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Chapterr 1 

N E U R O N A LL EXCITABILITY 

Thee brain consists of billions of neurons that are integrated in complicated neuronal 
networks.. Information processing and communication between the neurons in these 
networkss makes us think, sense, feel, (re-)act and remember. Information in the brain 
iss carried by chemical and electrical signals. In neurons, electrical signals are carried by 
ionicc currents over the plasma membrane. Neurons maintain differences in 
concentrationn for specific ions over the semipermeable plasma membrane. As a 
consequence,, a separation of electrical charges occurs, which in turn gives rise to a 
differencee of electrical potential across the plasma membrane: the membrane 
potential.. Electrical signaling in neurons involves changes of specific membrane 
conductancess (in the form of channels that are selective for Na+, K+, Ca2+ or Ch ions), 
whichh allow the driving forces for the ions to let ionic currents flow across the plasma 
membranee (Figure 1.1). At least two classes of ion channels exist: voltage-activated ion 
channelss that open and close in response to changes in membrane potential, and 
ligand-gatedd channels that are controlled by neurotransmitters that bind to membrane 
receptorss at the extracellular side of the membrane. Ultimately the changes in all 
membranee conductances lead to a new membrane potential, which decides whether 
andd how the neuron is going to fire action potentials. Alternatively the ionic currents 
translatee into changes of the intracellular ion concentrations. This will have the largest 
impactt on the calcium concentration ([Ca2+]j) , because it is normally very low (~100 
nM).. As a second messenger, calcium ion signals serve many roles in neuronal 
functioningg (Hille, 1992; Kandel et al., 2000). 

otherr stimuli 

effect t 
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Figuree 1.1: Electrical excitation and calcium-mediated signal transduction in neurons 

Al ll  ionic events ultimately culminate in changes of membrane potential (AVm). These membrane 
potentiall  changes in turn affect ion channel gating, thereby changing membrane potential again. The 
consequencess of electrical signalling are controlled by the intracellular free calcium concentration 
([Ca2+],).. Electrical signals modulate the flow of calcium ions into the cytoplasm. Since calcium ions are 
importantt intracellular second messengers, changes in [Ca2+], mediate the ultimate physiological 
responsee (adapted from Hille, 1992). 
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Generall  Introduction 

Inn this thesis, I have investigated specific alterations in cellular excitability1 in the 
hippocampall  formation that are associated with chronic epilepsy. In addition to 
gainingg information that may lead to improved (pharmacological) treatment of 
epilepsy,, epilepsy research can provide better insight into the basic principles involved 
inn the control of excitability (Jefferys, 1990). 

EPILEPSY Y 

Epilepsyy is a common neurological disorder that affects approximately 1 to 2% of the 
populationn and is characterized by recurrent spontaneous seizures. Epileptic seizures 
aree characterized by high-frequent, spontaneously occurring, synchronized discharges 
off  neuronal populations in the central nervous system (CNS) in one focal area, which 
mayy spread i.e. "generalize" throughout the brain. Seizures are acute and transient 
events.. Yet, epilepsy is the chronic brain condition in which spontaneous recurrent 
seizuress occur (Dichter and Ayala, 1987; Lothman et al., 1991; McNamara, 1994; 
McNamara,, 1999). 

Mesiall  temporal lobe epilepsy (mTLE) is the most common form of adult focal 
epilepsyy (Engel et al., 1989), and is characterized by chronic seizures that often 
originatee in the hippocampal formation (for review see Sloviter, 1994) (BOX: 
hippocampall  formation). The most typical pathology in mTLE is hippocampal 
sclerosis,, which is characterized by (1) extensive neuronal cell loss and gliosis in the 
CA33 and CA1 regions and the hilus of the dentate gyrus and (2) mossy fiber sprouting 
intoo the inner molecular layer of the dentate gyms, resulting in recurrent excitation of 
thee dentate granule cells (Babb et al., 1991; de Lanerolle et al., 1989; Sloviter, 1994; 
Sutulaetai.,, 1989). 

EpilepticEpileptic seizures 

Thee EEG of epileptic patients is characterized by the presence of interictal and ictal 
events.. The neuronal correlate of the interictal (i.e. in-between seizure) spike consists 
off  a membrane depolarization accompanied by a train of action potentials, referred to 
ass the paroxysmal depolarizing shift (PDS). In most cortical neurons, a large excitatory 
synapticc current that can be enhanced by the activation of voltage-activated intrinsic 
membranee currents generates the PDS. During ictal events (i.e. seizures), the neurons 
involvedd show prolonged depolarization and high-frequency trains of action potentials 
(tonicc phase). This can be followed by a clonic phase during which the neurons fire 
rhythmicc bursts of action potentials (Jefferys, 1990; Willoughby, 2000). 

'Excitabilityy = the ability of neurons to respond to stimuli by producing rapid changes in membrane 
potentiall  (Kandel et al., 2000). 
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BOX:: HIPPOCAMPAL FORMATION 
Thee hippocampa] formation has been the subject of many anatomical and physiological 
investigations.. Three main neuronal pathways in the hippocampus form the trisynaptic circuit. This 
comprisess the serial excitatory synaptic connections of the perforant pathway input (pp) from 
thee entorhinal cortex (EC) to the granule cells of the dentate gyrus (DG), from the latter to the 
CA33 pyramidal cells via the mossy fibers (mf), and finally the CA3 output to the pyramidal cells 
off  the CA1 subregion via the Schaffer collaterals (Sch). The CA1 pyramidal cells form a major 
outputt of the hippocampus to the cortex. S = subiculum. The activity of the principal neurons in 
thee trisynaptic circuit is modulated by GABAergic interneurons through feedforward and 
feedbackk inhibition (Amaral and Witter, 1995; Bekenstein and Lothman, 1991; Lothman et al., 
1991;; Michelson and Lothman, 1989; Wierenga and Wadman, 2003). Excitability of the 
hippocampall  network is determined by the interplay of intrinsic membrane properties of the 
individuall  neurons and the synaptic connections between the neurons. 

Thee hippocampal formation is strongly involved in the generation and maintenance of seizures 
underlyingg mesial temporal lobe epilepsy (mTLE) (Gibbs II I et al., 1997; Gloveli et al., 1998; 
Lothmann et al., 1991; Rempe et al., 1995; Scharfman, 2000). The (para)hippocampal regions have 
beenn linked to different aspects of epileptogenesis. While the CA3 region of the hippocampus is 
responsiblee for the generation of interictal spikes, the CA1 region and the EC have been 
implicatedd as major sites for seizure initiation in chronic TLE. The DG normally operates to 
retardd seizures, but under conditions of enhanced epileptogenesis, it may support or even 
amplifyy seizure activity. In addition, the hippocampal-parahippocampal loop amplifies seizures 
(Lothmann et al., 1991; Rempe et al., 1995). There is a strong interaction between the various 
hippocampall  regions in the initiation and spread of seizures in mTLE, which implies that they 
participatee to a large extent in the same seizure events during epileptogenesis (Bertram, 1997; 
Lothmann et al., 1991; Rempe et al., 1995). 

MechanismsMechanisms of increased excitability in epilepsy 

Inn epilepsy, the balance between excitation and inhibition in the affected network is 
permanentlypermanently shifted in the direction of increased excitability. Both morphological 
alterationss such as hippocampal sclerosis and functional alterations on the cellular and 
thee network level have been postulated to underlie hyperexcitability in the epileptic 
brain.. At the cellular level, reduced GABAergic inhibition and enhanced glutamatergic 
excitationn have been reported to occur in epilepsy. In addition, persistent alterations in 
intrinsicc membrane conductances are known to contribute to increased excitability of 
thee principal neurons in the epileptic brain (Avoli et al., 2002; Dichter and Ayala, 1987; 
Lopess da Suva and Wadman, 1999; McNamara, 1999). 
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Generall  Introduction 

AnimalAnimal models for temporal lobe epilepsy 

Surgicall  resection of the epileptogenic tissue from epileptic patients, in particular the 
hippocampus,, often results in seizure control after surgery, indicating that the 
hippocampuss played an important role in the generation and maintenance of seizures 
(Eliashivv et al., 1997; van Veelen et al., 2001; Wieser et al., 2001). The possibility of 
obtainingg tissue resected during epilepsy surgery is a unique opportunity to investigate 
propertiess of neurons situated within the epileptogenic area (Reckziegel et al., 1999; 
Vreugdenhil,, M. et al, 1998b). A significant drawback of such studies, however, is that 
thee interpretation of the obtained results is limited, since there is very littl e control 
tissuetissue from healthy subjects available for comparison. 

Duee to the ethical and experimental limitations of human studies, appropriate animal 
modelss for epilepsy are essential. Animal models have been developed for studying the 
basicc mechanism(s) of epileptogenesis and the characteristics of chronic epilepsy 
(Hellierr et al, 1998). Generally, animal models for TLE can be divided in two groups: 
modelss for epileptogenesis, such as the kindling model, in which periodic tetanic 
electricall  stimulation of afferent fiber pathways leads to a permanent state of 
hyperexcitabilityy (Goddard et al., 1969), and models for chronic epilepsy. In rats, 
chronicc epilepsy can develop as a consequence of status epilepticus2 (SE). SE can be 
inducedd either chemically, e.g. by systemic injections with kainic acid (Ben-Ari, 1985; 
Hellierr et al., 1998) or pilocarpine (Cavalheiro et al., 1991), or by prolonged electrical 
stimulationn of the hippocampus (electrically-induced post-SE model: Gorter et al., 
2001;; Lothman et al, 1989). After an apparent latent period of several weeks, these 
post-SEE rats develop a chronic epileptic state. The rat models for chronic epilepsy 
reproducee important features of human TLE: the chronic epileptic state is 
characterizedd by hippocampal sclerosis (specific cell loss and gliosis), mossy fiber 
sproutingg and the recurrence of spontaneous seizures (Gorter et al., 2001; Hellier et 
al.,, 1998; Hellier et al., 1999; Lothman et al, 1990; Mathern et al., 1997). For the 
researchh described in this thesis, we used the electrically-induced post-SE model and 
thee kainate (KA) model of epilepsy, which are both good models for studying the 
cellularr mechanisms underlying epilepsy (for a detailed comparison of the animal 
models,, see Hellier et al., 1998). 

VOLTAGE-ACTIVATEDD SODIUM AND CALCIUM CURRENTS IN 
EPILEPSY Y 

Epilepsyy is not a disorder of single neurons, since network aspects such as 
synchronizationn of a population of neurons are of great importance. However, it is at 

2SEE is the condition in which seizures last or recur over a period of at least 30 min without a return to 
normall  baseline activity (Lothman et al., 1989). 
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thee level of the ionic conductances in the neuronal membrane that cellular excitability 
iss primarily controlled. Together, these ionic currents determine the pattern of action 
potentiall  firing in an individual neuron in response to synaptic inputs. Since all ionic 
conductancess participate in the control of the stability of neuronal networks, they all 
mayy be involved in the generation of epileptiform activity (Lopes da Silva and 
Wadman,, 1999; Schwartzkroin et al, 1998). 

Twoo important excitatory currents in neurons that play a crucial role in the initiation 
off  cell firing are the voltage-activated sodium and calcium current. Several lines of 
evidencee have shown the involvement of both these currents and/or the underlying 
ionn channels in human and experimental epilepsy: 

distinctt voltage-activated sodium or calcium ion channel mutations lead to 
distinctt forms of epilepsy (Na+: generalized epilepsy with febrile seizures plus 
(GEFS++ syndrome); Ca2+: e.g. generalized absence epilepsy in tottering, 
leaner,, ducky and stargazer mice (Lehmann-Horn and Jurkat-Rott, 1999)), 
voltage-gatedd sodium and calcium channels are primary targets for many 
establishedd anti-epileptic drugs (Clare et al., 2000; Macdonald and Greenfield, 
1997;; Ragsdale and Avoli , 1998), 

alterationss in expression (levels) or alternative splicing of specific sodium and 
calciumm channel subunits have been found in human and experimental 
epilepsyy (Aronica et al., 2001; Bartolomei et al., 1997; Djamshidian et al., 
2002;; Gastaldi et al, 1997; Hendriksen et al, 1997; Lie et al., 1999; Lombardo 
etal.,, 1996), 

severall  persistent alterations in voltage-activated sodium and calcium current 
characteristicss have been reported in chronic animal models for TLE and in 
humann TLE (Kohling, 2002; Lopes da Silva and Wadman, 1999). 

Thee two latter points will be discussed in more detail in the following sections. 

Voltage-activatedVoltage-activated sodium currents 

Thee voltage-activated transient sodium current3 controls the upstroke of the action 
potentiall  in neurons (Hodgkin and Huxley, 1952). This current is necessary for the 
expressionn of epileptiform activity, since trains of action potentials generated by the 
activationn of sodium channels represent the final common pathway of electrical 
signalingg and, therefore, electrical hyperexcitability (Lopes da Silva and Wadman, 
1999). . 

3Inn addition to the large transient sodium current, in many neurons a persistent sodium current (̂ NaP) 
exists,, which shows a similar voltage dependence as the transient sodium current, but has a much smaller 
maximall  conductance and does not inactivate. This small but persistent current modulates neuronal 
excitabilityy near firing threshold by generating spontaneous action potentials and sustained 
depolarizations,, thereby influencing repetitive tiring (Crill , 1996). l^y is therefore also implicated in the 
pathophysiologyy of epilepsy (Kohling, 2002) but is not the subject of the research described in this thesis. 
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Voltage-activatedd sodium channels (Navl.x) carrying the sodium current consist of an 
cc-subunit,, associated with one or more auxiliary |3-subunits (Catterall, W. A. et al, 
2003a;; Goldin et al., 2000). The cc-subunit, of which at least six subtypes are found in 
thee brain (in Navl.1—1.6 except Nav1.4 channels) forms the ion pore and is responsible 
forr the voltage-sensitive characteristics of the complex. The kinetics and voltage 
dependencee of channel gating are modified by the p-subunits, of which four different 
subtypess (J31—4) are presently known in the brain (Morgan et al., 2000; Yu, F. H. et al., 
2003). . 

Thee voltage-activated sodium channel can exist in three functionally distinct states 
(Figuree 1.2): closed (C), open (O) and inactivated (I). At resting membrane potentials, 
mostt sodium channels are in the closed state. Upon depolarization, the channels open 
resultingg in an inward Na+ current under physiological conditions (a), and then rapidly 
convertt to a non-conducting inactivated state due to channel inactivation {b). 
Hyperpolarizationn of the membrane removes inactivation (c), converting the channels 
backk to the closed state from which they can open in response to a subsequent 
depolarizationn (Hille, 1992; Hodgkin and Huxley, 1952; Lehmann-Horn and Jurkat-
Rott,, 1999). 

yyyH)yH) \ 
(C) (C) 

Figuree 1.2: Sodium channel state transitions 

(a)(a) activation 
(b)(b) inactivation 
(c)(c) removal from inactivation 

Thee voltage dependence and kinetics (time scale of milliseconds) of the activation, 
inactivationn and recovery from inactivation of the sodium current are important 
parameterss in controlling the discharge pattern of a cell, and hence, neuronal 
excitability. . 

Voltage-activatedVoltage-activated sodium currents and channels in epilepsy 

Severall  alterations in voltage-activated sodium current characteristics, altered 
expressionn of sodium channel subtypes or alternative splicing of sodium channel 
isoformss have been reported to occur in the hippocampus in human epilepsy and 
animall  models for TLE. In isolated rat CA1 pyramidal neurons from fully-kindled rats, 
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thee voltage dependence of steady-state inactivation of the sodium current was found 
too be shifted to more depolarized potentials when compared with control animals, 
whilee the voltage dependence of activation was unaffected. The shift of the 
inactivationn function will increase the number of channels available for activation and 
mayy thereby enhance the maximal firing rate of the neuron. In addition, the current 
amplitudee was increased with 20% in the long-term kindled rats. In this way, the 
changess in sodium current will contribute to enhanced excitability of CA1 pyramidal 
neuronss after kindling (Vreugdenhil, M. et al., 1998a). 

Inn CA1 pyramidal cells from electrically-induced post-SE rats, we have found a 
markedd shift of the voltage dependence of activation of the voltage-activated sodium 
currentt to more hyperpolarized potentials when compared with control rats, while the 
voltagee dependence of steady-state inactivation was slightly shifted to more 
depolarizedd potentials. Due to the increased overlap of the activation and inactivation 
curves,, these changes in voltage dependence resulted in a significant increase of the 
windoww current. These alterations contribute to enhanced excitability in these 
neurons,, in particular when the membrane potential is near firing threshold. This may 
att least pardy explain the lower threshold for epileptic activity7 in these epileptic 
animalss (Chapter 2 and Ketelaars et al., 2001). 
Soonn after our findings in CA1 pyramidal neurons had been reported, similar results 
weree obtained in DG granule cells from pilocarpine-induced epileptic rats (Ellerkmann 
ett al., 2003). In these pilocarpine rats, the functional alterations were found to occur in 
concertt with differential changes in sodium channel subunit expression: the Nav1.2 
andd Nav1.6 a-subunits and the (31-subunit were persistendy downregulated up to 30 
dayss after SE. The (32-subunit was transiendy downregulated up till three days after SE 
(Ellerkmannn et al., 2003), which was also reported to occur in kainate-induced 
epilepticc rats (Gastaldi et al., 1998). In the kainate model for TLE, levels of mRNA 
encodingg the Nav1.2 and Nav1.3 a-subunits were found to be transiendy upregulated 
inn the hippocampus (Bartolomei et al., 1997). Furthermore, the proportion of the 
neonatall  splice variants of Nav1.2 and Nav1.3 was transiently increased in CA1-3 
neuronss and DG granule cells from kainate-induced epileptic rats (Gastaldi et al., 
1997)) and permanendy increased in electrically-induced post-SE rats (Aronica et al., 
2001).. In this regard, it is interesting to note that the voltage dependence of both 
activationn and inactivation of sodium currents carried by neonatal sodium channels is 
shiftedd to more depolarized potentials when compared with adult sodium channels 
(Cumminss et al., 1994). In patients, chronic epilepsy was found to be associated with 
ann increased ratio of hippocampal Navl. l to Nav1.2 subunit expression (Lombardo et 
ah,, 1996). In addition, a downregulation of Nav1.2 mRNA in the CA1-3 subfields of 
thee hippocampus and an upregulation of Navl .3 mRNA in the CA4 subfield have 
beenn observed in epileptic patients (Whitaker et al., 2001). Although it is presendy 
unknownn whether these altered expression levels of sodium channel subtypes or 
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alternativee splicing events are cause or consequence of epilepsy, it is very likely that 
theyy contribute to the hyperexcitability characterizing the epileptic state. 

Anti-epilepticAnti-epileptic drugs 

Theree is as yet very littl e knowledge about the fundamental process of epileptogenesis, 
andd hardly any strategy is available to interfere with it. Pharmacotherapy is therefore 
symptomatic:: it is aimed at preventing seizures without interfering with normal brain 
functionn (Loscher, 2002; McNamara, 1994). Effective anti-epileptic drugs (AEDs) do 
nott reduce the amplitude or duration of single action potentials but limit repetitive 
firingg of the neurons (Macdonald and Kelly, 1993). Voltage-gated sodium channels are 
aa primary target for established anti-epileptic drugs such as carbamazepine (CBZ), 
phenytoinn (PHT), valproate (VPA) and lamotrigine (LTG). These AEDs induce a shift 
off  the steady-state inactivation curve to more hyperpolarized potentials, resulting in a 
decreasee of sodium channel availability (voltage-dependent inhibition) and 
compensatingg for the shift that is often observed in the diseased state. In addition, the 
recoveryy from inactivation of the sodium current is slowed: these anticonvulsants all 
slowlyy and selectively bind to the inactivated state of the sodium channel. A prolonged 
depolarization,, as occurs during seizures, is therefore necessary for the drug to bind. 
Byy keeping the channel in the high-affinity inactivated state, the bound drug prevents 
thee channel to recover from inactivation. In this way seizure discharges are effectively 
inhibited,, while normal neuronal activity is not affected (activity-dependent inhibition) 
(Kuo,, 1998; Kuo and Lu, 1997; Macdonald and Greenfield, 1997; Ragsdale and Avoli , 
1998;; Yang, Y. C. and Kuo, 2002). 

Pharmacoresistance Pharmacoresistance 

Approximatelyy one third of patients suffering from temporal lobe epilepsy (TLE) is 
pharmacoresistant,, which means that seizures cannot be controlled by tolerable doses 
off  anti-epileptic drugs (Loscher, 2002; Loscher and Potschka, 2002). The mechanisms 
underlyingg drug resistance are poorly understood. Two main concepts have been 
proposed:: several multidrug transporters are overexpressed in brain tissue from 
patientss with pharmacoresistant TLE. These transporters limit drug penetration 
throughh the blood-brain barrier into the extracellular space of neurons. 
Overexpressionn of multidrug transporters may lower the concentration of AEDs in 
thee brain parenchyma resulting in a reduced anti-epileptic effect (Loscher and 
Potschka,, 2002; Seegers et al., 2002; Sisodiya et al., 2002). Another possible 
mechanismm underlying pharmacoresistance is reduced pharmacosensitivity of voltage-
activatedd sodium channels (Remy et al., 2003a; Vreugdenhil, M. et al., 1998b). In CA1 
pyramidall  neurons from pharmacoresistant TLE patients with hippocampal sclerosis, 
ann impaired modulation of the voltage dependence of the steady-state inactivation of 
thee sodium current by CBZ has been reported (Vreugdenhil, M. et al., 1998b). A 
similar,, but transient, reduction of the effect of CBZ on the voltage-activated sodium 
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currentt was also found in hippocampal CA1 neurons from kindled rats (Vreugdenhil, 
M.. and Wadman, 1999). In DG granule cells from pilocarpine-treated rats and 
epilepticc patients with pharmacoresistant TLE, a complete loss of CBZ effects on the 
fastt recover}' from inactivation of the sodium current was reported. In addition, in the 
samee cell type, a significant reduced effect of PHT, but not LTG, was found on the 
recoveryy from inactivation in pilocarpine-treated rats. In contrast with the CA1 
pyramidall  cells, the effect of these AEDs on the steady-state inactivation function of 
thee sodium current in DG granule cells was similar in control and epileptic tissue 
(Reckziegell  et ah, 1999; Remy et ah, 2003a; Remy et ah, 2003b). 

Inn contrast to these findings, modulation of the voltage-activated sodium current by 
VPAA was found to be unaltered in both CA1 pyramidal neurons from kindled rats and 
pharmacoresistantt TLE patients and in DG granule cells from pilocarpine-treated rats 
(Remyy et ah, 2003b; Vreugdenhil, M. et ah, 1998b; Vreugdenhil, M. and Wadman, 
1999).. In addition, PHT sensitivity of voltage-activated sodium (and calcium) currents 
inn hippocampal CA1 neurons from kindled rats that are resistant to the anticonvulsant 
effectt of PHT ("nonresponders") was not significantiy different from PHT sensitivity 
inn phenytoin responders (Jeub et ah, 2002). 

CALCIUMM HOMEOSTASIS 

Inn neurons, calcium (Ca2+) ions play an important role in many processes such as 
neurotransmitterr release, neuronal excitability, plasticity, gene expression and neuronal 
celll  death (Berridge et ah, 2003). Because a strong calcium gradient over the plasma 
membranee exists ([Ca2+]i < << [Ca2+]()), even a small influx of calcium ions will result 
inn a significant signal. For optimal calcium signaling, [Ca2+]j has to be tighdy regulated, 
bothh spatially and temporally. Calcium homeostasis is accomplished by interplay of 
calciumm influx mechanisms such as voltage-activated calcium channels and receptor-
operatedd calcium channels, calcium buffering by calcium-binding proteins, calcium 
sequestrationn in intracellular organelles and calcium extrusion systems. Together, these 
factorss determine the calcium balance in a neuron (Blaustein and Lederer, 1999). 
Changess in intracellular calcium homeostasis and/or calcium dynamics can cause long-
lastingg changes in cellular excitability7 (Beck et ah, 1998). 

Voltage-activatedVoltage-activated calcium currents 

Voltage-activatedd calcium channels constitute an important pathway for the influx of 
calciumm ions into the cell. Calcium currents mediated by these channels contribute 
direcdyy to the membrane potential by depolarizing the cell. In addition, by elevating 
[Ca2+]jj  resulting in the activation of many calcium-dependent signaling pathways, these 
currentss indirectly modulate neuronal excitability. The voltage-activated calcium 
currentt in a neuron is composed of two main components, which can be distinguished 
onn the basis of their biophysical characteristics such as kinetics and voltage 
dependencee of activation and inactivation. Low-voltage activated (LVA) calcium 
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currents,, mediated by Cav3.x or T-type (for transient) calcium channels, are activated 
closee to the resting membrane potential and show fast and complete inactivation 
kinetics,, while high-voltage activated (HVA) calcium currents have an activation 
thresholdd above -40 mV. The HVA current in turn is composed of several current 
componentss with distinct physiological and pharmacological properties: L (long 
lasting)-typee current mediated by Cavl.x channels, P /Q (Purkinje)-type current 
mediatedd by Cav2.1 channels, N (neither L nor T channel)-type current mediated by 
Cav2.22 channels, and R (residual)-type current mediated by Cav2.3 channels (Catterall, 
W.. A. et al., 2003b; Ertel et al., 2000; Hille, 1992). 

Voltage-activatedd calcium channels consist of a pore-forming ai-subunit that is 
associatedd with several modulatory 0C28-, |3- and 7-subunits. For each subunit, several 
subtypess exist (Catterall, W. A. et al, 2003b; Ertel et al., 2000). 
Voltage-dependentt activation, inactivation and recovery from inactivation of the 
calciumm currents are analogous to those of voltage-activated sodium currents as 
describedd above, although calcium currents show much slower kinetics (Hille, 1992; 
Lehmann-Hornn and Jurkat-Rott, 1999). In addition to voltage-dependent inactivation, 
somee HVA calcium currents are inactivated by high levels of [Ca2+],. This calcium-
dependentt inactivation of voltage-activated calcium currents is a key factor in limiting 
neuronall  calcium influx (Hille, 1992). 

AlteredAltered calcium current characteristics in epilepsy 

Severall  alterations in voltage-activated calcium currents have been reported in human 
andd experimental epilepsy. These alterations will have consequences for neuronal 
firingg patterns and neuronal functioning. 
Studiess in kindled rats suggested an increased calcium influx in CA1 pyramidal neurons 
duee to an increase of LVA and HVA calcium current amplitude (Faas et al., 1996; 
Vreugdenhil,, M. and Wadman, 1992). The increase in HVA calcium current occurred 
inn combination with a decreased calcium-dependent inactivation of this calcium 
current,, which will enhance calcium influx during prolonged activation or seizures 
(Vreugdenhil,, M. and Wadman, 1994). An increase of the LVA calcium current was 
alsoo observed in pilocarpine-induced chronic epileptic rats (Su et al., 2002). In 
contrast,, Blalock et al. reported a decrease of L-type calcium currents in CA1 
pyramidall  neurons from entorhinally-kindled rats (Blalock et al., 2001). In addition, 
usingg the electrically-induced post-SE model for chronic epilepsy, Gorter et al. 
reportedd a decrease of the sustained HVA calcium current in combination with a 
fasterr inactivation of the current in CA1 pyramidal neurons from epileptic rats three 
monthss after electrically-induced SE. This resulted in a reduced calcium influx through 
HVAA channels (Gorter et al, 2002). 
Inn DG granule cells from epileptic patients and kindled rats, a decrease in calcium influx 
mediatedd by the HVA calcium current has been observed, which was due to faster 
inactivationn of this current (Kohr and Mody, 1991; Nagerl et al., 2000). The observed 
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increasee in calcium-dependent inactivation of the HVA current was attributed to the 
losss of the calcium-binding protein calbindin-D28k in these DG granule cells (see also 
below)) (Mody et al., 1990; Nagerl et al, 2000). However, an other study showed 
increasedd HVA and LVA calcium currents in DG granule cells from epileptic patients 
andd kainate-induced chronic epileptic rats that were not associated with altered 
calcium-dependentt inactivation of the HVA calcium current (Beck et al., 1998). In 
addition,, Gorter et al. showed an increase of the sustained HVA current in DG 
granulee cells from chronic epileptic rats three months after electrically-induced SE, 
whichh resulted in an increased calcium influx via HVA calcium channels in these 
neuronss (Gorter et al., 2002). In both CA1 and DG cells, the alterations in voltage-
activatedd calcium current amplitudes and/or kinetics in human and experimental 
epilepsyy were not accompanied by consistent changes in the voltage dependence of 
thesee currents. 

Att present, it is not precisely known what factors underlie the different findings in the 
variouss animal models. The discrepancy between the observations may result from 
stress-relatedd calcium current modulation. In kindled rats, calcium current amplitudes 
weree found to be enhanced after prior exposure to high corticosterone levels, while 
thee opposite was observed in kindled rats without prior corticosterone treatment 
(Karstetal.,, 1999). 

A.A. tiered calcium buffering in epilepsy 

Inn several animal models for TLE and in epileptic patients, a marked loss of the 
calcium-bindingg protein calbindin-D28k has been reported in dentate granule cells 
(Baimbridgee et al., 1985; Gorter et al., 2002; Magloczky et al., 1997; Nagerl et al., 
2000).. By buffering calcium ions, calbindin-D28k is thought to be involved in 
controllingg [Ca2+]j dynamics and calcium current inactivation (Kohr and Mody, 1991; 
Nagerll  et al., 2000). In kindled rats and epileptic patients, the reduction of calbindin-
D28kk in the DG granule cells has been suggested to result in an increased calcium-
dependentt inactivation of voltage-activated calcium currents, thereby diminishing 
calciumm influx during repetitive neuronal firing in these cells (Kohr et al., 1991; Kohr 
andd Mody, 1991; Nagerl et al., 2000). 
AA marked toss of calbindin-D28k has also been observed in DG granule cells in the 
electrically-inducedd post-SE model for epilepsy. However, the loss of calbindin-D28k 
inn these post-SE rats was not associated with altered calcium-dependent inactivation of 
thee HVA calcium current (Gorter et al., 2002). The changes in calcium homeostasis 
thatt occurred were dependent on the epileptic phase of the rat. Shortly after SE, an 
upregulationn of cytoplasmic Ca2+ binding sites was observed in DG granule cells. 
Calciumm dynamics in these cells were not altered, indicating that the calcium extrusion 
ratee had increased to a similar extent as calcium influx. In the chronic epileptic phase 
(severall  months after SE), the amount of calcium buffering proteins in the cytoplasm 
off  the DG granule cells had returned to control values, but cytoplasmic Ca2+ buffering 
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showedd an increased Ca2+ affinity. The calcium extrusion rate was comparable with 
thatt in control DG granule cells. This resulted in an increase of peak [Ca2+]i values 
duringg calcium current activation and a slower [Ca2+]i decay after current activation. At 
bothh time points after SE, calcium-dependent inactivation of the HVA calcium current 
wass similar to that in DG granule cells from control rats (Borgdorff, 2002). 

CalciumCalcium extrusion mechanisms 

Untill  now, calcium extrusion systems have received littl e attention in epilepsy research 
(Garciaa et al., 1997; Keele et al., 2000), despite their important function in calcium 
homeostasis.. Because the buffering capacity of calcium-binding proteins is limited, 
ultimatelyy all calcium that has entered a cell during activity must be extruded to 
maintainn a low steady-state [Ca2+]i level on the long-term. Therefore, calcium extrusion 
overr the plasma membrane is of crucial importance (Juhaszova et al., 2000). 
Neuronss have two important [Ca2+]j-driven calcium extrusion mechanisms in the 
plasmaa membrane to return elevated free [Ca2+], to resting levels: (i) the plasma 
membranee Ca2+-ATPase (PMCA) and (ii) sodium-calcium exchange (NCX), which 
alsoo exists in a potassium-dependent variant (NCKX). The PMCA, with a high affinity 
forr intracellular Ca2+ (KD = 100 nM), but low transport capacity (~ 150 s-1), is thought 
too play a housekeeping role in calcium homeostasis (Blaustein and Lederer, 1999; 
Juhaszovaa et al., 2000). Four PMCA subtypes (PMCA1-4) encoded by four different 
geness are presentiy known (Greeb and Shull, 1989; Keeton and Shull, 1995; Shull and 
Greeb,, 1988). 

Inn contrast with the PMCA, the NCX has a low affinity for intracellular Ca2+ (KD -
0.6-22 ptM), but a high transport capacity (»1000-5000 s '). The NCX is well-suited 
forr rapid recovery from high levels of [Ca2+]i (Juhaszova et al., 2000) and could 
thereforee be important for the restoration of basal [Ca2+]j after epileptic seizures. 
Threee genes that code for different NCX subtypes (NCX1-3) have been cloned (Ii , 
Z.. et al, 1994; Nicoll et al., 1990; Nicoll et al., 1996). As the overall functional 
propertiess of the three subtypes are not fundamentally different, the individual 
physiologicall  role of each NCX subtype is currently unclear (Blaustein and Lederer, 
1999;; Linck et al., 1998). Presynaptic nerve terminals and dendritic spines - both 
entitiess in which [Ca2+]i can quickly rise - exhibit relatively high NCX activity when 
comparedd with other parts of the cell (Blaustein et al., 2002; Juhaszova et al, 2000; 
Reuterr and Porzig, 1995). Ca2+-dependent neurotransmitter release is controlled by 
locall  Ca2+ homeostasis and thus affected by NCX and PMCA activity (Juhaszova et 
al,, 2000; Reuter and Porzig, 1995). 

Becausee three Na+ ions are exchanged for one Ca2+ ion, sodium-calcium exchange is 
electrogenic:: it generates a net current (Blaustein and Lederer, 1999; Hinata et al., 
2002).. The NCX can operate in two opposite modes depending on the 
electrochemicall  gradients for sodium and calcium over the plasma membrane and 
membranee potential. In the forward mode of operation, calcium ions are extruded 
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fromm the cytoplasm, while sodium ions enter it. In the reverse mode the opposite 
happens.. The forward mode of transport constitutes an important calcium extrusion 
pathwayy (Blaustein and Lederer, 1999). 

Recendy,, a new class of exchangers has been described: the potassium-dependent 
sodium-calciumm exchangers (NCKX1-4), which couple the transport of 4 Na+ ions to 
thee countertransport of 1 Ca2+ + 1 K+ ion (Dong et al., 2001; Lytton et al., 2002; Tsoi 
ett al., 1998). By exploiting the outward K+ gradient, the NCKX is able to extrude Ca2+ 

moree efficiently than NCX, in particular when the sodium gradient is reduced (Lee et 
al,, 2002). 
Thee PMCA, NCX and NCKX subtypes are all (except for NCKX1) abundantly 
expressedd within the hippocampal formation in a cell-type and region-specific manner 
(Garciaa et al, 1997; Li, X.F. and Lytton, 2002; Lytton et al, 2002; Papa et al, 2003). 

CalciumCalcium extrusion mechanisms in epilepsy 

Whilee many studies have focused on the consequences of changes in calcium currents 
(andd thus calcium influx) and calcium buffering in epilepsy, up till now, litde attention 
hass been paid to the role of the calcium extrusion mechanisms. This is somewhat 
surprising,, as changes in calcium influx ultimately have to result in changes in calcium 
extrusion.. Presently, we only know of three studies considering this aspect of calcium 
homeostasiss with regard to seizures or epilepsy. In the hippocampus, Garcia et al. 
havee reported (transient) changes in expression levels of PMCA subtypes shordy after 
kainate-inducedd seizures (Garcia et al, 1997). In basolateral amygdala neurons of 
amygdala-kindledd rats, Keele et al. found an upregulation of the NCX current induced 
byy activation of a group I metabotropic glutamate receptor (mGluR), possibly 
mGluR55 (Keele et al, 2000). Finally, as described above, a transient increase of the 
calciumm extrusion rate in DG granule cells from electrically-induced post-SE rats was 
reportedd (Borgdorff, 2002). 

OUTLINEE OF THIS THESIS 

Inn this thesis, I have investigated several aspects of cellular excitability in relation with 
chronicc epilepsy. A major part of the research was focused on the two main excitatory 
currentss in the CNS: voltage-activated sodium and calcium currents. In addition, we 
havee investigated possible alterations in the expression levels of the calcium extrusion 
proteinss in epilepsy and possible alterations in the functioning of sodium-calcium 
exchangee in epilepsy. 

Inn summary, the research described in this thesis addressed the following questions: 
1)) Are voltage-activated sodium and calcium current characteristics from 

hippocampall  neurons altered in chronic epilepsy? 
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2)) Is the sensitivity of the voltage-activated sodium current to the anti-epileptic 
drugg lamotrigine altered in hippocampal neurons from pharmacoresistant 
epilepticc patients? 

3)) Is NCX functioning in CA1 pyramidal neurons altered in chronic epileptic 
rats? ? 

4)) Is the expression of the calcium extrusion proteins in the hippocampal 
formationn altered in chronic epilepsy? 

Thesee topics were studied in the rat using the electrically-induced post-SE model and 
thee kainate model for chronic epilepsy and also in neurons from patients that 
underwentt surgery for pharmacoresistant epilepsy. 

Inn Chapter 2 we have investigated possible alterations of voltage-activated sodium 
currentt characteristics in acutely isolated CA1 pyramidal neurons and DG granule cells 
fromm chronic epileptic rats, three months after an electrically-induced SE. The CA1 
regionn and the dentate gyrus are both involved in epilepsy, with each region linked to 
differentt aspects of epileptogenesis. Voltage-activated sodium currents are primarily 
responsiblee for the generation of the action potential. Altered sodium current 
characteristicss will have a large impact on cellular excitability and may thereby 
contributee to increased excitability in epilepsy. 

Manyy AEDs exert their anticonvulsive effect by modulating the voltage-dependent 
sodiumm current. However, many epileptic patients become pharmacoresistant during 
thee course of their condition. A possible mechanism that has been suggested to 
underliee pharmacoresistance is reduced sensitivity of sodium channels for AEDs. In 
Chapterr 3 of this thesis, we have investigated the effect of the — relatively new — anti-
epilepticc drug lamotrigine on voltage-activated sodium currents in hippocampal and 
neocorticall  neurons from pharmacoresistant epileptic patients. Since hippocampal 
sclerosiss has been suggested to be associated with pharmacoresistance, we also 
investigatedd whether the modulation of the sodium current was related to 
hippocampall  sclerosis. 

Calciumm homeostasis in a neuron is maintained by interplay of calcium influx, calcium 
bufferingg and calcium extrusion mechanisms. In epilepsy, several persistent alterations 
inn calcium influx and calcium buffering occur. However, surprisingly littl e attention 
hass been paid to calcium extrusion mechanisms, i.e. sodium-calcium exchange and 
PMCA,, in epilepsy research. Because data on sodium-calcium exchange currents in 
neuronss are scarce, we first present a full characterization of these currents in CA1 
pyramidall  neurons from control rats in Chapter 4. 
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Inn Chapter 5, we have investigated possible alterations in voltage-activated sodium 
andd calcium current characteristics and the functioning of sodium-calcium exchange in 
CA11 neurons from epileptic rats, three weeks after kainate-induced epilepsy. 

Inn Chapter 6 we investigated whether the expression of the calcium extrusion 
proteinss is altered in the course of epileptogenesis. We have compared the 
hippocampal-parahippocampall  protein expression of NCX1, 2, and 3, PMCAl^- and 
NCKX22 in epileptic rats at three weeks and 2.5 months after kainate-induced epilepsy, 
withh that in control rats. Altered expression levels of these proteins indicate an altered 
calciumm homeostasis in the epileptic state. Depending on the extent of the alterations 
andd the regions where they occur, this most likely reflects a change in excitability. 

Inn the final chapter of this thesis (Chapter 7), the main findings will be summarized 
andd discussed with regard to their implications for cellular excitability on a 
(patho)physiologicall  level. 
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