptischen Mechanismen, die der 

mesialen Temporallappenepilepsie zugrunde liegen, ist Voraussetzung für die 

Entwicklung spezifischer und hochwirksamer Medikamente und könnte zu alternativen 
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Therapieansätzen führen, die die Lebensqualität von Epilepsiepatienten drastisch 

verbessern würden. 
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8. Abbreviations 

AB    Accessory basal nucleus of the amygdala 

AD/DA digitizer  Analog-digital/ digital-analog digitizer 

Aearly   Early adaptation 

Alate   Late adaptation 

AMPA   α-amino-3-hydroxy-5-methyl-4-isoaxolepropionic acid 

AP5    D-2-amino-5-phosphonopentanoate 

APV    D-2-amino-5-phosphonovalerate 

ATP    Adenosine 5’-triphosphate 

BA    Basal nucleus of the amygdala 

Bi    Intermediate subdivisions of the basal nucleus of the amygdala 

BLA    Basolateral complex of the amygdala 

Bmc    Magnocellular subdivisions of the basal nucleus of the amygdala 

Bpc    Parvocellular subdivision of the basal nucleus of the amygdala 

CA1-3    Cornu Ammonis1-3 of the hippocampus  

CEc    Capsular subdivision of the central nucleus of the amygdala 

CEl    Lateral subdivision of the central nucleus of the amygdala 

CEm    Medial subdivision of the central nucleus of the amygdala 

CPP    (±)-3-(2-Carboxypiperazin-4-yl) propyl-1-phosphonic acid 

Cs   Cesium 

DAB    3-3’Diaminobenzidine 

E/I    Excitation/Inhibition ratio 

EGTA    Glycol ether diamine tetraacetic acid 

EPSC    Excitatory post synaptic current 

EPSP    Excitatory post synaptic potential 

ERK    Extracellular signal-regulated kinases  

f    Instantaneous firing frequency 

f/i    Frequency / Intensity relationship 

GABA   γ-amino-butyric acid 

GAD67   Glutamic acid decarboxylase 67 

GluR    Glutamate receptor 

GTP    Guanosine-triphosphate 

HEPES   4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

HW    Half-width  
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IN    Interneuron 

IPSC   Inhibitory post synaptic current 

IPSP    Inhibitory post synaptic potential 

I-V    Current-voltage relationship 

KA    Kainate 

KGluc   Potassium gluconate 

LA    Lateral nucleus of the amygdala 

Ldl    Lateral subdivision of the lateral nucleus of the amygdala  

Lm    Medial subdivision of the lateral nucleus of the amygdala 

LTP    Long-term potentiation 

Lvl    Ventrolateral subdivision of the lateral nucleus of the amygdala 

mGluR   Metabotropic glutamate receptor 

MK801   (5S,10R)-(–)-5-Methyl-10,11-dihydro-5H-dibenzo-[a,d]-cyclo-  

   hepten-5,10-imine hydrogen maleate 

mPSP    Miniature post synaptic potential 

mRNA   Messenger ribonucleic acid 

NBQX   1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7- 

   sulfonamide 

NMDA   N-methyl-D-aspartic acid 

NR    NMDA receptor subunit 

NS    No observed Seizures 

PBS    Phosphate-buffered saline 

PFA    Paraformaldehyde  

PN    Projection neuron 

PSP    Post synaptic potential 

Rin    Input resistance 

S.E.M.   Standard error of the mean 

SE    Status Epilepticus  

sPSP    Spontaneous post synaptic potential 

SRS    Spontaneous Recurrent Seizures 

TLE    Temporal lobe epilepsy  

TTX    Tetrodotoxin 

Vrest    Resting membrane potential  
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