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Chapterr 1 

NEURONA LL  EXCITABILIT Y 

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 

A[Ca2+]i i 

calcium m 
currents s 

.otherr ion transport 
mechanisms s 

Figur ee 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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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-ACTIVATE DD SODIUM AN D CALCIU M CURRENTS I N 
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 

9 9 



Chapterr 1 

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). 

CALCIU MM  HOMEOSTASI S 

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). 

OUTLIN EE OF THI S THESI S 

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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ABSTRACT T 

Statuss epilepticus (SE) was induced in the rat by long-lasting electrical stimulation of 
thee hippocampus. After a latent period of one week, spontaneous seizures occurred 
whichh increased in frequency and severity in the following weeks, finally culminating 
afterr three months in a chronic epileptic state. In these animals we determined the 
propertiess of voltage-dependent sodium currents in acutely isolated CA1 pyramidal 
neuronss and dentate granule cells using the whole-cell voltage-clamp technique. 
Thee conductance of the fast transient sodium current was smaller in SE rats (control: 
844  7 nS versus SE: 56  6 nS) but related to a difference in cell size so that the 
neuronss had a similar specific sodium conductance (control: 7.8  0.8 nS/pF, SE: 6.7 

 0.8 nS/pF). Current activation and inactivation were characterized by a Boltzmann 
function.. After SE the voltage dependence of activation was shifted to more negative 
potentialss (control: -45.1  1.4 mV, SE: -51.5  2.9 mV, P < 0.05). In combination 
withh a small shift in the voltage dependence of inactivation to more depolarized 
potentialss (control: -68.8  2.3 mV, SE: -66.3  2.3 mV), it resulted in a window 
currentt that was much increased in the SE neurons (median: 64 pA in control, 217 pA 
inn SE, P < 0.05). The peak of this window current shifted to more hyperpolarized 
potentialss (control: -44 mV, SE: -50 mV, P < 0.05). No differences were found in the 
sodiumm currents analyzed in dentate granule cells of control and SE animals. 
Thee changes observed in CA1 neurons after SE contribute to enhanced excitability in 
particularr when membrane potential is near firing threshold. They can, at least pardy, 
explainn the lower threshold for epileptic activity in SE animals. The comparison of 
CA11 with DG neurons in the same rats demonstrates a differential response in the 
twoo cell types that participated in very similar seizure activity. 
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INTRODUCTIO N N 

Thee hippocampus is strongly involved in the generation and maintenance of seizures 
underlyingg mesial temporal lobe epilepsy (mTLE) (Fountain et al., 1998; Gibbs II I et 
ah,, 1997; Lothman et al., 1989). In the rat status epilepticus (SE) can be induced by 
long-lastingg electrical stimulation of the hippocampus (Lothman et al., 1989; Lothman 
ett al., 1991). This experimental animal model shares many features with human 
mTLE.. Spontaneous recurrent seizures occur after a latent period of about 10 days. 
Thee most conspicuous histological changes consist of neuronal loss and gliosis in the 
CAA regions of the hippocampus, the hilus and layer II I of the entorhinal cortex (EC) 
(Lothmann and Bertram III , 1993) and of mossy fiber sprouting in the dentate gyrus 
(DG)) (Aronica et al., 2000). Physiologically, this electrically-induced post-SE model is 
typifiedtypified by enhanced excitability and reduced inhibition in several (para)hippocampal 
regionss such as the CA1 and the DG (Lothman et al., 1995; Mangan et al., 1995). 
Thesee physiological features can be due to synaptic changes as described by Lothman 
ett al. in the hippocampal CA1 region and —to a lesser extent— in the DG region of SE 
ratss (Lothman et al., 1995; Mangan et al., 1995). In addition, changes in excitability 
mayy be determined by modifications of intrinsic membrane properties (Hochman et 
al.,, 1999; Vreugdenhil, M. et al., 1998a; Vreugdenhil, M. and Wadman, 1995). 
Alterationss in membrane ionic conductances can lead to an enhancement of cellular 
excitabilityy and, ultimately, to the generation of epileptiform activity in the network 
(Davies,, 1995; Dichter and Ayala, 1987; Lopes da Silva and Wadman, 1999; 
Vreugdenhil,, M. and Wadman, 1995). 

Thee main excitatory voltage dependent current is the sodium current, which controls 
thee upstroke of the action potential (Hodgkin and Huxley, 1952). In excitable cells, 
voltage-gatedd sodium channels determine the duration and frequency of repetitive 
neuronall  firing (Hille, 1992; Urenjak and Obrenovitch, 1996) and therefore constitute 
aa prominent factor in the generation and/or spread of abnormal discharges and 
epilepticc seizures (Sashihara et al., 1994). The importance of the sodium current for 
neuronall  stability is also reflected in the fact that a large class of anti-epileptic drugs 
interactt with it (Davies, 1995; Rogawski and Porter, 1990). In this study we 
investigatedd whether changes in voltage-gated sodium currents could be related to the 
epileptogenesiss in the electrically-induced post-SE model of epilepsy. We analyzed the 
sodiumm currents of the principal neurons of both main networks that can be 
distinguishedd in the hippocampus, the CA1 and the DG. We used the preparation of 
acutelyy isolated neurons and employed the patch-clamp technique in whole-cell 
voltage-clampp mode. 
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EXPERIMENTA LL  PROCEDURES 

AnimalsAnimals and electrode implantation 

Elevenn adult male Sprague-Dawley rats (Harlan Zeist, The Netherlands), weighing 385 
gramm at the time of decapitation, were used in this study. The rats were housed in 
individuall  cages under a controlled environment (21  1°C; humidity 60%; lights on 
08.00—20.000 h). Food and water were available ad libitum. Rats were anesthetized with 
ann intra-muscular injection of ketamine/xylazine (57/9 mg/kg) and placed in a 
stereotacticc apparatus. For stimulation of the angular bundle, insulated stainless steel 
electrodess (60 um diameter) were implanted (7.2 mm AP, 4.5 mm ML). In order to 
recordd hippocampal EF.G and field potentials a second pair of electrodes was 
implantedd into the left dentate gyrus of the hippocampus under electrophysiological 
control.. The location of the electrodes was verified during the operation by recording 
fieldd potentials evoked in the granule cell layer on stimulation of the angular bundle. 

SeizureSeizure induction and BEG monitoring 

Twoo weeks after recover}- from the operation, each rat was transferred to a cage and 
connectedd to the recording and stimulation system via an electrical swivel (Air 
Precision).. A week later the rats were given a long-lasting electrical stimulus (duration 
0.55 ms, intensity maximal 500 |uA) to the angular bundle. The protocol (10 s train of 
500 Hz biphasic square pulses, delivered every 13 s, for up to 90 minutes) was 
comparablee to the one that I .othman et al. used to induce limbic epilepsy (Lothman et 
al.,, 1989). A Status Epilepticus (SE) was considered to have been established, if 
electrographicc recordings showed clear periodic epileptic discharges with a frequency 
off  1—2 Hz that lasted for at least one hour after stopping the electrical stimulation (n = 
5).. To prevent further intensification of the seizures that could lead to death of the 
animal,, the rats were injected with pentobarbital (i.p. 60 mg/100 g body weight) at 4 
hourss after the stimuli. Rats were placed under continuous EE.G monitoring for three 
months.. Sham-operated control rats (n = 6) had electrodes implanted, they were 
handledd in the same way but did not receive tetanic stimulation. The stimulated rats 
displayedd spontaneous seizures accompanied by stage IV- V behavior (Racine, 1972). 
Theirr EEG signals were amplified and recorded by a PC, which used a seizure 
detectionn program (Harmony, Stellate Systems, Montreal, Canada) to monitor and 
quantifyy seizure activity during the rest of the experiment. The experimental animals 
weree killed 3 months after the SE, when spontaneous seizures had long reached a 
steady-state.. The animal experiments were performed in accordance with the 
regulationss of the Animal Welfare Committee of the university. All efforts were made 
too minimize the number of animals used and their suffering. 
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CellCell preparation 

Eachh experimental day, a rat was decapitated after anesthesia with a mixture of 70% 
CO2/30%% O2. Both hippocampi were rapidly removed and cut into 300 u.m thick 
transversall  slices. The CA1 and DG region were dissected out of each hippocampal 
slicee and incubated for 40 minutes at 32°C (Kay and Wong, 1986). The incubation 
chamberss were filled with dissociation solution containing (in mM): 120 NaCl, 5 KC1, 
11 CaCh, 1 MgCb, 20 PIPES, 25 D-glucose and a mixture of 0.5 mg/ml trypsin (from 
bovinee pancreas, type XI) , 0.5 mg/ml collagenase (from Clostridium histolyticum, 
typee I) and 0.3 mg/ml pronase (from Streptomyces griseus, type XIV) . pH was 
adjustedd to 7.0 (NaOH). The tissue pieces were constandy stirred and kept in an O2 
atmosphere.. After the enzymatic treatment the tissue pieces were kept in the same 
dissociationn solution without the enzymes now at room temperature (20°C). One CAl 
orr one DG piece of tissue was triturated in 0.5 ml extracellular solution using fire-
polishedd Pasteur pipettes. It was then transferred to the recording chamber on the 
microscope.. Neurons with a bright and smooth appearance and no visible organelles 
weree selected for electrophysiological measurements (Vreugdenhil, M. and Wadman, 
1992). . 

SodiumSodium current recordings 

Duringg the experiments the cells were superfused with an extracellular solution 
designedd to pharmacologically isolate voltage-activated sodium currents. It contained 
(inn mM): 90 CholineCl, 20 NaCl, 10 HEPES, 2 CaCl2, 1 MgCl2, and 25 D-glucose. To 
blockk potassium currents the extracellular solution also contained (in mM): 25 
tetraethylammoniumm chloride (TEAC1), 5 4-aminopyridine (4-AP) and 5 CsCl; calcium 
currentss were blocked by the addition of 100 u.M CdCb. The pH of this solution was 
sett to 7.4 (HC1) and osmolarity was 285 mOsm. Patch pipettes (2-4 MQ) were filled 
withh an intracellular soludon containing (in mM): 10 EGTA, 10 HEPES, 5 NaCl, 2 
MgCl2,, 0.5 CaCl2, 25 TEAC1, 110 CsF, 20 phosphocreatine, 2 MgATP, 0.1 NaGTP, 
0.11 leupeptin and 50 units/ml phosphocreatine kinase; pH was adjusted to 7.3 (CsOH) 
andd osmolarity was 310 mOsm. Experiments were carried out at room temperature 
(20°C).. All chemicals were purchased from Sigma, Zwijndrecht, The Netherlands. 
Afterr gigaseal formation and cell membrane rupturing, series resistance was 
compensatedd for at least 40%. We calculated that the worst-case error in comparing 
thee voltage dependence of activation or inactivation between groups attained at most 
0.55 mV. The membrane capacitance was read from the amplifier dials as a measure of 
membranee surface. The currents were sampled at a frequency of 5 kHz and analyzed 
withh an Atari (TT030) computer-controlled Axopatch 200A amplifier using custom-
madee software. Holding membrane potential was set at —70 mV. The cells were 
allowedd to stabilize for 5 minutes before current recordings started. In most cells the 
protocoll  series for sodium current recording was repeated six times at 5, 10, 15, 18, 21 
andd 24 minutes after entering the whole-cell configuration. This time series was used 
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too determine the stability of the recordings for each cell. Only electrotonically compact 
cellss that did not escape voltage-clamp and showed littl e rundown within the 25 
minutess recording time were incorporated in the analysis. Current traces were 
correctedd off-line for linear leak using the conductance determined by a voltage step 
o f - 55 mV and +5 mV around the pre-pulse potential o f -150 mV (see Results). The 
leakk conductance was determined for all sweeps in a series of measurements and this 
valuee was used for correction; in this way voltage-dependent currents could never be 
subtractedd out. 

Statistics Statistics 

Dataa are given as mean  standard error of the mean (S.E.M.). Statistical comparisons 
weree performed with Student's t-test unless stated otherwise. P < 0.05 was assumed to 
indicatee a statistical difference. 

RESULTS S 

EpilepticEpileptic state 

Long-lastingg repetitive stimulation evoked in most rats Status Epilepticus (SE) that 
lastedd for one hour or longer. Rats that did not show SE after stimulation were not 
incorporatedd in this study. After stimulation the animals were monitored for up to 
threee months. From the second week onward, spontaneous seizures of increasing 
intensity'' and severity were recorded. The five chronic epileptic animals incorporated 
inn this study experienced between 4-40 seizures per day of quite variable intensity and 
duration.. All rats had stage IV- V behavioral seizures characterized by generalization 
andd tonic-clonic convulsions. 

SodiumSodium currents in CLA1 pyramidal neurons 

Sodiumm currents were activated by depolarization (25 ms) to levels between —70 mV 
andd +10 mV from a pre-pulse potential o f -150 mV (Figure 2.1A: CA1 pyramidal 
neuronn of a control rat (CAl-C), B: CA1 pyramidal neuron of a SE rat (CA1-SE); the 
voltagee protocol is given as an inset). Tetrodotoxin (TTX, 0.5 uM) completely blocked 
thee current (data not shown), confirming that it was a TTX-sensitive voltage-
dependentt sodium current. The depolarization activated a fast, transient inward 
sodiumm current that first increased in amplitude as the channels open and at higher 
potentialss decreased due to the reduced driving force. We determined the peak 
amplitudee of the current for each step and constructed a current-voltage relation. This 
IV-curvee was fitted to the Goldman-Hodgkin-Katz current equation (Hille, 1992) 
usingg a Boltzmann function to describe the sodium permeability as a function of 
membranee voltage (V): 

22 2 



Sodiumm currents in hippocampal neurons after SE 

VV (mV) 

Figur ee 2.1: Sod ium current act ivat ion i n CA1 pyramida l neurons 

(A)) A set of sodium currents evoked in a neuron from the CAl-Control group (CA1-C). Sodium 
currentss were activated by 25-ms depolarising voltage steps ranging from -70 mV to +10 mV, after a 
500-mss hyperpolarizing pre-pulse to -150 mV (protocol given as inset). (B) A set of sodium currents 
evokedd with the same protocol in a neuron from an epileptic rat (CA1-SE). (C) The peak amplitudes 
off  the sodium currents in CA1-C neurons (circles, n = 17) and CA1-SE neurons (squares, n = 9) are 
plottedd as a function of membrane potential. The smooth curves indicate the fit  with the extended 
Goldman-Hodgkin-Katzz current equation (see Results, Equation 2.1). The maximal conductance was 
smallerr in the CA1-SE neurons and the voltage of half-maximal activation of the CA1-SE cells was 
shiftedd to more hyperpolarized potentials. Error bars indicate S.E.M. 

Kn=g~*vx-Kn=g~*vx-
ll  + exp 'v.-v^ 'v.-v^ 

V V cc J 

[Na[Na++ ] ] ex x p(-aV) p(-aV) 
outout J 

11 - exp(- aV) 
(Equationn 2.1) 

F_ F_ 
RT RT 

withh a = — and gmm =aF[Na+] outP0 

wheree Po is the maximal permeability, F is the Faraday constant, R the gas constant 
andd T represents the absolute temperature. The maximal conductance of the current is 
gmaxx (nS), while the potential of half-maximal activation (Vh) and the slope parameter 
(Vc)) characterize its voltage dependence. The sodium concentrations result in a 
reversall  potential (EN*) of+35 mV. 
Inn CA1 neurons from control rats (CA1-C) the threshold for the sodium current was 
aroundd -65 mV and the peak current amplitude increased with membrane potential to 
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reachh a maximum around —35 mV. The IV-curve for these neurons resulted in a Vh of 
-45.11  1.4 mV, a Vc of 2.1  0.3 mV and a g™x (at reduced Na+ gradient) of 83.9
7.44 nS (n = 17) (Figure 2.1C). At first inspection the currents in the control and the 
SEE group were similar, showing fast activation followed by a slower inactivation 
(Figuree 2.1A-B). In CA1 neurons from SE rats (CA1-SE) the sodium current 
thresholdd was also around —65 mV and the current increased with depolarization up to 
-400 mV. The IV-curve for the CA1-SE neurons was characterized by a Vh of-51.5
2.99 mV, a Vc of 1.9  0.5 mV and a g™* of 55.5  6.1 nS (n = 9) (Figure 2.1C). Vh in 
CA1-SEE neurons was 6.4 mV more negative than that of the CA1-C neurons (P < 
0.05).. Vc of the CA1-SE neurons was not different from that of control neurons. 
Thee maximal conductance (gmax) in the SE neurons was significantly smaller than in 
thee control neurons (P < 0.05). However, when the specific sodium conductance was 
calculatedd as gmax divided by the cell capacitance as a measure of membrane surface, 
thee difference did not reach significance (CA1-C neurons 7.8  0.8 nS/pF, CA1-SE 
neurons:: 6.7  0.8 nS/pF), because of the smaller size of the neurons in the SE group 
(11.66  0.8 pF in CA1-C versus 8.8  1.1 pFinCAl-SE). 

Steady-stateSteady-state inactivation in CA. 1 pyramidal neurons 

Thee voltage dependence of steady-state inactivation of the sodium current was 
measuredd by varying a 500 ms hyperpolarizing pre-pulse from -150 to —35 mV 
followedd by a 25 ms depolarization to -25 mV (Fig. 2.2A: CA1-C and 2.2B: CA1-SE 
neuron).. The peak amplitude of the current (I) evoked at -25 mV was normalized to 
Imaxx and plotted as a function of pre-pulse potential (V). The curve was fitted with a 
Boltzmannn equation: 

II  ( V ) = p (Equation 2.2) 

11 + exp y„-y y„-y 

vv K , 

wheree Vh is the potential of half-maximal inactivation and Vc is proportional to the 
slopee of the curve. For illustration purposes we constructed the Boltzmann curve for 
eachh experimental group using the mean values of Vh and Vc (Fig. 2.2C). For CA1-C 
cellss the mean value of Vh was -68.8  2.3 mV and Vc was -6.5  0.3 mV (n = 17). 
Thee inactivation curve in CA1-SE neurons was characterized by a Vh of—66.3 + 2.3 
mVV and a Vc of—6.1 + 0.3 mV. The differences did not reach significance. 

WindowWindow current in CA 1 pyramidal neurons 

Theree is a narrow voltage range where the activation and inactivation curves of the 
fastt sodium current overlap and where they are responsible for the appearance of a 
persistentt current (Johnston and Wu, 1995). To illustrate this we give in Figure 2.3A 
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Figur ee 2.2: Sod ium current inact ivat ion i n CA1 pyramida l neurons 

(A)) Typical set of sodium currents evoked in a CA1-C neuron to determine steady-state inactivation. 
Stepp depolari2ations to —25 mV from a 500-ms hyperpolarizing pre-pulse between -150 mV and 
—355 mV provided the sodium current from different levels of steady-state inactivation (protocol 
givenn as inset). (B) A set of sodium currents evoked with the same protocol in a neuron from an 
epilepticc rat (CA1-SE). (C) The level of steady-state inactivation (I/I max) was plotted as a function of 
membranee potential for both CA1-C neurons (circles, n = 17) and CA1-SE neurons (squares, n - 9) 
andd fitted with a Boltzmann function (see Results, Equation 2.2). Error bars indicate S.E.M. 

thee activation function as the normalized conductance (Boltzmann part of Equation 
2.1)) together with the normalized inactivation function. We calculated the window 
currentt for each cell as the product of Equations 2.1 and 2.2 using the parameters 
obtainedd from the fitted activation and inactivation function, which made it easier to 
isolatee this current from persistent inward or outward currents. For illustration the 
absolutee window current for both experimental groups was constructed using the 
meann values of the parameters (Vc, Vh, and gmax, Fig. 2.3B). For statistical 
comparisons,, however, the window current was constructed for each individual 
neuron.. The maximal amplitude of each window current and the membrane voltage 
wheree it occurred were determined. The amplitudes of the window currents did not 
obeyy a normal distribution (P < 0.01; Shapiro-Wilk test for normality), so that we used 
non-parametricc statistics for comparisons. The maximal amplitude of the window 
currentt was larger in the CA1-SE neurons (median: 217 pA, n = 9) than in the CA1-C 
neuronss (median: 64 pA, n = 17, P < 0.05, Mann-Whitney U-test). The optimal 
conditionss for evoking the persistent sodium current (INSP) do not match those used in 
thiss study of the fast transient current and this prevented a quantitative comparison of 
thee size of the window current with iNaP- Because our window current is directly 
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Figur ee 2.3: W i n d o w current i n CA1 pyramida l neurons 

(A)) The mean activation function as the normalized conductance and the inactivation function are 
shownn for both the CA1-C and CA1-SE neurons. The overlap of these functions gives rise to a 
persistentt "window" current that was increased in the SE neurons. (B) The absolute window current 
forr each experimental group was constructed as the product of the fitted activation and inactivation 
functionn (Results, Equation 2.1 and 2.2) using the mean values of the parameters (Vc, Vh and gmax). 
Thee maximal amplitude of the window current was larger in the CA1-SE neurons. The voltage at 
whichh maximal amplitude occurred was shifted to more hyperpolarized potentials in the CA1-SE 
neurons. . 

calculatedd from the curves fitted to the experimental data, it is not surprising that the 
amplitudess correspond with those observed in the current traces. The voltage at which 
maximall  amplitude occurred was significandy shifted from —44 mV in controls to —50 
mVV in CA1-SE neurons (P < 0.05, Mann-Whitney U-test). For each cell we also 
determinedd the voltage range where the window current exceeded a level larger than 
thee noise level esdmated to be 10 pA. In the CA1-SE neurons this voltage range had a 
mediann of 26 mV, while it was only 20 mV in controls. This range difference was 
qualitativelyy supported by the indirect measure of window size calculated as the 
differencee in Vh between activation and inactivation, which changed from 23.7 8 
mVV in controls to 14.8  2.7 mV in CA1-SE neurons (P < 0.01). 
Onee could argue that in order to understand excitability it is more important to know 
thee ratio between the window and the transient sodium current than to know the 
absolutee size of the window current. Therefore we calculated for each cell the ratio 
betweenn the peak amplitude of the window current and the peak amplitude of the fast 
transientt current. In CA1-C cells the peak amplitude of the window current was 1.7% 
off  the peak of the transient current, while in the CA1-SE cells its amplitude was 10.8% 
off  the peak of the transient current (P < 0.05). A complicating factor in evaluating the 
consequencess of this difference in window current is that the peak current does not 
occurr at the same voltage. 
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CurrentCurrent kinetics in CA1 pyramidal neurons 

Too determine the kinetics of activation and inactivation, we fitted the time course of 
thee sodium current during a 25-ms depolarization, with a single-exponential third-
orderr rise time and a double-exponential decay of the form: 

7(00 = 1-exp p 

n 3 3 

AAxx exp ++ A2 exp 
VV '' M J 

tntn ~t 

VV ^.2 J 

(Equationn 2.3) 

wheree to is the time of the depolarizing step, xa is the time constant of activation and 
Ti_ii  and Ti,2 are the time constants of a fast- and a slow-inactivating component with 
respectivelyy A\ and A2 as their amplitude. We could not detect any significant 
differencess in the time constants of activation and inactivation between neurons from 
thee SE and the control animals (Table 2.1). The voltage dependence of both activation 
andd inactivation kinetics is shown in Figure 2.4. Within the voltage range shown in this 
figure,, both activation and inactivation were faster with increasing depolarization. 

1.0; ; 

0 .8;; é 

0.6 6 

0.4--

0.2 2 

0.0 0 

 CA1-C 
I-CA1-SE E 

B B 

X* * 

2.0 0 

5.1.0--

0.5--

0.0 0 
-500 -40 -30 -20 -50 

VV (mV) 

>-CA1-C C 
I-CA1-SE E 

-400 -30 -20 
VV (mV) 

20.0--

15.0--

in in 

Ü.10.0--

*" " 
5.0--

nn  n-

1 1 LL 1 
~~1 1 

C C 
E E 

i N i ii  t 1 

"V^f 7! ! 

-400 -30 -20 
VV (mV) 

Figur ee 2.4: Sodium current kinetics of CA1 pyramidal neurons 

(A-C)) The voltage dependence of activation (A) and inactivation (B: Ti?i and C: and Xy) kinetics of 
CA1-CC (n = 17) and CA1-SE (n — 9) neurons is shown. The time course of the sodium current 
duringg a 25-ms depolarization was fitted with a single-exponential third-order rising phase and a 
double-exponentiall  decay (Equation 2.3). Error bars indicate S.E.M. 
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T a b l ee 2.1: Sod ium current k inet ics 

Kinetics s 

i aa (at -25 mV) 
T,,,, (at -25 mV) 
Ti,22 (at -25 mV) 
Trecc (at -70 mV) 
xxrccrcc (at -80 mV) 
i rccc (at -90 mV) 

CM M 

Controll  (n=' 

0.44  0.1 
0.66  0.1 
4.88  0.6 
33.00  4.6 
15.44 1 
9.11  1.3 

7) ) ms s SEE (n=9) ms 

0.55  0.1 
0.77  0.1 
5.00  0.7 

36.11  4.9 
16.22 3 
8.88  1.0 

DG G 

Controll  (n=10) ms 

0.44  0.1 
0.77  0.1 
5.77  0.7 

49.99 2 
23.44  4.8 
13.55 1 

SEE (n=12) ms 

0.66  0.2 
0.55  0.1 
4.00  0.7 
37.66  3.8 
17.66  1.6 
10.33  1.0 

Timee constants of activation (xa) and inactivation (ty and TKT) determined at -25 mV for all 
experimentall  groups. Time constant of recovery from inactivation (ircc) was determined at -70, -80 
andd —90 mV for all experimental groups. 

RecoveryRecovery from inactivation in CA1 pyramidal neurons 

Thee time course of the recovery from inactivation was determined using a double-
pulsee protocol. The interval At (during which the current was allowed to recover) 
betweenn two depolarizations that lasted 25 ms was varied between 1 and 200 ms. The 
recover}77 time constant was determined at membrane voltages of -70, —80 and —90 
mVV (Fig. 2.5, protocol as inset). The ratio (R) between the amplitude of the sodium 
currentt activated by the second pulse and its maximal value at At = 200 ms is plotted 
ass a function of At (Fig. 2.5) and fitted with a single-exponential function to give the 
timetime constant of recovery from inactivation (xrcc): 

or r 

-900 mV 

00 50 100 150 200 
Att  (ms ) 

F igur ee 2.5: Recovery fro m inact ivat ion of s o d i um current s i n CA1 pyramida l neurons 

AA double-pulse protocol with a variable interval (At = 1, 2, 5, 10, 20, 50, 100 or 200 ms) between two 
depolarizationss to -25 mV was used to investigate the recovery from inactivation at -70, —80 and 
-900 mV (protocol as inset). The ratio (R) between the amplitude of the sodium current activated by 
thee second pulse and its maximal value at At = 200 ms is plotted as a function of At and fitted with a 
single-exponentiall  function (Equation 2.4) to give the time constant of recover)' from inactivation 
(tree,, Table 2.1) for the CA1-C (n = 17) and CA1-SE (n = 9) neurons. Error bars indicate S.E.M. 
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R(M)R(M) = 1 - exp 
{{  A ^ 

(Equationn 2.4) 
VV  t rec J 

Recoveryy from inactivation was slightly faster at more hyperpolarized potentials (Fig. 
2.5).. Table 2.1 summarizes all kinetic data, clearly showing that SE neurons were not 
differentt from control neurons in any of the calculated aspects. 

Thee persistent differences in CA1 pyramidal neurons after SE can be summarized as 
follows:: while the maximal conductance of the sodium current was significantly 
smallerr in SE cells, the specific sodium conductance was the same. The kinetics of 
currentt activation, inactivation and recovery from inactivation were not different from 
controls.. We found a significant shift of the activation curve towards more negative 
potentials.. In combination with the small shift of the inactivation function towards 
moree positive potentials, this resulted in an increased window current (>300% in 
absolutee current, >500% when considered as a fraction of the fast transient current). 
Thee peak of the window current was shifted 6 mV to more negative potentials. 

SodiumSodium current activation in DG granule neurons 

Fromm the same series of animals, DG granule cells were isolated and sodium currents 
weree measured using the same procedures, solutions and protocols as described above 
forr the CA1 neurons. The typical sodium currents in granule cells from the DG 
controll  group (DG-C) as well as the SE group (DG-SE) were comparable to the ones 
recordedd in the CA1 pyramidal neurons. Figure 2.6 illustrates typical sets of sodium 
currentss evoked by 25 ms step depolarizations from a holding potential of—150 mV 
too potentials between -70 mV and +10 mV for a DG-C (Fig. 2.6A) and a DG-SE 
neuronn (Fig. 2.6B). In DG granule cells from control and SE rats sodium currents had 
aa threshold for activation that was around -65 mV and the maximal current amplitude 
wass reached at a membrane potential of -30 mV. The same Goldman-Hodgkin-Katz 
Boltzmannn equation (Equation 2.1) that was used for the CA1 cells, was also used to 
characterizee the IV relations in the DG neurons (Fig. 2.6C). The parameters obtained 
forr DG-C neurons (n = 10) were for gmax 40  7 nS; for Vh -47  3 mV and for Vc 

2.66  0.5 mV. For the DG-SE neurons (n = 12) we found for gmax 33  4 nS; for Vh 
—477  2 mV and for Vc 2.0  0.3 mV. None of these parameters were different 
betweenn the two groups. Using cell capacitance as a measure for cell surface (DG-C 
neurons:: 5.5  0.7 pF and DG-SE neurons: 5.2  0.5 pF) we calculated a specific 
sodiumm conductance of 9.1  2.5 nS/pF in DG-C neurons and a similar one in DG-
SEE neurons: 7.0  0.9 nS/pF. Although the DG cells had almost half the membrane 
surfacee area of the CA1 neurons, their specific conductance was about the same. 
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-4.0 0 

Figur ee 2.6: Sod ium current activation in D G granule cel ls 

(A)) Set of sodium currents evoked in a granule cell from the DG-Control group (DG-C). Sodium 
currentss were activated by 25-ms depolarising voltage steps ranging from -70 mV to +10 mV, 
afterr a 500-ms hyperpolarizing pre-pulse to -150 mV (protocol given as inset). (B) Set of sodium 
currentss evoked with the same protocol in a granule cell from an epileptic rat (DG-SE). (C) The 
peakk amplitudes of the sodium currents in DG-C neurons (circles, n = 10) and CA1-SE neurons 
(squares,, n = 12) are plotted against the membrane potential. Smooth lines indicate the fit  with 
thee extended Goldman-Hodgkin-Katz current equation (Results, Equation 2.1). Error bars 
indicatee S.E.M. 

Steady-stateSteady-state inactivation in DG granule neurons 

Thee voltage-dependence of steady-state inactivation of the sodium current was 
measuredd with the same protocols as described above for the CA1 pyramidal neurons. 
Thee normalized amplitude of the current evoked at -25 mV was plotted as a function 
off  pre-pulse potential and fitted with a Boltzmann equation (Equation 2.2). The mean 
valuee of the parameters Vh for the DG-C neurons (n = 10) was -72.3  3.0 mV and 
forr the slope parameter Vc it was -6.5  0.2 mV. The inactivation curve of DG-SE 
neuronss (n = 12) was characterized by a Vh of-67.7 5 mV and a Vc of-6.4  0.2 
mV.. The difference in the Vh of inactivation between the two groups was similar, if 
nott slightly larger than in CA1 neurons but also here it did not reach significance. 

WindowWindow current in DG granule neurons 

Thee activation and inactivation curves of the DG granule cells of both the control and 
thee SE animals overlap, indicating the presence of a window current in this specific 
voltagee range (Johnston and Wu, 1995) (Fig. 2.7A), although less than in the CA1 
pyramidall  neurons. Figure 2.7B compares the window current of both experimental 
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Figur ee 2.7: W indo w current in D G granule cel ls 

(A)) The activation function as the normalized conductance and the inactivation function are shown 
forr both the DG-C and DG-SE neurons. The overlap of these functions gives rise to a persistent 
"window""  current, which was hardly different in the SE neurons. (B) The absolute window currents 
forfor both experimental groups were constructed as the product of the fitted activation and inactivation 
functionn using the mean values of the parameters (Vc, Vh and gmax; Results, Equation. 2.1 and 2.2). 

groupss as calculated from their mean parameters. For statistics the window current of 
eachh neuron was calculated from the activation and inactivation parameters. The 
maximall  amplitude of the window current changed from a median of 14 pA in the 
DG-CC cells (n = 9) to 31 pA in DG-SE neurons (n = 11). The window current was 
smallerr than in the CA1 group and not different between the DG-SE and the DG-
controll  group. Also here we calculated the window current as a percentage of maximal 
peakk of the transient current and found 2.0% for the DG-C neurons and 2.5% for the 
DG-SEE neurons. These values are about the same as that obtained for the CA1 
controll  group. The voltage where the peak of the window current occurred was not 
differentt between the two groups: a median of -49 mV was found in DG-C neurons 
andd —47 mV for DG-SE neurons. This voltage lies in between the two values recorded 
forr the CA1-C and CA1-SE group and was not significantly different from either one. 
Nott surprisingly, the voltage range where a window current existed did also not differ 
betweenn the two groups. 

CurrentCurrent kinetics and recovery from inactivation in DG granule neurons 

Activationn and inactivation kinetics of DG sodium currents could also be fitted with 
Equationn 2.3, to give three time constants as in the case of the CA1 neurons. No 
significantt differences in the time constants of activation and inactivation were 
detectedd between the two groups (Table 2.1). The same conclusion was drawn for the 
timetime course of the recovery from inactivation (Equation 2.4) that was examined with 
thee same double-pulse protocol as shown in Figure 2.5. In DG-SE neurons it was not 
differentt from DG-C values at any of the measured voltages (data in Table 2.1). 
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DISCUSSION N 

Inn this study we investigated sodium currents in neurons isolated from the 
hippocampall  CA1 and DG areas of rats that displayed spontaneous seizures three 
monthss after an electrically-induced Status Epilepticus. In the chronic epileptic phase, 
thee sodium conductance per cell was significandy reduced in the CA1 neurons from 
thee SE group, but when expressed as specific sodium conductance this difference 
vanishedd due to a smaller cell size. The kinetics of current activation, inactivation and 
recoveryy from inactivation were not different between the control and the SE group. 
Thee values that we report for the voltage of half-maximal (in)activation are all lower 
thann those reported in previous papers (Reckziegel et al., 1998; Vreugdenhil, M. et al., 
1998a;; Werkman et al., 1997), while the slope parameters for the Boltzmann activation 
curvess are also smaller. It is not clear whether the differences relate to our 
experimentall  conditions. After SE the voltage dependence of activation in the CA1 
pyramidall  neurons was significandy shifted (6.5 mV) to more negative potentials. Such 
aa shift will lower the spike threshold of the neuron and thus enhance its excitability. A 
smalll  positive shift of the inactivation function will enlarge the number of sodium 
channelss that can be recruited for activation. The shifts in voltage dependence have an 
additionall  important consequence: the overlap of the activation and the inactivation 
curvee for the SE rats was substantially larger. This overlap constitutes a voltage-
windoww in which a persistent current exists, because activation occurs at a voltage 
wheree the current will not completely inactivate. This so-called window current looks 
non-inactivatingg within the appropriate (narrow) voltage range. When it is of sufficient 
amplitude,, it is important for cellular excitability (Johnston and Wu, 1995). Within the 
voltagee range of the window this current cannot be distinguished from the classical 
persistentt sodium current, IN^P; (Crill, 1996; French et al., 1990), however, at voltages 
abovee —30 mV the window current will vanish while the IN3P will continue to exist. 
Thee optimal conditions for measuring IN*P do not match those necessary for 
reasonablee control over the fast sodium current that is responsible for the window 
current.. Therefore this study did not allow to quantitatively assess the relative 
importancee of the window current with respect to ^ap- In the CA1 neurons the 
maximall  amplitude of the window current was significandy larger in SE rats when 
comparedd with controls. We expressed the size of the window current in two different 
ways:: (1) as an absolute amplitude that is relevant to establish its maximal effect on 
membranee voltage of a specific cell, and (2) as the ratio between the maximal window 
currentt and the peak of the fast transient current. Both lead to the same conclusion. In 
aa neuron with an input resistance as low as 50—100 MQ, the window current in the SE 
animalss will shift the membrane potential by several millivolts. It will drive the 
membranee voltage closer to firing threshold, and promote high-frequency firing 
(Johnstonn and Wu, 1995), thereby lowering the threshold for epileptic activity. The 
relevancee of the window current for membrane potential is not only dependent on its 
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amplitudee but also on the voltage where it occurs. The shift of the voltage dependence 
off  the window current observed in the SE neurons brings it to a voltage range closer 
too resting membrane potential. Based on current-clamp data, Rempe et al. reported 
thatt after SE, CA1 pyramidal cells display prolonged depolarizations and multiple 
actionn potentials coinciding with multiple population spikes (Rempe et al., 1995); these 
dataa could be explained by our observations. 
Inn DG cells no significant differences of the sodium current properties were detected 
afterr SE. The relative magnitude of the window current with respect to the transient 
sodiumm current in DG cells was the same in the SE and the control group, and similar 
too that observed in neurons of the CA1 control group. 

Thee preparation of isolated neurons especially at room temperature and under reduced 
sodiumm concentration gradient allowed determination of the fast sodium current 
underr reasonable voltage-clamp conditions (Vreugdenhil, M. et al., 1998a). However, 
thee reduced morphology of isolated neurons imposes restrictions on our 
interpretations:: they have only small dendritic remnants and we will miss differences 
inn sodium current that specifically occur in the dendritic tree. 

Inn previous studies using the same approach, we showed that capacitance correlated 
welll  with cell size determined from micro-photographs (Vreugdenhil, M. and 
Wadman,, 1992). Whether absolute current or specific conductance is the most 
importantt factor for neuron excitability strongly depends on whether the assumption 
off  uniform specific conductance (as we use in the specific sodium conductance 
calculations)) is realistic. Further speculations about these aspects need to incorporate 
thee complete neuron, but a clearly inadequate voltage-clamp in in situ measurements of 
sodiumm currents makes that approach inappropriate. 

Sincee we can only compare groups of neurons in differently treated animals and not 
followw individual neurons during epileptogenesis, we can not determine whether our 
differencess indicate changes in neuronal membranes, or whether they result from 
differentt subsets of CA1 pyramidal neurons. Many CA1 neurons die shordy after 
intensee and prolonged seizure activity (Du et al, 1995) and preferential loss of certain 
populationss of neurons in SE animals seems to occur (Gorter et al., 2003; Mathern et 
al.,, 1997). It is not clear why some neurons survive and others do not and it is even 
lesss clear whether there is a close relation between cell survival and the properties of 
thee sodium current. Enhancement of firing activity could lead to an increase of 
calciumm influx through voltage-activated channels or it could induce excitotoxicity by 
thee release of toxic amounts of neurotransmitter such as glutamate. We also cannot 
excludee that we measured a class of neurons in SE rats that were able to survive 
epilepticc seizures by way of a complicated compensatory reaction. 
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BasicBasic mechanisms 

Differencess in the voltage dependence of the sodium current activation or inactivation 
cann have various causes such as a molecular modification of the sodium channels or a 
differentt relative contribution of channel subunits/subtypes in SE rats (Catterall, 
W.A.,, 1992). Charge-neutralizing mutations at N-terminal positions in the voltage-
sensingg S4 domains of the oc-subunit produce strong shifts of the voltage dependence 
off  activation in hyperpolarizing direction (Catterall, W.A., 1992). Point mutations on 
thee cytoplasmic linker joining domains II I and IV of the oc-subunit can selectively shift 
thee voltage dependence of inactivation in depolarizing direction (Catterall, W.A., 
1992).. Changes in the expression ratios of sodium channel subtypes could contribute 
too the differences. Such changes have been reported during early development (Beckh 
ett al., 1989) and in tissue resected from temporal lobe epilepsy patients (Lombardo et 
al,, 1996). The mechanisms mentioned so far are particularly attractive to explain 
persistentt and long-lasting effects as occur during epileptogenesis after SE. On a 
shorterr time base, intracellular modulation by modulators like PKC is known to affect 
thee inactivation function and leads to modulation of excitability (Cantrell et al, 1999; 
Numannn et al., 1991). Modulation of the voltage dependence of the sodium current 
cann be expected during the strong challenges as occur during spontaneous seizures. 
Howeverr we do not know of a single modulator that produces exactly the set of 
modulationss that we observed after SE. Combinations of acute modulation and 
changess in expression pattern are certainly possible and would complicate the pattern 
evenn further. 

Whetherr the differences are the cause or the consequence of the epileptic activitv is a 
hardd question to answer. Activity alone could already be an important factor in 
modulatingg the sodium current. In cerebellar Purkinje cells acutely isolated from 
postnatall  rats, Nam et al. found that spontaneous activity correlated with a negative 
shiftt of the activation curve of the sodium current, resulting in an increased window 
current.. The voltage dependence of inactivation was not significantly changed in these 
cellss (Nam and Hockberger, 1997). Baruscotti et al. found that in contrast to newborn 
cells,, old rabbit sino-atrial cells did not exhibit spontaneous firing. This was due to a 
shiftt of the activation curve to more depolarized potentials (Baruscotti et al., 1996). 

ComparisonComparison with kindling epileptogenesis 

Previouss research in our group has shown that the sodium current is affected by 
kindlingg epileptogenesis. In kindled rats, a shift of the sodium current inactivation 
curvee to a more depolarized level was found, but in contrast with the study in SE rats 
thee voltage-dependent activation was not affected at all (Vreugdenhil, M. et al., 1998a). 
Thee shift of the inactivation curve that was measured 6 weeks after the last kindled 
seizuree (2.9 mV) was numerically comparable with the difference that we now 
determinedd after SE (2.6 mV). The smaller S.E.M. in the kindling experiments can 
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partlyy be explained by the larger number of observations, but could also reflect the 
muchh larger variability in time course of the spontaneous seizures in the post-SE 
modell  when compared with the highly systematic induction of seizures in the kindling 
model. . 
Thee most remarkable difference between kindling and the post-SE model is that post-
SEE rats exhibit spontaneous seizures, whereas kindled rats do not (Lothman et al., 
1991)) or only after an extremely long period of stimulation (Pinel and Rovner, 1978). 
Thee shift of the activation curve and the enhanced window current in CA1-SE 
neuronss will both reduce the threshold for spontaneous seizures. If on the other hand 
thee spontaneous seizures also contribute to the shift in the activation function, this 
formss a positive feedback loop that maintains the epileptic state and the spontaneous 
activityy characteristic for this model. The difference in current inactivation in the 
kindlingg situation leads only to a small difference in window current that does not shift 
significantlyy in voltage. In the post-SE model the shift of the activation function 
contributess the most to the enhancement and the voltage shift of the window current, 
butt the difference in inactivation curve is still responsible for about 20% of the 
increasee in size. 

CA1CA1 versus DG 

Thee CA1 region of the hippocampus has been implicated as a major site for seizure 
initiationn in chronic temporal lobe epilepsy. The dentate gyrus normally operates to 
retardd seizures, but under conditions of enhanced epileptogenesis, it may support or 
evenn amplify seizure activity (Rempe et al., 1995). There is a strong interaction 
betweenn the various hippocampal regions in the initiation and spread of seizures in 
mTLEE (Bertram, 1997), which implies that they participate to a large extent in the 
samee seizure events during epileptogenesis (Bertram, 1997; Lothman et al., 1991; 
Rempee et al., 1995). In control conditions the sodium currents in neurons in CA1 and 
DGG were comparable. Their conductance in the CA1 pyramidal neurons was twice as 
largee as in dentate granule cells, but this effect can be completely attributed to a 
differencee in cell size, as the specific sodium conductance was not different between 
thee two groups. However, while sodium current properties of CA1 pyramidal neurons 
weree significantly different after SE, we could not find differences in DG granule cells. 
Thee small positive shift of the inactivation function was numerically comparable in 
CA11 and DG neurons after SE. However, the combination with the strong shift in 
activationn function leads to a larger window current in CA1, while in DG the 
enhancementt was much smaller and will not affect excitability, because it did not shift 
intoo the right voltage range. 

Conclusions Conclusions 

Thee most prominent difference observed after SE in CA1 was a large window current 
thatt had about three times the peak amplitude of controls and was shifted 6 mV to 
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moree hyperpolarized potentials. The difference in sodium current could cause 
spontaneouss seizures. It is not clear whether the epileptic activity also direcdy or 
indirecdyy affects the sodium current, thereby creating a feedback loop that maintains 
thee epileptic state. Our observations do not exclude other factors like neurogenesis, 
sproutingg or cell death to contribute to the pathology of the electrically-induced post-
SEE model. It is well known that they occur and affect neuronal network stability. They 
will ,, however, be additive to the changes in intrinsic membrane properties. Whether 
thee differences in sodium current are related to specific changes in ion channel subunit 
compositionn or whether they result from modulation of the channels by intracellular 
substancess needs to be determined. 
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ABSTRACT T 

Background Background 

Pharmacoresistancee in epileptic patients has been suggested to be associated with 
hippocampall  sclerosis (HS) and may be caused by reduced sensitivity of the voltage-
activatedd sodium current for anti-epileptic drugs. 

Purpose Purpose 

Inn this study we investigated the modulation of the fast sodium current by the anti-
epilepdcc drug lamotrigine (LTG) in CA1 pyramidal and neocortical (NC) neurons 
resectedd from padents with temporal lobe epilepsy (TLE). 

Methods Methods 

Acutelyy dissociated hippocampal CA1 and NC neurons from pharmacoresistant TLE 
patientss were prepared. The transient voltage-dependent sodium current was 
characterizedd using the whole-cell voltage-clamp technique. Modulation of the sodium 
currentt by LTG was determined using a fast-application system. 

Kesuits Kesuits 

LTGG induced a concentration-dependent shift of the steady-state inactivation function 
too more hyperpolarized potentials. The effect of LTG was not different between CA1 
andd NC neurons from HS patients and also not different between neurons from the 
nonHSS and the HS group. There was surprisingly littl e effect of LTG on the time 
constantt of the recovery from inactivation. 

Conclusions Conclusions 

Modulationn of the steady-state sodium current inactivation or the time constant of 
recoveryy from inactivation by LTG in CA1 pyramidal neurons was not associated with 
hippocampall  sclerosis. It is therefore unlikely that cellular aspects of the interaction of 
thee anti-epileptic drug with the sodium channel are solely responsible for the 
phenomenonn of pharmacoresistance. 
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INTRODUCTIO N N 

Approximatelyy one third of patients suffering from temporal lobe epilepsy (TLE) is or 
wil ll  become pharmacoresistant, which means that seizures cannot be controlled by 
tolerablee doses of anti-epileptic drugs (AEDs). TLE is most refractory to 
pharmacotherapyy when associated with hippocampal sclerosis (HS), i.e. loss of 
neuronss and gliosis in the Ammon's horn (CA1 and CA3) and dentate hilus (Engel, 
1998;; Lothman et al., 1991; Semah et al., 1998). Surgical resection of the epileptic 
tissue,, in particular the hippocampus, often results in seizure control after surgery 
(Eliashivv et al., 1997; van Veelen et al., 2001). 

Thee most effective classical anti-epileptic drugs in TLE, carbamazepine (CBZ), 
phenytoinn (PHT) and valproate (VPA), have a common mechanism of action: they 
shiftt the steady-state inactivation of the fast, transient sodium current to more 
hyperpolarizedd potentials and they slow the recovery from inactivation of this current, 
inn this way decreasing excitability and reducing the maximal firing rate (Rogawski and 
Porter,, 1990; Schwarz and Grigat, 1989; Vreugdenhil, M. et al, 1998b). The relatively 
neww anti-epileptic drug lamotrigine (LTG) is similarly effective, but better tolerated 
thann CBZ or PHT (Schmidt, 2002). In rat CA1 pyramidal neurons, this new drug acts 
onn the voltage-activated sodium current, probably employing a similar mode of action 
ass the classical AEDs. However, the maximal effect of LTG was substantially larger 
thann the effect attainable by CBZ (Kuo et al., 1997; Kuo and Lu, 1997). Until now, 
theree are no indications that the mechanism of action revealed in rat studies does not 
correctlyy predict how AEDs modulate sodium channels in human patients. 
Previouss studies in our laboratory have shown a reduced modulation of the sodium 
currentt inactivation by CBZ in hippocampal neurons from pharmacoresistant TLE 
patientss with hippocampal sclerosis when either compared to the (relatively 
unaffected)) neocortex of the same patient or to the hippocampus of patients without 
sclerosiss (Vreugdenhil, M. et al., 1996; Vreugdenhil, M. et al., 1998b). 
Inn this study, we investigated the effect of the relatively new drug LTG on the fast, 
transientt sodium current of CA1 pyramidal neurons from TLE patients with 
hippocampall  sclerosis and compared it with the effect of LTG on sodium currents in 
neocorticall  (NC) neurons obtained from the same patients. This neocortical tissue was 
removedd during surgery to get access to the underlying hippocampus. In addition, we 
havee compared the effect of LTG on sodium current characteristics of CA1 and NC 
pyramidall  neurons between patients with and without hippocampal sclerosis. The 
latterr group of patients underwent surgery for lesion- or tumor-associated epilepsy. 
Sodiumm currents were measured in acutely dissociated neurons using the voltage-
clampp technique in the whole-cell configuration. 
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EXPERIMENTA LL  PROCEDURES 

PatientPatient characteristics and tissue collection 

Neocorticall  and hippocampal tissue was obtained from 14 patients with complex 
partiall  seizures undergoing temporal lobe surgery for pharmacoresistant TLE. Patients 
weree selected for epilepsy surgery according to the criteria of the Dutch Epilepsy 
Surgeryy Program (Debets et al., 1991). Before surgery, the temporal lobe was 
identifiedd as the epileptogenic zone by non-invasive and invasive techniques. Surgical 
removall  of the hippocampus was considered necessary in all patients to achieve 
seizuree control. The excision was based on clinical evaluations, interictal and ictal 
E.E.GG studies, MRI and intra-operative corticography. All procedures were performed 
withh consent of the patients and were approved by the Committee for Scientific 
Researchh on Humans of the University Medical Center Utrecht. During surgery, part 
off  the anterior temporal lobe and the hippocampal complex were removed en bloc and 
immediatelyy collected and processed for additional research (Proper et al., 2000). 
Tissuee samples for electrophysiological recordings were cooled in oxygenated PIPES 
bufferedd solution containing (in mM): 120 NaCl, 5 KC1, 1 CaCl2, 1 MgCb, 20 PIPES 
andd 25 D-glucose; pH 7.0 (Kay and Wong, 1986; Vreugdenhil, M. et al, 1998a). Tissue 
sampless adjacent to those used for electrophysiology were fixed in 4% phosphate-
bufferedd formaldehyde (Klinipath, Duiven, The Netherlands), embedded in paraffin, 
andd stained for routine histopathological evaluation. Hippocampal sclerosis (HS) was 
diagnosedd by a neuropathologist on Nissl-stained sections and classified according to 
Wylerr (Wyler et al., 1992). Patients included in this study had either no (Wyler grade 0; 
nonHSS group, n = 6) or severe HS (Wyler grade 3 to 4; HS group, n = 8). In the 
nonHSS group, pathological diagnoses included cortical tumors (n = 4) or neocortical 
gliosiss (n = 2). None of these focal lesions extended into the hippocampus. The HS 
groupp included patients without focal lesions and in whom the hippocampus was 
characterizedd by extensive neuronal cell loss and astrogliosis in the CA1 and CA3 
segmentss and dentate hilus (Proper et al., 2000). All patients had been treated with a 
varietyy of anti-epileptic drugs and had received anti-epileptic medication until shordy 
beforee the time of surgery. Relevant clinical data for the patients included in this study 
aree summarized in Table 3.1. The mean age at the onset of seizures was 16  3 years. 
Thee mean duration of epilepsy was 21  3 years (male: 20 years, female: 21 years). 
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Tablee 3.1: Patient data 

Patient t 

E01-38 8 
E01-39 9 
E01-44 4 
E02-07 7 
E02-10 0 

E02-12 2 
E02-14 4 

E02-22 2 

E02-24 4 
E02-26 6 
E02-27 7 
E02-29 9 

E02-36 6 
E02-45 5 

Gender r 

Male e 
Male e 
Male e 
Male e 
Female e 

Female e 
Male e 

Female e 

Female e 
Female e 
Male e 
Male e 

Male e 
Female e 

Age e 

45 5 
22 2 
23 3 
39 9 
34 4 

39 9 
18 8 

52 2 

18 8 
53 3 
42 2 
39 9 

51 1 
32 2 

Duration n 
epilepsy y 

15 5 
17 7 
17 7 
14 4 
21 1 

14 4 
13 3 

31 1 

11 1 
22 2 
42 2 
4 4 

41 1 
25 5 

Seizure e 
type e 

CP P 
CP/SG G 
CP/SG G 
CP P 
CP P 

CP P 
CP P 

CP/SG G 

CP P 
CP/SG G 
CP P 
CP P 

CP/SG G 
CP P 

LTG G 
dose e 

200 0 
500 0 

400 0 

250 0 
600 0 
100 0 

450 0 

Months s 
LTG G 
use e 
11 1 
23 3 

50 0 

20 0 
20 0 
8 8 

94 4 

Otherr AEDs 

PHT,, Clobazam 
VPA A 
CBZ,, VPA, Clobazam 
CBZ Z 
LEV,, CBZ, GBP, 
Clobazam,, TPM 
TPM,, CBZ 
OCBZ,, TPM, 
Clobazam m 
PB,, VPA, Clobazam, 
CBZ Z 
PHT,, LEV, TPM 
PHT,, VPA 
LEV,, CBZ, TPM 
LEV,, VPA, 
Clobazam,, GBP 
VPA,, GBP, PB 

Wyler r 
score e 

0 0 
3-4 4 
4 4 
0 0 
4 4 

0 0 
3-4 4 

0 0 

3-4 4 
3 3 

2-3 3 
0-1 1 

4 4 
0 0 

Agee and duration of epilepsy in years, CP — complex partial, SG — secondary' generalized seizures. 
Mostt recent LTG dose in mg, total period of LTG use in months, use of other AEDs only since 
2000.. PHT = Phenytoin, VPA = Valproate, CBZ = Carbamazepine, LEV = Levetiracetam, TPM = 
Topiramate,, OCBZ = Oxcarbazepine, PB = phenobarbital, GBP = Gabapentin. 

CellCell preparation 

Neocorticall  tissue was cut into 300-u.m-thick tissue sections using a Mcllwain tissue 
chopper.. From a 3 to 5-mm-thick hippocampal slice (cut perpendicular to its 
longitudinall  axis) the CA1 segment was dissected and cut into 300-um-thick sections. 
Thee NC and CA1 tissue sections were incubated separately in PIPES buffered 
solutionn containing 1 mg/ml trypsine (from bovine pancreas, type XI ; Sigma) for 50 
minn at 32°C in an 02-saturated atmosphere. After enzymatic treatment, the samples 
weree kept in PIPES buffered solution without trypsine at room temperature (20°C). 
Thee sections (one sample in each instance) were triturated in 0.5 ml extracellular 
solutionn (see below) using fire-polished Pasteur pipettes and transferred to the 
recordingg chamber of an inverted microscope. From the CA1 tissue, we selected 
pyramidall  shaped neurons with a clear apical dendrite, conditions that guarantee viable 
cellss in rat experiments (Ketelaars et al., 2001). Pyramidal neurons of comparable size 
andd shape as the CA1 pyramidal neurons were selected from the neocortex. 

SodiumSodium current recordings 

Voltage-dependentt sodium currents were measured using the voltage-clamp technique 
inn the whole-cell configuration. During the experiments the cells were placed in an 
extracellularr solution designed to pharmacologically isolate voltage-dependent sodium 
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currents.. It contained (in mM): 95 Choline-Cl, 20 NaCl, 10 H E P E S, 2 CaCl2, 1 MgCl2, 

55 KC1 and 25 D-glucose. To block potassium currents the extracellular solution also 

containedd 25 mM tetraethylammonium chloride (TEAC1) and 5 mM 4-aminopyridine 

(4-AP);; calcium currents were blocked with 100 uM CdCL. The pH of this solution 

wass set at 7.4 and osmolarity was 308 mOsm. Patch pipettes (2—4 MQ) were pulled 

fromm thin-wall borosilicate glass capillary tubes (1.5 mm outer diameter; Science 

Productss G m b H, Hofheim, Germany) on a Brown/Flaming puller (Model-P-87; 

Sutterr Instruments Co.). The intracellular solution contained (in mM): 10 EGTA, 10 

H E P E S,, 5 NaCl, 2 MgCb, 25 TEAC1, 110 CsF, 5 MgATP, 0.1 NaGTP, 0.1 ieupeptin; 

pHH was adjusted to 7.3 and osmolarity was 277 mOsm. Experiments were carried out 

att room temperature (20°C). Al l chemicals were purchased from Sigma, except for 

lamotrigine,, which was kindly provided by GlaxoSmithKline (Stevenage, 

Hertfordshire,, UK) . 

Afterr gigaseal formation and cell membrane rupturing, series resistance was 

compensatedd for at least 75%. The currents were sampled at a frequency of 5 kHz and 

analyzedd with an Atari (TT030) computer-controlled Axopatch 200A amplifier using 

custom-madee software. The membrane capacitance was read from the amplifier dials 

ass a measure of membrane surface. Holding membrane potential was set at —70 mV. 

Thee cell was lifted from the bottom of the chamber and moved in front of an 

applicationn pipette. To test the effect of different concentrations of L T G on the 

sodiumm current, L T G was applied in increasing concentrations (10, 30, 100, 300 and 

10000 u.M) by the application pipette using the Fast-Step Perfusion system (SF-77B, 

Warnerr Instrument Corporation, Hamden, USA). LT G was first dissolved in D M SO 

andd then diluted into extracellular solution to attain the final concentration desired. 

Thee concentration of D M SO in all final solutions (including control solution) was 

0 .3%% and did not affect the sodium currents. Current recordings started two minutes 

afterr obtaining the whole-cell configuration and each LT G concentration was tested 

twoo times (time interval was two minutes). 

I nn each cell, sodium currents were measured six times in control solution (before, in 

betweenn and after L T G application). This allowed controlling for a small drift of the 

voltagee dependence of activation and inactivation with time (Pun et al., 1994). For 

eachh neuron a first-order correction of the small voltage drift was executed. Current 

tracess were corrected off-line for linear leak using the leak conductance determined by 

aa voltage step of—5 mV and +5 mV around the pre-pulse potential of—150 mV. 

Statistics Statistics 

Dataa are given as mean  standard error of the mean (S.E.M.). Statistical comparisons 

weree performed with Student's t-test. P < 0.05 was assumed to indicate a statistical 

difference. . 

42 2 



LTGG modulation of sodium currents in pharmacoresistant TLE patients 

RESULTS S 

SodiumSodium current activation 

Fast,, transient sodium currents were activated by depolarizations (25 ms) to levels 
betweenn -70 mV and +10 mV from a pre-pulse potential o f -150 mV. Figure 3.1A 
illustratess a set of sodium currents activated in a CA1 pyramidal neuron from a HS 
patientt in control solution. The voltage protocol is given as an inset; the asterisk 
indicatess the start of the depolarizing voltage step. In all neurons, the depolarization 
activatedd a fast transient inward sodium current that first increased in amplitude as the 
channelss open and at higher potentials decreased due to the reduced driving force. We 
determinedd the peak amplitude of the current for each step and for each neuron a 
current-voltagee relation was constructed. This IV-curve was fitted with the Goldman-
Hodgkin-Katzz current equation (Hille, 1992) using a Boltzmann function (m3) to 
describee the sodium permeability as a function of membrane voltage (V): 

f f 

l + e x p ^ ^ l-exp(-aV) l-exp(-aV) 
(Equationn 3.1) 

__ F W k hh a=RT a nd 8™* = axFxPvx[Na+]o«< 
wheree Po is the maximal permeability, F is the Faraday constant, R the gas constant 
andd T the absolute temperature. The maximal conductance of the current is gmax, while 
thee voltage of half-maximal activation (Vh) and the slope parameter (Vc) characterize 
thee voltage dependence of the current. The sodium concentrations that were used 
predictt a reversal potential (£-Na) of +35 mV. 

Inn control solution, the threshold for the sodium current was around -55 mV in all 
neurons.. The peak current amplitude increased with membrane potential to reach a 
maximumm around -25 mV. The mean IV-curve of the CA1-HS neurons under control 
conditionss (n = 6) is shown in Figure 3.IB. For each of the four cell groups (CAl-HS, 
CAl-nonHS,, NC-HS, NC-nonHS), the parameters from Equation 3.1 that 
characterizee activation are summarized in Table 3.2. As expected, no differences were 
detectedd between NC neurons from HS and nonHS patients. The maximal sodium 
conductancee of the CA1 cells from the HS group was larger than in the other cell 
groups,, which seems due to the slightly larger membrane surface of these cells as 
determinedd from their capacitance (Table 3.2). Although the latter difference did not 
reachh significance, it was sufficient to explain the difference in gmax. As the calculated 
specificc conductance was not different between the groups we did not consider this 
aspectt important. In summary, no relevant differences in sodium current activation 
weree detected between the four cell groups. 
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Figur ee 3.1: Sod ium current activation 

(A)) A typical set of sodium currents evoked in a CA1 pyramidal neuron from a HS patient (CA1-
HS).. Sodium currents were activated by 25-ms depolarizing voltage steps ranging between —70 mV 
andd +10 mV that followed a 500 ms hyperpolarization at -150 mV (protocol given as inset). The 
asteriskk indicates the start of the depolarizing voltage step. (B) The mean peak amplitudes of the 
sodiumm current in neurons (n = 6) from the CA1-HS group are plotted as a function of membrane 
potential.. The curve indicates the fit with the extended Goldman-Hodgkin-Katz current equation 
(Equationn 3.1). Vertical error bars indicate S.E.M. (C) The voltage of half-maximal activation (Vh in 
Equationn 3.1) was not affected by LTG in neurons from the CA1-HS (n = 6, 5, 5, 5, 4, 3, for 
increasingg LTG concentrations), CAl-nonHS (n = 10, 6, 5, 5, 3, 3) and NC-HS group (n = 16, 11, 7, 
7,, 7, 8). 

Sincee several cells were lost during the recordings, we could not obtain complete dose-
responsee curves for LTG in all neurons described above. In the NC-nonHS group, the 
numberr of observations at concentrations of LTG of 10 [iM and higher was too small 
(nn < 3) to be included in our comparisons. Therefore, we can only describe the effect 
off  LTG for the CA1-HS, CAl-nonHS and NC-HS groups, which are anyway the most 
importantt ones for comparison. As extensively described before in rats, LTG did not 
havee any effect on the activation characteristics of the sodium current in any of these 
threee experimental groups. We illustrate this by giving the values of the voltage of 
half-maximall  activation (Vh in Equation 3.1) for all LTG concentrations (Fig. 3.1C). 
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Tablee 3.2. Voltage-activated sodium 

Wylerr score 

Cm(pF) ) 

Activation Activation 
n n 
gmax x 

g™*/Cm m 

Vh h 

vc c 

Inactivation Inactivation 
n n 

vh h 
vc c 

Kinetics Kinetics 
n n 
Ta a 

Tj j 

Trccc -70 mV 
Tfccc -80 mV 
Trecc -90 mV 

(nS) ) 
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currentt properties in control solution 

HSS (8 patients) 

CA1 1 
7.00  1.1 

6 6 
666 4 
9.33  1.2 

-43.33  1.9 
5.33  0.2 

9 9 
-70.33  2.7 
-6.77  0.4 

9 9 
0.133 3 
1.955 9 
29.44  2.6 
16.22 3 
9.44  1.5 

> 3 3 
NC C 

7.00  1.7 

16 6 
533 8 
7.33  0.7 

-42.99  1.4 
5.11  0.3 

16 6 
-70.88  1.6 

-6.11  0.2 

16 6 
0.111 1 
1.822 3 
33.00  4.1 
17.66 1 
10.33  1.5 

nonHS S 

CA1 1 
9.11  1.7 

10 0 

(66 patients) 

0 0 

966 7 * 
9.99  1.7 

-43.88  2.4 
5.11  0.5 

11 1 
-70.44  2.6 
-6.22  0.3 

11 1 
0.166  0.03 
2.144  0.25 
32.66  4.5 
16.88  1.8 
9.77  1.1 

NC C 
7.44  1.1 

8 8 
544  14 
6.77  0.9 

-41.88  1.7 
5.55  0.3 

8 8 
-68.00  2.4 
-6.33  0.2 

8 8 
0.155 2 
2.711  0.27 
30.33  4.5 
16.55  2.3 
9.55  1.2 

Forr each cell the mean was calculated of the measurements in control solution at 2 and 4 minutes 
afterr establishing the whole-cell configuration. Capacitance was used as a measure of membrane 
surface.. The specific sodium conductance was calculated as gmax divided by the cell capacitance. Time 
constantss of activation (xa) and inacdvation (T;) were determined at -25 mV. Time constant of 
recoveryy from inacdvation (xrec) was determined at —70, —80 and -90 mV. 

Steady-stateSteady-state inactivation 

Thee voltage dependence of steady-state inactivation of the sodium current was 
determinedd by varying a 500 ms hyperpolarizing pre-pulse from —150 to —35 mV 
followedd by a 25 ms depolarization to -25 mV (Figure 3.2A, protocol in inset). The 
peakk amplitude of the current (1) evoked at —25 mV as a function of pre-pulse 
potentiall  (V) was fitted with a Boltzmann equation: 

I(V)I(V) = f* (Equation 3.2) 

11 + exp 
VVhh-V -V 

wheree Vh is the potential of half-maximal inactivation and Vc is proportional to the 
slopee of the curve. In Figure 3.2B the steady-state inactivation curves are shown for 
eachh cell group. The two parameters that characterize the inactivation function were 
nott different between the four experimental groups (Table 3.2). 
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Figur ee 3.2: Steady-state inactivation of the sodium current 

(A)) A typical set of sodium currents evoked in a CA1-HS 
inactivation.. Standard step depolarizations to -25 mV from 
betweenn -150 mV and —35 mV (protocol given as inset) provided the sodium current, which 
amplitudee is representative for the level of steady-state inactivation. The asterisk indicates the start of 
thee depolarizing voltage step to -25 mV. (B) The level of steady-state inactivation (I/I max) plotted as a 
functionn of membrane potential and fitted with a Boltzmann function (Equation 3.2). Error bars 
indicatee S.E.M. The two characterizing parameters (Vh and Vc) are given in Table 3.2 for all 
experimentall  groups. (C) Effect of LTG on steady-state inactivation. Steady-state inactivation curves 
aree shown for neurons of the CA1-HS group at each LTG concentration. The curves were constructed 
fromm the mean values of the parameters (Vh and Vc, Equation 3.2) determined for each individual cell: 

control: : 
100 iiM : 
300 uM: 
1000 uM: 
3000 [iM : 
10000 uM: 

V,, , 

vh h 
v,, , 
vh h 
vh h 
vh h 

-6.77  0.4 mV, n = 9; 
-6.88 3 mV, n = 8; 
-7.99  0.5 mV, n = 8 
-8.66  0.7 mV, n = 8 
-8.11  0.5 mV, n = 6 
-7.33  0.5 mV, n = 5 

-70.33  2.7 mV, Vc 

-74.77  3.5 mV, Vc 

-79.77  3.5 mV, Vc : 
-85.44  3.7 mV, Vc : 
-88.55  2.5 mV, V c: 
-97.99  2.4 mV, Vc : 

(D)) The shift of the voltage of half-maximal inactivation as a function of LTG concentration in CA1-
HSS neurons (black circles), CAl-nonHS (gray circles) NC-HS neurons (black squares). The shift of the 
inactivationn curve (AVh) was in each cell determined as the difference between Vh in control and in 
variouss concentrations of LTG. The data points were fitted with a Hil l equation (Equation 3.3; n - 1). 
CA1-HS:: AV hmax = 28  2.9 mV, EC50 = 184  80 (xM; CAl-non-HS AV hmax = 34  3.4 mV, EC5„  = 
3600  118 [iM and NC-HS: AV hmM = 31  2.8 mV, EC50 = 195  74 11M. Error bars indicate S.E.M. 
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Inn all neurons from the CA1-HS, the CAl-nonHS and the NC-HS group, LTG 
inducedd a concentration-dependent shift of the steady-state inactivation curve to more 
hyperpolarizedd potentials. In Figure 3.2C the inacdvation curves of the CA1-HS 
neuronss are shown for increasing LTG concentrations from 0 to 1000 uJM. Each 
Boltzmannn curve in this graph was constructed using the mean values of Vh and Vc 

determinedd at the specific LTG concentration. 

Inn each cell, we determined the shift of the half-maximal inactivation induced by the 
variouss LTG concentrations (10, 30, 100, 300 and 1000 uM): AVh = Vh>LTG - Vh,o . 
Thee induced AVh as a function of the LTG concentration was then fitted with a Hill 
equation: : 

AV AV 
AA  Vh {LTG) = * ™ (Equation 3.3) 

11 + EC™ ] 

wheree AVhmax is the maximal shift of Vh, ECso is the concentration of half-maximal 
effectt and n is the Hil l coefficient (in a first fit n was 0.89  0.23, therefore n was set 
too 1 for the rest of the study, see Kuo and Lu, 1997). In Figure 3.2D the 
concentration-responsee curves are shown. In the CA1-HS patients, AVhmax was 28 + 3 
mVV and the EC50 value was 184 + 80 u.M. These values were not different from those 
off  the NC-HS group (AVhmax = 31  3 mV, EC50 = 195  74 JAM) and the difference 
withh the CAl-nonHS group (AVhmax = 34  3 mV, EC50 = 360  118 \iM) did not 
reachh significance. 

CurrentCurrent kinetics 

Too determine the kinetics of activation and inactivation, we fitted the time course of 
thee sodium current during a 25 ms depolarization with a single-exponential third-order 
risee time and a single-exponential decay of the form: 

I(t)I(t)  = Ax 1-exp p ^00 l_ 
n33 'u-t' 

exp exp 
(Equationn 3.4) 

wheree to is the time of the depolarizing step, Ta is the time constant of activation and T, 
iss the time constant of inactivation, while A is the amplitude. The kinetic data are 
summarizedd in Table 3.2. In control solution, we did not detect any differences in the 
timee constants of activation and inactivation between the four cell groups. Both 
activationn and inactivation time constants (ia and Ti) were faster at more depolarized 
voltagess (data not shown). These time constants were not affected by LTG. Also in 
thiss respect no differences were found between the cell groups. 

RBCoveryfromRBCoveryfrom inactivation 

Thee time course of the recovery from inactivation was determined using a double-
pulsee protocol. The interval At (during which the current was allowed to recover) 
betweenn two depolarizations that lasted 25 ms, was varied between 1 and 200 ms. The 
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Figur ee 3.3: Recovery from inactivation of the sodium current in control solution 
AA double-pulse protocol with a variable time interval between two 25 ms depolarizations to —25 mV 
(Att = 1, 2, 5, 10, 20, 50, 100 or 200 ms) was used to investigate the recovery from inactivation at -70, 
—800 and -90 mV in CA1-HS neurons (n = 6)(protocol is given as an inset). The ratio (R) between the 
amplitudee of the sodium current activated by the second pulse and its maximal value at At = 200 ms 
wass plotted as a function of At and fitted 'with a single-exponential function (Equation 3.5) to give 
thee time constant of the recovery from inactivation (T„.C, Table 3.2). Recovery from inactivation was 
fasterr at more hyperpolarized potentials. Error bars indicate S.E.M. 

recoveryy time constant was determined at membrane voltages of —70, —80 and —90 
mV.. The ratio (R) between the amplitude of the sodium current activated by the 
secondd pulse and its maximal value at At = 200 ms was plotted as a function of At and 
fittedd with a single-exponential function to give the time constant of recover}' from 

inactivationn (Trec): 

R(At)R(At) = 1 - exp 
ff A ^ 

(Equationn 3.5) 
VV  Trec J 

Thee recovery from inactivation of the CA1-HS group as a function of At is shown in 
Figuree 3.3 (protocol as inset). In CA1 and NC neurons from both the HS and the 
nonHSS patients, the recovery from inactivation became faster for more hyperpolarized 
potentials.. Table 3.2 summarizes the kinetics of the recovery from inactivation, which 
weree highly similar in the four experimental groups. 
Inn rats, LTG enhances the time constant of recovery from inactivation in a 
concentration-dependentt way (Kuo and Lu, 1997). In the human material this was 
hardd to reproduce, partly because many cells were lost during the demanding and 
long-lastingg protocols and partly because of the large variability in the time constants. 
Att —70 mV, where the time constant is largest, the effect of LTG was slightly larger in 
thee NC-HS cells than in those from the CA1-HS group (Fig. 3.4A). This trend was, 
however,, not confirmed by the observations at —80 and —90 mV, where surprisingly 
littl ee effect of LTG was found (Fig. 3.4B—C). With these considerations taken into 
account,, no differences were detected between the CA1-HS, CA1-nonHS and the 
NC-HSS group. 
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Att  -90 mV 

100 30 100 300 
[LTGMuM) ) 

Figur ee 3.4: Recovery fro m inact ivat ion 

(A—C)) The time constant of recovery from inactivation measured at -70 (A), —80 (B) and -90 mV 
(C)) as a function of LTG concentration for neurons from the CA1-HS, NC-HS and CAl-nonHS 
groups.. Due to experimental difficulties many cells were lost during the demanding protocols. 
Thereforee the CAl-nonHS group at -70 and -80 mV was too small to use and was omitted from the 
graphs. . 

LTGLTG treatment 

Halff  of the patients in this study had been treated with LTG until shortly before the 
timetime of surgery (Table 3.1). At first inspection, LTG modulation of the sodium current 
wass not consistently different between patients that had received LTG treatment and 
patientss that had not been treated with this anti-epileptic drug. The low number of 
observations,, however, does not allow a more detailed comparison. 

DISCUSSION N 

LTGG mainly exerts its anti-epileptic effect by modulating the transient, voltage-
dependentt sodium current, although effects on the dendritic Ij, current also have been 
reportedd (Poolos et al., 2002). We investigated the effect of LTG on the fast sodium 
currentt in neurons acutely isolated from tissue that became available during surgery of 
patientss with TLE that were or had become pharmacoresistant. One of the serious 
problemss with this kind of unique research on human material is the lack of nicely 
matchedd control tissue. Our experimental design approached this problem in two 
ways.. Firstly, besides neurons isolated from the strongly affected sclerotic 
hippocampall  CA1 area that was resected to achieve seizure control, we also isolated 
neuronss from the neocortex of the same patients that became available for surgical 
reasonss and was not considered strongly diseased. Secondly, we had one group of 
TLEE patients that had a highly sclerotic hippocampus, for whom epilepsy was the 
reasonn for surgery. A second group of "control" patients was operated for different 
reasons,, mainly tumor-associated forms of epilepsy. Post-experimental control by a 
neuropathologistt established the distinction in mean Wyler score (Wyler et al., 1992) 
betweenn the two groups of patients as either > 3 for the HS group or 0 for the control 
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orr nonHS group. Normally, cellular parameters, related to membrane potential and the 
propertiess of the action potential are similar in human hippocampal and neocortical 
neuronss (Knowles, 1991). We set out to compare the properties of the sodium 
currentss in these two types of neurons and compared them between patients with and 
withoutt hippocampal sclerosis. Next we also investigated the effects of LTG in these 
neuronss in order to find out whether pharmacoresistance in these patients is 
associatedd with differential modulation of the sodium current. Previously, we have 
determinedd a reduced sensitivity for carbamazepine (CBZ) of the sodium channels in 
hippocampall  neurons from HS patients when compared with that in hippocampal 
neuronss from patients without hippocampal sclerosis (non-HS) or neocortical neurons 
fromm the same HS patients (Vreugdenhil, M. et al., 1998b). 

SodiumSodium current characteristics 

Wee did not detect any differences in voltage-dependent or kinetic properties of 
activationn and inactivation of the sodium current between CA1 and NC neurons from 
HSS and non-HS patients. The sodium current characteristics in CA1 and NC neurons 
weree comparable with those measured in rat and human CAl pyramidal neurons and 
neocorticall  neurons (Cummins et al., 1994; Vreugdenhil, M. et al., 1998b). The 
similarityy of sodium current properties in all experimental groups facilitates the 
comparisonn of the modulation by LTG. 

effecteffect of LTG and functional implications 

Inn CAl and NC neurons from HS patients and in CAl neurons from non-HS 
patients,, LTG induced a significant shift of the steady-state inactivation function to 
moree hyperpolarized potentials. Consequendy, the fraction of sodium channels that 
cann be recruited for activation is decreased, which implies a reduced excitability. The 
dose-dependentt shift of Vh was not different between the experimental groups and 
similarr to that found in CAl pyramidal neurons from the rat (Kuo and Lu, 1997). In 
contrastt to studies in the rat, LTG hardly affected the time constant of recovery from 
inactivation,, a parameter that is normally held responsible for limiting the maximal 
firingg rate. It is tempting to link this lack of effect to the existing pharmacoresistance, 
butt the lack of effect of LTG in any of our experimental groups excludes such a 
simplee explanation. 
Thee typical clinical therapeutic concentration of LTG in plasma (usually 6—40 fiM) 
resultss in a free LTG concentration in the cerebrospinal fluid of about 3-18 ^M up to 
maximallyy 30 u.M (see e.g. Kuo and Lu, 1997). From our data, we can estimate that 
suchh concentrations will shift the inactivation function by about 2-A mV in 
hyperpolarizingg direction. Assuming the properties of our sodium current and a 
restingg membrane potential around -70 mV, every mV shift in inactivation function 
impliess a 12% reduction of recruitable sodium channels. This suggests that LTG is still 
ablee to modulate sodium currents in the pharmacoresistant patients in our study. 
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Forr comparison, the therapeutic concentrations of CBZ, resulting in 13 [xM free CBZ 
inn the extracellular fluid (Kuo et al., 1997), and VPA, resulting in 100 [xM free VPA in 
thee extracellular fluid (Rogawski and Porter, 1990), will be similarly effective as they 
inducee a shift of the steady-state inactivation function of ~2 mV respectively ~1 mV. 

Pharmacoresistance Pharmacoresistance 

Aboutt one third of patients with chronic epilepsy is resistant to current 
pharmacotherapyy (Schmidt, 2002). The mechanisms underlying pharmacoresistance 
aree unknown, but most likely involve a wide combination of cellular, morphological 
andd general functional aspects, which either exist from the start or gradually develop 
duringg epileptogenesis (Jeub et al., 2002; Regesta and Tanganelli, 1999). Drugs of 
primaryy choice for the treatment of epilepsy such as PHT or CBZ act via modulation 
off  voltage-activated sodium channels, but also have several secondary mechanisms of 
actionn (Macdonald, 1996; Macdonald and Kelly, 1993). 

Previouss research in our laboratory has shown a regional-specific reduced modulation 
off  sodium current inactivation by CBZ in pharmacoresistant TLE patients, i.e. an 
enhancedd EC50 for CBZ. The modulation of sodium current inactivation by 15 JJLM 

CBZZ in CA1 neurons from patients with HS was half of that encountered in NC 
neuronss from the same patients, and also half of that in CA1 neurons from non-HS 
patientss (Vreugdenhil, M. et al., 1996). In DG granule neurons from human TLE 
patients,, CBZ normally modulated the inactivation function of the sodium current, 
butt did not have an effect on the recovery from inactivation of this current 
(Reckziegell  et al., 1999), similar to our observations. Research in kindled rats also 
suggestedd a reduced sensitivity of sodium channels in hippocampal neurons to anti-
epilepticc drugs, however, regional-specificity was not investigated (Jeub et al., 2002). In 
addition,, in DG granule cells from pilocarpine-treated epileptic rats, Remy et al. 
reportedd a reduced effect of LTG on the time constant of the recovery from 
inactivationn (Remy et al., 2003b). Our hypothesis emphasizes the problem of effective 
seizuree control, which in case of local differences in sensitivity becomes extremely 
difficult ,, while a uniform change in sensitivity could be more easily counteracted by a 
differentt therapeutical dose. Preliminary data also suggest that despite the similarity in 
mechanismss of action of anti-epileptic drugs such as CBZ, PHT and LTG (Kuo, 
1998),, they do not provide quantitatively similar results (Vreugdenhil, M. et al., 1998b). 
Besidess an explanation at the cellular (ion channel) level, pharmacoresistance could 
alsoo involve the regional or drug-specific accessibility of brain structures for the AEDs 
(Aronicaa et al., 2003). Our dissociated cell approach is not adequate for elucidating 
thiss point in any respect. 

Inn summary, we did not find any differences in LTG modulation of sodium current 
characteristicss between CA1 neurons from HS and nonHS patients or between NC 
andd CA1 neurons in the same HS patients. In all experimental groups, we found an 
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almostt normal modulation of the steady-state inactivation function, but very littl e 
modulationn of the recover}7 from inactivation, which makes it extremely difficult to 
predictt the efficacy of this AED in patient seizure control. 
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ABSTRACT T 

Sodium-calciumm exchange (NCX) is an important Ca2+ extrusion mechanism in the 
plasmaa membrane of neurons. Because three Na+ ions are exchanged for one Ca2+ 

ion,, the exchange is electrogenic. We have characterized NCX currents in acutely 
dissociatedd rat CA1 pyramidal neurons using the whole-cell voltage-clamp technique 
inn combination with extracellular solution switches and calcium ratio imaging. At -70 
mV,, a net inward current of 155  9 pA associated with forward exchange was 
activatedd by switching [Na+] f) from 0 to 115 mM ([Ca2+]i ~ 141 nM and [Ca2+]0 = 2 
mM).. The NCX current showed an essentially linear voltage dependence: NCX 
conductancee was not dependent on membrane potential. Larger currents were 
activatedd at hyperpolarized potentials and the current reversed at +36  2 mV as 
expectedd for the electrochemical gradients of Na+ and Ca2+ over the plasma 
membranee (expected HNCX = +34.8 mV). The [Na+]0 dependence of the NCX current 
wass characterized by a KD of 62  7 mM and Imax = 165  16 pA (Hill coefficient was 
fixedd at 3). NCX currents were also dependent on the calcium gradient over the 
plasmaa membrane: the current amplitude decreased when [Ca2+]G was increased and 
thee NCX current amplitude increased when [Ca2+]i was increased. Preliminary data 
showedd that the NCX current can also be measured in dissociated hippocampal 
neuronss from epileptic patients, which is a promising topic for future experiments. 
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I N T R O D U C T I O N N 

I nn neurons, calcium (Ca2+) ions play an important role in many processes such as 

neurotransmitterr release, neuronal excitability, plasticity and gene expression (Berridge 

ett al., 2003). Calcium ions also play an important role in pathologies like epileptic 

seizuress and ischemia. Because a strong calcium gradient over the plasma membrane 

([Ca2+] ii  < < < [Ca2+] ()) exists, even a small influx of calcium ions wil l result in a 

significantt signal for many intracellular processes. For optimal calcium signaling, 

[Ca2+] ii  has to be tightly regulated, both spatially and temporally. Calcium homeostasis 

iss accomplished by interplay of calcium influx mechanisms (voltage-activated calcium 

channels,, N M D A receptors), calcium buffering by calcium-binding proteins and 

calciumm extrusion systems. Together, these factors determine the calcium balance in a 

neuronn (Blaustein and Lederer, 1999). To maintain a steady-state, ultimately all calcium 

thatt has entered a cell during activity must be extruded. Therefore, calcium extrusion 

overr the plasma membrane is of crucial importance (Juhaszova et al., 2000). 

Neuronss have at least two distinct [Ca2+]rdriven calcium extrusion mechanisms in the 

plasmaa membrane to return elevated free [Ca2+]i to resting levels: (i) the plasma 

membranee Ca2+-ATPase (PMCA) and (ii) sodium-calcium exchange (NCX). The 

PMCA,, with a high affinity for intracellular Ca2+ (KD = 1 00 nM), but low transport 

capacityy ( -150 s-1), is thought to play a housekeeping role in calcium homeostasis 

(Blausteinn and Lederer, 1999; Juhaszova et al., 2000). In contrast with the PMCA, the 

N CXX has a low affinity for intracellular Ca2+ (KD = 0.6-2 JJLM), but a high transport 

capacityy ( » 1 0 0 0 - 5 0 00 s-1). The N CX is therefore better suited for rapid recovery 

fromm high levels of [Ca2+]i (Juhaszova et a l, 2000). Because three Na+ ions are 

exchangedd for one Ca2+ ion, sodium-calcium exchange is electrogenic: it generates a 

nett current (Blaustein and Lederer, 1999; Hinata et a l, 2002). N CX exhibits a 

thermodynamicallyy defined reversal potential (ENcx) analogous to those of voltage-

activatedd ion channels. Based on the coupling ratio of 3 Na+ : 1 Ca2+, ENCX can be 

calculatedd using the following equation: 

EENCXNCX = S*E„a-2xECa (Equation 4.1) 

wheree E \-ö and Eca are the reversal potentials of Na+ and Ca2+ across the plasma 

membranee given by the Nernst equation (Blaustein and Lederer, 1999). The N CX can 

operatee in two modes depending on the electrochemical gradients for sodium and 

calciumm over the plasma membrane and membrane potential. The driving force for 

sodium-calciumm exchange is defined as the difference between the membrane potential 

(V)) and the reversal potential: V - E N C X . When the membrane potential is more 

negativee than ENCX, the N CX operates in the forward mode: Ca2+ ions are extruded 

fromm the cytoplasm, while Na+ ions enter it. This results in a net inward current. This 

forwardd mode of transport constitutes an important Ca2+ extrusion pathway. When V 
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exceedss ENCX, the NCX operates in the reverse mode: Ca2+ ions enter the cytoplasm, 
whilee Na+ ions are extruded. This results in a net outward current (Blaustein and 
Lederer,, 1999; Weber et al., 2002). 

Inn this study, we have characterized NCX currents (INcx) in acutely dissociated rat 
CA11 pyramidal neurons using the whole-cell voltage-clamp technique in combination 
withh extracellular solution switches and calcium ratio imaging. NCX current 
characterizationn was based on the sodium, calcium and voltage dependence of the 
current. . 

EXPERIMENTA LL  PROCEDURES 

Animals Animals 

Malee Wistar rats (Harlan Zeist, The Netherlands), weighing 35-50 gram (3-A weeks 
old)) at the time of decapitation, were used in this study. The rats were housed under a 
controlledd environment (21  1°C; humidity 60%; lights on 08.00-20.00 h). Food and 
waterr were available ad libitum. All experiments were performed in accordance with 
thee regulations of the Animal Welfare Committee of the University of Amsterdam. 
Unlesss mentioned otherwise, all chemicals were purchased from Sigma-Aldrich 
(Zwijndrecht,, The Netherlands). 

CellCell preparation 

Eachh experimental day, a rat was decapitated. The brain was quickly removed and 
placedd in an ice-cold oxygenated PIPES buffered solution containing (in mM): 120 
NaCl,, 5 KC1, 1 CaCl2, 1 MgCl2, 20 PIPES and 25 D-glucose; pH 7.0 (Ketelaars et al, 
2001).. Both hippocampi were rapidly removed and cut into 300 um thick transversal 
slicess using a Mcllwain tissue chopper. The CA1 region was dissected out of each 
hippocampall  slice. The CA1 tissue sections were incubated in PIPES buffered 
solutionn containing 1 mg/ml trypsin (from bovine pancreas, type XI ; Sigma) for 50 
minn at 32 °C in an C>2-saturated atmosphere. After enzymatic treatment, the samples 
weree kept in PIPES buffered solution without trypsin at room temperature (20°C) 
(Kayy and Wong, 1986). The CA1 sections (one sample in each instance) were 
trituratedd in 0.5 ml extracellular solution (0/2: see below) using fire-polished Pasteur 
pipettess and transferred to the recording chamber of an inverted microscope (Nikon). 
Pyramidall  shaped neurons with a clear apical dendrite, a bright and smooth 
appearancee and no visible organelles were selected for electrophysiological 
measurementss (Ketelaars et al, 2001; Vreugdenhil, M. and Wadman, 1992). 

CurrentCurrent recordings 

Sodium-calciumm exchange currents (INCX) were recorded using the voltage-clamp 
techniquee in the whole-cell configuration. Experiments were carried out at room 
temperaturee (20 °C). The isolated neurons were placed in an extracellular solution 

56 6 



NCXX currents in dissociated rat CA1 pyramidal neurons 

containingg (in mM): 115 N-methyl-D-glucamine (NMDG), 2 CaCl2, 2 MgCl2, 10 
HEPES,, 25 tetraethylammonium chloride (TEAC1; to block potassium channels), 0.5 
uMM tetrodotoxin (TTX; to block sodium channels), 10 uM nifedipine (to block 
calciumm channels), 20 uM ouabain (to block the sodium-potassium pump; Merck, 
Darmstadt,, Germany) and 5 D-glucose; the pH was adjusted to 7.3 and osmolality 
wass 285-295 mOsm. NMDG+ is an inert cation, which cannot substitute for Na+ in 
thee exchange reaction (Philipson and Nicoll, 1992). Patch pipettes (2-4 MQ) were 
pulledd from thin-wall borosilicate glass capillary tubes (1.5 mm outer diameter; Science 
Productss GmbH, Hofheim, Germany) on a Flaming/Brown Micropipette puller 
(Model-P-87;; Sutter Instruments Co.) and filled with intracellular solution containing 
(inn mM): 3 NaCl, 105 NMDG, 10 HEPES, 0.2 CaCl2, 0.5 BAPTA, 25 TEAC1; the pH 
wass adjusted to 7.3 (HC1) and final osmolarity was 280-290 mOsm (adjusted with 
sucrose).. The free [Ca2"1^ in this solution was calculated to be 141 nM (using 
MaxChelatorr (Patton)). The PMC A was blocked by excluding Mg2+ and ATP from the 
intracellularr solution. Potassium-dependent sodium-calcium exchange (NCKX) was 
blockedd by excluding K+ ions from both the intracellular and the extracellular 
solutions.. To promote membrane stability during gigaseal formation, the tip of the 
patchh pipette was filled with an intracellular solution in which 60 mM CsF equimolarly 
replacedd NMDGC1. 

Afterr gigaseal formation and cell membrane rupturing, the cell was lifted from the 
bottomm of the recording chamber. After obtaining the whole-cell configuration, the 
celll  was moved in front of an application pipette with three oudets. This pipette was 
connectedd to a Fast-Step Perfusion system (SF-77B, Warner Instrument Corporation, 
Hamden,, USA), which allowed programmed switches between several extracellular 
solutions;; the sequence and duration of solution applications were computer-
controlled.. Sodium-calcium exchange currents were activated by switching the cell 
betweenn extracellular solutions containing different concentrations of Na+ or Ca2+ 

(theyy were equimolarly replaced by NMDG+; osmolarity was between 285-295 
mOsm).. The concentrations of Na+ and Ca2+ in the extracellular solutions that we 
usedd in this study (Table 4.1) will be indicated in the text as follows: X/Y , where X 
referss to [Na+]„  and Y denotes [Ca2+]G. 

Tablee 4.1: Extracellular  solution composition 

[Na+]o/[Ca2+]„ „ 

NMDG+ + 

Na+ + 

Ca2+ + 

0/2 2 

115 5 
0 0 
2 2 

115/2 2 

0 0 
115 5 
2 2 

95/2 2 

20 0 
95 5 
2 2 

75/2 2 

40 0 
75 5 
2 2 

50/2 2 

65 5 
50 0 
2 2 

25/2 2 

90 0 
25 5 
2 2 

115/0 0 

3 3 
115 5 
0 0 

115/10 0 

0 0 
115 5 
10 0 

Concentrationss in mM. The chloride salts of NMDG+ , Na+ and Ca2+ were used for preparation of 
thee solutions. In addition, each solution contained (in mM): 2 MgCb, 10 HEPES, 25 TEAC1 (to block 
potassiumm channels), 0.5 uM TTX (to block sodium channels), 10 uM nifedipine (to block calcium 
channels),, 20 uM ouabain (to block the sodium-potassium pump) and 5 D-glucose; the pH was 
adjustedd to 7.3 and osmolarity was between 285-295 mOsm. 
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Junctionn potentials between the intra- and extracellular solutions were calculated using 
Equationn 12 and Table 1 from Barry and Lynch (Barry and Lynch, 1991). The 
differencee in junction potential between two different extracellular solutions never 
exceededd 5 mV. Assuming an input resistance of 500 MQ for a cell, this difference in 
junctionn potential would result in a current amplitude of at most 10 pA. We did not 
correctt for the voltage shift caused by junction potentials. 

Thee currents were sampled at a frequency of 5 kHz with an Atari (TT030) computer-
controlledd Axopatch 200A amplifier and analysed using custom-made software. The 
membranee capacitance was read from the amplifier dials as a measure of membrane 
surface.. The mean capacitance for the rat CA1 pyramidal neurons was 8.7  0.3 pF 
(nn = 63). Series resistance (6.0  0.3 MQ, n = 63) was compensated for at least 70 %. 
Holdingg membrane potential was set at -70 mV. Current recordings started two 
minutess after obtaining the whole-cell configuration and were repeated several times 
too determine the stability of the recordings for each cell. Only cells that showed litde 
run-downn within the total recording time were incorporated in the analysis. 

CalciumCalcium ratio imaging 

Inn a subpopulation of the neurons, [Ca2+], dependence of the current was investigated 
byy measuring NCX currents using intracellular solutions with different calcium 
concentrations.. For these experiments, the patch pipettes were filled with intracellular 
solutionn containing (in mM): 3 NaCl, 45 NMDG, 60 CsF, 10 HEPES, 25 TEAC1, 10 
EGTA,, 0.2 fura-2 (pentapotassium salt; Molecular Probes, Leiden, The Netherlands) 
andd different concentrations of CaCh; the pH was adjusted to 7.3 and final osmolarity 
wass 299 mOsm (adjusted with sucrose). 

Thee actual free [Ca2+]i in each neuron was determined using calcium ratio imaging 
beforee NCX current recordings were started. The neurons were bathed in the 0/2 
extracellularr solution. Calcium ratio measurements started one minute after obtaining 
thee whole-cell configuration and were repeated four times (every minute). Only cells in 
whichh the calcium ratio stabilized during this recording period were included in the 
analysis. . 

Freee [Ca2+]j was estimated from fura-2 fluorescence by the ratio method with the use 
off  dual excitation (340 and 380 nm) (Grynkiewicz et al., 1985). A 20x fluor objective 
off  the inverted microscope was used in combination with a custom-made excitation 
wavelengthh switcher that excites at 340 nm or 380 nm from a Hg-bulb source (Nikon). 
Fluorescencee was measured in the whole-cell mode at 510 nm while exciting the dye at 
thee successive excitation wavelengths. Excitation was limited to the periods of data 
acquisition.. Fluorescence was measured with a photomultiplier (TILL , Germany) and 
sampledd as an analog signal. After subtraction of the background, fluorescence signals 
weree used to calculate the F340/F380 ratio. This ratio (R) was converted into [Ca2+], 
usingg the equation of Grynkiewicz et al. (Grynkiewicz et al., 1985): 
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[Ca[Ca2+2+]] tt=K=K DDxj3: xj3: (*-Q Q (Equationn 4.2) 

withh R = — and J3 = 
F380 0 F380, , 

wheree K D is the dissociation constant for Ca2+ of fura-2, Rmln and Rmax are the limitin g 

ratioss obtained in the absence of Ca2+ and at saturating Ca2+. (3 represents a property 

off  the fluorescence system and was calculated as the ratio of the fluorescence signal at 

3800 nm in the absence of Ca2+ (F380mln) and at saturating Ca2+ (F380max). A calibration 

curvee to determine Rmax, Rmin and (3 was made with drops of intracellular solution 

containingg defined levels of [Ca2+] (Fig. 4.1). In these calibration solutions, 60 mM 

CsFF was equimolarly replaced by NMDGC1. Rmin was 0.3, Rmax was 12.5 and p was 8.1. 

Thee dissociation constant was assumed to be ~135 nM in the absence of intracellular 

Mg2++ (Grynkiewicz et al., 1985). For each neuron, free [Ca2+]i was determined after the 

ratioo had stabilized (just before the start of N CX current measurements). After 

calciumm ratio imaging, the neurons were placed in front of the application pipette and 

N CXX current measurements started. Due to movement artifacts, it was not possible to 

reliablyy determine the fluorescence ratio during solution switches. 

Statistics Statistics 

Dataa are given as mean  standard error of the mean (S.E.M.). Possible correlations 

weree tested with a Spearman rank test and a linear regression analysis. The first test 

givess a good estimation of the significance of a correlation while the latter gives an 

estimationn of the strength of the correlation. 
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Figuree 4.1: Calibration curve that relates calcium ratios to [Ca2+] i using Equat ion 4.2 
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RESULTS S 

NCXNCX current activation 

Voltage-gatedd ion channels, the sodium-potassium pump, PMCA and NCKX were 
(pharmacologically)) blocked. Inward NCX currents -associated with the forward 
modee of exchange- were activated at a holding potential of -70 mV by replacing the 
0/22 extracellular solution (no [Na+]Q: forward mode of NCX is blocked) with a 
solutionn containing 115 mM Na+ (115/2) via bath perfusion. Figure 4.2 illustrates a 
typicaltypical NCX current activated at -70 mV in a rat CA1 pyramidal neuron (the solution 
switchh protocol is shown in the upper panel). The switch of the extracellular solution 
activatedd an inward current as expected for this membrane potential and the ionic 
gradientss of Na+ and Ca2+ that we used (ENCX = +34.8 mV; see below). The NCX 
currentt amplitude activated by the extracellular solution switch was determined by 
subtractingg the mean of the holding current in 0/2 before (Fig. 4.2: a) and after (c) the 
switchh from the mean current amplitude measured in 115/2 (/>). At -70 mV, switching 
thee extracellular solution from 0/2 to 115/2 activated an inward NCX current with a 
meann current amplitude of 155  9 pA (n = 63). When cell capacitance (8.7  0.3 pF 
(nn = 63)) was taken as a measure of membrane surface, the specific NCX current 
amplitudee (calculated as INCX divided by the cell capacitance) was 19.5 4 pA/pF 
(nn = 63) at -70 mV. 

0/2 2 115/2 2 0/2 2 
-700 mV 

1000 pA 
11 s 

II NCX 

HH t- ^^ h 

Figur ee 4.2: NCX current activation 

AA typical example of a forward NCX current activated in a rat CA1 pyramidal neuron by quickly 
switchingg the sodium concentration in the extracellular solution from 0 to 115 mM (0/2 to 115/2; 
seee Experimental Procedures). The solution switch protocol is shown above the current trace. 
Holdingg membrane potential was -70 mV. The NCX current amplitude activated by the extracellular 
solutionn switch (arrow) was determined by subtracting the mean of the holding current in 0/2 before 
(a)(a) and after (c) the switch from the mean current amplitude measured in 115/2 (b). The dotted 
horizontall  line represents the zero-current level. 

60 0 



NCXX currents in dissociated rat CA1 pyramidal neurons 

Too exclude the possibility that the opening of voltage-dependent ion channels 
interferess with the current under investigation, the input resistance of the neurons was 
determinedd by applying 25 ms voltage steps of , 0 and 0 mV around -40 mV 
bothh in the 0/2 and in the 115/2 extracellular solution (Fig. 4.3A). Typical examples 
off  currents measured in 0/2 and 115/2 in a rat CA1 pyramidal neuron using this 
protocoll  are shown in Fig. 4.3B and C, respectively. Voltage-activated sodium and 
calciumm channels open at voltages around -40 mV. Therefore, determining the 
activatedd current and the input resistance of the neuron with increasing voltage steps 
aroundd —40 mV may confirm that these voltage-dependent ion channels are not 
involvedd in the current that we measured. For all voltage steps, the amplitude of the 
currentt activated by the ^^polarization from -40 mV was similar to the current 
amplitudee activated by the hyperpohrizMon from —40 mV (Fig. 4.3D), suggesting that 

 5 mV  10 mV 0 mV 

A — t — l r r 
-400 mV 

150 0 

100 0 

11000 p 
12000 n 

* * * * * 

11000 pA 
ms s 

55 mV 0 mV 0 mV 
Voltagee step 

2500 -i 

__ 200-
G G 

150 0 

100 0 

115/2 2 

Figur ee 4.3: Voltage-activated conductances are not involved in current measurements 

(A-C)) Voltage protocol to determine cell impedance (A) and current traces measured in 0/2 (B) or in 
115/22 (C) in a rat CA1 pyramidal neuron. (D) Current amplitudes activated in the 115/2 solution by a 
depolarizationn or a hyperpolarization from -40 mV. For all three sets of voltage steps, the amplitude of 
thee current evoked by the (/«polarization from -40 mV was similar (but opposite in sign) to the current 
amplitudee evoked by the byperpolarization from -40 mV, suggesting that voltage-activated ion channels 
aree not involved in the current under investigation in this study. The same holds for the current 
amplitudess evoked in the 0/2 solution using this voltage protocol (not shown). (E) Input resistance of 
thee neuron determined in 0/2 and 115/2 for increasing voltage steps. The input resistance of the neuron 
didd not significandy vary with voltage in the range between -60 and -20 mV, which confirms the 
negligiblee contribution of voltage-activated currents to the current under investigation. 
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voltage-activatedd ion channels are not involved in the current under investigation in 
thiss study. Furthermore, if voltage-activated ion channels were involved in our current 
measurements,, one would expect the input resistance to decrease with increasing 
voltagee steps. Both in the 0/2 and in the 115/2 extracellular solution, the input 
resistancee of the neurons did not significandy var}' with voltage in the range between 
-600 and -20 mV (Fig. 4.3E). This again confirms that voltage-activated ion channels 
doo not contribute to the current that we measured. The lower input resistance of the 
neuronn measured in the 115/2 extracellular solution when compared with the 0/2 
solutionn can be attributed to the NCX current that is only present in the 115/2 
solution. . 

VoltageVoltage dependence 

Becausee NCX currents (and therefore ENCX) during voltage-clamp experiments can be 
significandyy influenced by the type of voltage protocol chosen (Convery and Hancox, 
1999;; Hinata et al., 2002), we decided to use two different voltage protocols to 
investigatee the voltage dependence of the NCX current: (1) voltage ramps and (2) 
extracellularr soludon switches at different membrane potentials. Both experimental 
protocolss have advantages and limitations. Voltage ramps only provide a correct 
answerr if the current changes almost instantaneously with voltage and does not 
inactivate.. They have the advantage that NCX currents can be measured relatively 
quicklyy over a wide voltage range, while voltage steps require a considerably longer 
periodd of stability to make a complete series of recordings at each membrane potential 
(Converyy and Hancox, 1999). However, currents measured using voltage ramps are 
relativelyy sensitive to fast variations in holding current. When using voltage ramps, 
NCXX current amplitudes are determined as the difference between the ramp currents 
measuredd in 115/2 and 0/2, which means that two consecutive ramp currents have to 
bee recorded for a complete NCX current measurement. Because cell stability is often 
compromisedd at very positive membrane potentials, many cells were lost at these 
potentialss during measurement of the first ramp, which made the whole measurement 
useless.. Finally, an advantage of the voltage step protocol is that it allowed us to 
determinee NCX current amplitude and NCX conductance simultaneously. 

(1)(1) Voltage ramps 

Ascendingg 2.8 s voltage ramps from -70 to +40 mV were applied to the neurons 
(insett in Fig. 4.4A) and the current was measured both in the Na+-free (0/2) and in 
thee 115/2 extracellular solution. Figure 4.4A shows a typical set of currents measured 
fromm a rat CA1 pyramidal neuron. The net exchanger current (INCX) was calculated by 
subtractingg the current measured in 0/2 from the current activated in the 115/2 
extracellularr solution (Fig. 4.4B: I115/2 — I0/2). This NCX current is inward and largest 
att negative potentials as expected for the ionic gradients of Na+ and Ca2+ that we used 
(seee below). At more positive potentials, the net current decreased. The reversal 
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Figur ee 4.4: I V relation of N C X current determined wi t h vol tage ramps 

(A)) A typical example of currents measured in 0/2 (black upper trace) and 115/2 (gray lower trace) 
fromm a rat CA1 pyramidal neuron using ascending voltage ramps. The voltage protocol is shown in 
thee inset. The intersection point of the two currents indicates the reversal potential of the NCX 
currentt (ENCX)- (B) The IV relation of the NCX current was determined by subtracting the current 
measuredd in 0/2 from the current activated in the 115/2 extracellular solution (see A). The reversal 
potentiall  of the NCX current (ENCX) was +32 mV, which is very close to the predicted +34.8 mV for 
thesee experimental conditions. 

potentiall  was around +32 mV, which can also be seen in Fig. 4.4A as the membrane 
potentiall  where the two current traces cross (indicated by the arrow). This reversal 
potentiall  is close to the calculated ENCX for these experimental conditions ([Na+], = 3 
mM,, [Na+]0 = 115 raM, [Ca2+]i = 141 nM and [Ca2+]„  = 2 mM) which was +34.8 mV. 
Att membrane potentials more positive than the reversal potential, the net current was 
outwardd and therefore associated with the reverse mode of sodium-calcium exchange. 

(2)(2) Extracellular solution switches at different membrane potentials 

Inn another subset of the neurons, the voltage dependence of the NCX current was 
determinedd with extracellular solution switches at different voltages. The membrane 
potentiall  was varied to levels between -70 mV up to +60 mV from a holding potential 
off  —70 mV. At each membrane potential, NCX currents were activated by switching 
fromm the 0/2 to the 115/2 extracellular solution. Figure 4.5A shows a typical set of 
NCXX currents activated in a rat CA1 pyramidal neuron using this experimental 
protocol.. At negative membrane potentials, the switch of the extracellular solution 
fromm 0/2 to 115/2 activated large inward currents. The current amplitudes decreased 
att more depolarized potentials and at even more positive membrane potentials, the 
currentt reversed and became outward. 
Accordingg to Ohm's law, the NCX current (INCX) can be described by: 

llNCX NCX 
gx(V-Egx(V-ENCXNCX) ) == ex (Equationn 4.3) 
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Figur ee 4.5: I V relat ion of N C X current de termined wi t h so lut ion swi tches at 

differen tt  m e m b r a ne potent ia ls 

(A)) A typical set of NCX currents activated at membrane potentials between -70 mV and +60 mV in 
aa rat CA1 pyramidal neuron by switching the sodium concentration in the extracellular solution from 
00 to 115 mM (0/2 to 115/2). The solution switch protocol and the voltage protocol are shown above 
thee current traces. (B) Mean IV relation of the NCX current (NCX current amplitude was determined 
ass described for Figure 4.2). Number of observations (n) for the black data points varied between 18 
andd 22 per data point. For membrane potentials more positive than 0 mV, the number of 
observationss varied between 3 and 9 (gray data points). Vertical bars indicate S.E.M. The line 
representss the fit  of Ohm's law to the black data points. The mean reversal potential (ENCx: diamond) 
wass calculated from the (extrapolated) ENCX of all individual cells and was +36  2 mV. This value 
wass not different from the expected ENCX (+34.8 mV). (C) Mean NCX conductance as a function of 
thee membrane potential. The whole-cell conductance of the neurons was determined both in the 0/2 
andd in the 115/2 extracellular solution by 25 ms voltage steps of +20 mV and -20 mV around each 
holdingg potential (see voltage protocol in A). NCX conductance was then determined by subtracting 
thee mean of the (leak) conductance in the 0/2 extracellular solution before and after the solution 
switchh from the conductance in the 115/2 solution. The mean NCX conductance over the voltage 
rangee between -70 and 0 mV was 1.77  0.05 nS (n = 18-22) (dotted line). 

wheree g represents the NCX conductance, which is a nonlinear, complex term that is 
dependentt on the sodium and calcium gradients over the plasma membrane and 
membranee potential (V) (Blaustein and Lederer, 1999). 
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Wee determined the NCX current amplitude at each membrane potential (as described 
forr Fig. 4.2) and constructed an IV relation for each neuron. Most currents were 
measuredd in the voltage range between -70 and 0 mV (Fig. 4.5B), where reasonable 
amplitudess could be recorded. In this voltage range, the IV relation did not deviate 
fromm a linear relation. At membrane potentials more positive than 0 mV, the IV 
relationn tended to flatten. The reversal potential of the current was determined for 
eachh cell by fitting (and extrapolating) the IV relation with Ohm's current equation 
(Equationn 4.3). The mean reversal potential of the NCX current activated by 115 mM 
[Na+]00 was +36  2 mV (n = 24) and is indicated by the diamond in Fig. 4.5B. For 
eachh cell, current amplitudes were normalized to the current activated at -70 mV. The 
meann IV relation was then constructed by scaling the mean normalized amplitudes for 
eachh membrane potential back to the mean current amplitude at -70 mV (Fig. 4.5B). 

NCXNCX conductance 

Too determine the NCX conductance as a function of the membrane potential, we 
measuredd the conductance of the neurons both in the 0/2 and in the 115/2 
extracellularr solution by 25 ms voltage steps of +20 mV and -20 mV around each 
holdingg potential (Fig. 4.5A). The NCX conductance was then determined by 
subtractingg the mean of the (leak) conductance in the 0/2 extracellular solution before 
andd after the solution switch from the conductance in the 115/2 solution. Figure 4.5C 
showss the mean NCX conductance as a function of membrane potential. The 
conductancee did not significantly vary with membrane potential in the range between 
-700 and 0 mV. The mean NCX conductance over this voltage range was 1.77  0.05 

nSS (n = 18-22) (dotted line in Fig. 4.5C). When cell capacitance was taken as a 
measuree of membrane surface, the corresponding specific NCX conductance 
(calculatedd as the conductance divided by the cell capacitance) in this voltage range 
wass 0.23  0.01 nS/pF (n = 18-22). 

[Na[Na++ JJ00 dependence 

Inn a subset of the neurons, the [Na+]G dependence of the NCX current was 
investigatedd by measuring the current amplitude with bath switches from 0/2 to 
extracellularr solutions with different sodium concentrations (25, 50, 75, 95 or 115 
mM).. Figure 4.6A shows a typical example of NCX currents activated at -70 mV by 
switchingg the sodium concentration in the extracellular solution from 0 to 115 mM 
(0/22 to 115/2) or from 0 to 50 mM (0/2 to 50/2). The solution switch protocol is 
shownn above the current trace. The current amplitude was clearly dependent on 
[Na+]0,, as the switch from 0/2 to 50/2 activated smaller inward NCX currents than 
thee switch from 0/2 to 115/2. 
Sincee the reversal potential is determined by the electrochemical gradients of both Na+ 

andd Ca2+ over the plasma membrane, the reversal potential of the NCX current should 
shiftt upon switching to extracellular solutions with different sodium concentrations. 
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Figur ee 4.6: [Na+ ] 0 dependence of NCX currents 

(A)) Typical NCX currents activated in a rat CA1 pyramidal neuron by switching the sodium 
concentrationn in the extracellular solution from 0 to 115 mM (0/2 to 115/2) or from 0 to 50 mM 
(0/22 to 50/2). The solution switch protocol is shown above the current trace. Holding membrane 
potentiall  was -70 mV. (B) Examples of IV relations of NCX currents activated by a solution switch 
fromm 0/2 to 115/2 or a switch from 0/2 to 50/2 measured in the same neuron. When the voltage 
rangee was limited to membrane potentials where these IV relations were linear (black symbols), the 
extrapolatedd ENcx of the current activated in 50/2 (15.5  3.9 mV) was shifted approximately 20 mV 
too more negative potentials when compared with the ENCX of the current activated in 115/2 (34.6
2.33 mV). (C) Mean concentration-response curve of the NCX current activated at a holding potential 
off  -70 mV. This curve was fitted with a Hill equation (Equation 4.4, with Hil l coefficient fixed at 3) 
too describe the NCX current as a function of [Na+]0. The [Na+]„  binding constant was 62  7 mM 
andd the maximal current was 165 + 16 pA (n = 6-10). 

Forr instance, a NCX current activated by switching the extracellular solution from 0/2 
too 50/2 theoretically should result in an IV relation with a reversal potential of -28.3 
mV,, which is 63 mV more negative than the value in 115/2. 
Figuree 4.6B shows examples of IV relations of NCX currents activated by a switch 
fromm 0/2 to 115/2 or a switch from 0/2 to 50/2 measured in the same neuron. 
Firstly,, we note mat the NCX current activated by 50 mM [Na+]0 is always smaller 
thann the one activated by 115 mM [Na+]„ , confirming a sodium dependence. Secondly, 
itt is also clear from Figure 4.6B that the reversal potential shifts at most 20 mV to 
moree negative potentials. The reversal potential measured for the 115/2 condition was 
34.66  2.3 mV. For the 50/2 condition we estimated a reversal potential of 15.5  3.9 
mV,, but only when the voltage range was restricted to between —70 and -30 mV; 
abovee this voltage the IV relation already started to flatten. When determined for a 
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largerr voltage range, the shift in ENCX became smaller and in many cells it was almost 
absent.. We have no explanation for the deviation from the theoretical shift in ENCX, 

butt suggest that it is related to our lack of understanding of the actual shape of the IV 
relationn at higher membrane potentials. 
Ass Ohm's law could not completely describe the IV relation of INCX we decided to 
describee the [Na+]0 dependence of this current in an empirical way. We therefore 
determinedd the mean NCX current amplitude for each [Na+]G and constructed the 
meann concentration-response relation. This curve was fitted with a Hil l equation to 
describee the NCX current as a function of [Na+]0 (Fig. 4.6C): 

ƒƒ = max (Equation 4.4) 
\\ + (KD/[Na+] oy 

wheree Imax is the maximal current, KD is the binding constant for extracellular Na+ and 
nn is the Hill coefficient. Since we only have measured NCX currents in five different 
extracellularr sodium concentrations, a fit using three free parameters is almost trivial. 
Whenn current amplitudes were normalized on the current activated in 115/2, the fit 
yieldedd a Hil l coefficient of 3.0  0.7, which is in close agreement with the Hil l 
coefficientt of 3 that is expected for the coupling ratio of the NCX (3 Na+ for 1 Ca2+) 
(Blausteinn and Lederer, 1999; Hinata et al., 2002). Fitting the data points using two 
freee parameters with the Hil l coefficient fixed at 3 yielded a realistic concentration-
responsee relation. The mean concentration-response relation of the NCX current for 
thee rat CA1 pyramidal neurons activated at -70 mV is shown in Figure 4.6C. The 
[Na+]00 binding constant was 62  7 mM and the maximal current was 165  16 pA 
(nn = 6-10). 

ContaminationContamination of NCX current measurements by chloride conductances? 

Whilee the NCX current amplitude was clearly dependent on the sodium gradient, in 
mostt of the cells the observed shift of ENCX (AEN CX ) upon changing this gradient was 
smallerr than theoretically expected. We therefore investigated whether chloride 
currentss (e.g. carried by Ca2+-activated CF channels) interfered with our current 
measurements.. Possible CF conductances were blocked by adding 4,4'-
diisothiocyanatostilbene-2,2'-- disulfonic acid disodium salt (DIDS; 100 uM), a broad 
spectrumm anion transport blocker, to the extracellular solutions. DIDS did not 
noticeablyy affect NCX current amplitudes and no significant shift of ENcx was 
observedd when [Na+]Q was lowered from 115 to 50 mM. We then activated NCX 
currentss by voltage ramps or solution switches from 0/2 to 115/2 or 50/2, while [CF] 
inn both the intracellular and extracellular solutions (0/2, 115/2 and 50/2) was reduced 
too 30 mM. CF was equimolarly replaced by methanesulphonate for osmotic balance. 
Thesee concentrations result in a reversal potential for CF around 0 mV for all 
extracellularr solutions. As under normal chloride conditions, none of the cells showed 
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thee theoretically expected shift of ENCX upon changing the sodium gradient. In one 
celll  we observed a small AENCX (-32 mV in contrast to the expected -63 mV). In 
conclusion,, chloride conductances do not play a role in our measurements and cannot 
bee responsible for the deviations of AENCX-

[Ca[Ca2+2+]] 00 dependence 

Too investigate the dependence of the NCX current on [Ca2+]c„  we measured the 
currentt amplitude with bath switches from 0/2 to extracellular solutions with different 
calciumm concentrations (115/0, 115/2 or 115/10 mM; [Na+]D was always 115 mM in 
thesee solutions to guarantee large current amplitudes). The membrane potential was 
continuouslyy kept at —70 mV during current measurements. Figure 4.7A and B show 
typicall  examples of NCX currents activated in either an extracellular solution 
containingg 2 mM Ca2+ (first solution switch in A and B: 0/2 to 115/2), 10 mM Ca2+ 

(secondd switch in A: 0/2 to 115/10) or 0 mM Ca2+ (second switch in B: 0/2 to 
115/0).. The corresponding solution switch protocols are shown above each current 

115/22 0/2 115/10 0/2 
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-1122 pA 
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Figur ee 4.7: [Ca2 + ] 0 d e p e n d e n ce of N CX current s 

(A—B)) Typical examples of NCX currents activated in either an extracellular solution containing 2 
mMM Ca2+ (first solution switch in A and B: 0/2 to 115/2), 10 mM Ca2+ (second switch in A: 0/2 to 
115/10)) or 0 mM Ca2+ (second switch in B: 0/2 to 115/0). The corresponding solution switch 
protocolss are shown above each current trace. Holding membrane potential was -70 mV. (C) Mean 
NCXX current amplitude determined at different [Ca2+]<>. Current amplitude was clearly dependent on 
[Ca2+]0.. (D) A set of currents measured from a rat CA1 pyramidal neuron in extracellular solutions 
withh different [Ca2+]0 (115/0, 115/2 and 115/10) using a ramp protocol. The voltage protocol is 
shownn in the inset. The inward current increased when [Ca2+]0 was decreased. 
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trace.. The mean N CX current amplitude at - 70 mV was determined for each [Ca2+]G 

(Fig.. 4.7C). The current amplitude was clearly dependent on [Ca2+] (,: it increased when 

[Ca2+] 00 was lowered. This is in agreement with the calculated reversal potential that 

shiftss to more depolarized potentials when [Ca2+] () is decreased. 

I nn addition, we measured currents during 2.8 s ascending voltage ramps from -120 

mVV to +40 mV in the 115/0, 115/2, or 115/10 extracellular solution (voltage 

protocoll  in inset Fig. 4.7D). Figure 4.7D shows a set of currents measured in a rat 

CA11 pyramidal neuron. The inward current increased when [Ca2+] 0 was decreased. 

Unfortunately,, it was impossible to measure a stable current in an extracellular 

solutionn without sodium and calcium ions (0/0) using this ramp protocol. This 

preventedd the calculation of the absolute magnitude of the INCX current. Nevertheless, 

ourr measurements confirm that the N CX current is dependent on [Ca2+] (). 

[Ca[Ca2+2+]i]i  dependence 

T oo investigate the [Ca2+] , dependence of the N CX current, we have measured N CX 

currentss using intracellular solutions with different calcium concentrations. Before 

startingg the N CX current measurements, the actual free [Ca2+] i in each cell was 

determinedd at - 70 mV in the 0 /2 extracellular solution using calcium ratio imaging 

(seee Experimental Procedures). Hereafter, the neuron was placed in front of the 

applicationn pipette and current measurements started. N CX currents were activated by 

switchingg the extracellular solution from 0 /2 to 115/2. Holding membrane potential 

wass - 70 mV. Typical examples of N CX currents measured in neurons with a low and 

aa relatively high [Ca2+] i are shown in Fig. 4.8A and B (left panels), respectively. The 

fura-22 fluorescence of these cells measured at 510 nm after excitation at 340 and 380 

nmm is shown in the right panels of Fig. 4.8A and B. [Ca2+] i was calculated for each cell 

fromm its calcium ratio using the calibration curve in Fig. 4.1. The fluorescence ratios 

wee have measured corresponded with values of [Ca2+] j up to 300 nM. 

Thee mean N CX current amplitude of each cell was plotted as a function of [Ca2^ in 

Fig.. 4.8C. A positive, but weak, correlation was found between the N CX current 

amplitudee and [Ca2+]i (Spearman rank correlation coefficient = 0.44 (P < 0.057), 

indicatingg that the N CX current amplitude increased with increasing [Ca2+]j . A linear 

regressionn analysis resulted in a fit of the data (line in Fig. 4.8C) and is characterized by 

INCXINCX = 0.35 X [Ca2+] i + 97 (P < 0.05). 
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Figur ee 4.8: [Ca2+] i d e p e n d e n ce of N C X current s 

(A-B )) Left panels: Typical examples of NCX currents measured in neurons with a low (A) and a 
relativelyy high [Ca2+], (B). NCX currents were activated by switching the extracellular solution from 
0/22 to 115/2. Holding membrane potential was -70 mV. Right panels show fura-2 fluorescence of 
thesee cells measured at 510 nm after excitation at 340 and 380 nm in the 0/2 extracellular solution 
justt before NCX current measurements. (C) Mean NCX current amplitude for each cell plotted as a 
functionn of [Ca2+]j . Each data point represents the mean value for a single neuron (bars indicate 
S.E.M.).. NCX current amplitude increased with increasing [Ca2+]L. The solid line represents the linear 
regressionn line of the fit  of the data and is characterized by I\cx - 0.35 X [Ca2+], + 97 (P < 0.05). 

NCXNCX currents in CA1 pyramidal neurons from an epileptic patient 

Wee once had the unique opportunity to measure NCX currents in acutely dissociated 
CA11 pyramidal neurons from a patient with complex partial seizures undergoing 
temporall  lobe surgery for pharmacoresistant temporal lobe epilepsy. This tissue 
becamee available during surgical resection of the mildly sclerotic hippocampus (Wyler 
gradee 2; (Wyler et al., 1992)), which was performed to achieve seizure control. The 
patientt was selected for epilepsy surgery according to the criteria of the Dutch 
Epilepsyy Surgery Program (Debets et al, 1991). All procedures were performed with 
consentt of the patient and were approved by the Committee for Scientific Research on 
Humanss of the University Medical Center Utrecht. 
Figuree 4.9 shows current traces (A) and the corresponding IV relation (B) of a CA1 
pyramidall  neuron from this epileptic patient, closely resembling the IV relation of the 
dissociatedd rat CA1 pyramidal neurons (Fig. 4.5B). The solution switch protocol is 
shownn above the current traces in Figure 4.9A. The voltage protocol was comparable 
too the one used in Fig. 4.5A. The reversal potential of the current was +32 mV (trace 
indicatedd by the arrow in Fig. 4.9A). The NCX currents that we were able to record in 
twoo CA1 pyramidal neurons from this patient were very comparable. Unfortunately, 
thiss low number of observations did not allow further analysis. 
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Figur ee 4.9: IV relation of NCX current in a CA1 pyramidal neuron from an 

epilepticc patient 

(A)) Solution switch protocol and current traces. The voltage protocol was slightly adapted from 
Figuree 4.5A. (B) IV relation of the NCX current. The line indicates the fit  of the IV relation 
withh Ohm's law. The reversal potential of the current was 32 mV (see also arrow in (A)). 

D I S C U S S I ON N 

MainMain findings 

I nn acutely dissociated rat CA1 pyramidal neurons, we have characterized a current that 

representss sodium-calcium exchange activity. Voltage-activated ion channels, the 

sodium-potassiumm pump, N C K X and PMCA were (pharmacologically) blocked and 

didd not interfere with the current. 

Thee current had a characteristic essentially linear voltage dependence and was found 

too be clearly dependent on both the sodium and the calcium gradient over the plasma 

membrane.. Most of the calcium extrusion via the N CX takes place after cell activity, 

whenn membrane potential has returned to its resting value. Therefore, for most of our 

N CXX current measurements we fixed the membrane potential at —70 mV, which 

correspondss with resting membrane potential in neurons. 

NCXNCX conductance is small and not voltage-dependent 

Thee N CX exchanges one Ca2+ ion for three Na+ ions and is therefore electrogenic. As 

aa consequence, the ion concentrations for Na+ and Ca2+ inside and outside the cell 

determinee the reversal potential, where the current reverses sign. The difference 

betweenn the actual membrane potential and the reversal potential acts as the driving 

forcee for the current. No theoretical current-voltage equation is available for this 

exchanger.. As a first approach, we assumed Ohm's law to hold and expected a linear 
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relationn between current and driving force, implying a constant conductance. This 
approachh was valid for membrane potentials in the range between -70 mV and 0 mV 
butt at membrane potentials more positive than 0 mV, the IV relation tended to 
flatten.. A possible explanation is that at membrane potentials close to ENCX, the NCX 
currentt amplitude is relatively more sensitive to small changes in this reversal 
potential,, which could arise from relatively small, local variations in [Ca2+]i . 

ATCXX  distribution 

Inn our experiments we recorded from dissociated cells, which mainly consist of a 
somaticc compartment. The NCX appears to be particularly prevalent in regions of 
neuronss where relatively large amounts of Ca2+ must be transported, such as 
presynapticc nerve terminals and dendritic spines. At these locations high densities of 
calciumm channels seem to be balanced by high densities of calcium extrusion proteins 
(Blausteinn et al., 2002; Blaustein and Lederer, 1999; Reuter and Porzig, 1995). The 
calciumm signal that ultimately results and activates secondary processes depends on the 
surface-to-volumee ratio and the local buffering properties (Baba et al., 2002). The non-
uniformm distribution of the NCX between the soma, dendrites and axon will certainly 
resultt in differential calcium dynamics. However, there is no reason a priori  to believe 
thatt the fundamental properties of the NCX are different between these cell 
compartments. . 

MaintenanceMaintenance ofCa2+ balance 

Assumingg a uniform distribution over the plasma membrane of the soma, the whole-
celll  conductance of the ion transporter NCX which transports Ca2+ against the 
electrochemicall  gradient is expected to be much smaller than the whole-cell 
conductancee of passive ion permeabilities (e.g. gating ion channels) (Hille, 1992). The 
electricall  contribution of the NCX current to the membrane potential is therefore 
negligible.. The specific whole-cell conductance of the NCX in the dissociated rat CA1 
pyramidall  neurons (using cell capacitance as a measure of membrane surface) was 0.23 

 0.01 nS/pF, which is only 2-3% of, for example, the whole-cell maximal 
conductancee of voltage-dependent transient peak sodium currents (8-12 nS/pF, even 
att reduced Na+ gradient (Chapter 2 and 5)) or calcium currents (Chapter 5: 7 
nS/pF)) in this same type of neuron. Nevertheless, since the amount of calcium influx 
mustt be matched by calcium extrusion, the NCX (together with the PMCA) should be 
capablee of extruding —on the long run— all calcium ions that have entered the neuron. 
Severall  factors contribute to equalize the apparent imbalance. Firstly, the open 
probabilityy of ion channels is very low, while the NCX is continuously operating. 
Secondly,, the NCX current underestimates the actual Ca2+ flux by a factor of two, 
sincee the NCX transports one Ca2+ ion (and three Na+ ions) per one net transported 
elementaryy charge, while the calcium channel carries one Ca2+ ion per two transported 
elementaryy charges. Thirdly, the temperature dependence (Q10) of the exchanger is 
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2-33 times higher than that of ion channels (Fierro et al., 1998). Our experiments were 
performedd at room temperature. A direct extrapolation of our data to body 
temperaturee would therefore probably lead to a relative underestimation of the NCX 
currentt when compared with the current carried by ion channels. Finally, in our 
experimentss we mostly used a physiological gradient for Na+, but [Ca2+], never 
reachedd values higher than 300 nM. If, as literature suggests, the affinity of the 
exchangerr for intracellular calcium is around 1 \iM (Juhaszova et al., 2000) and the 
[Ca2+],, dependence of the NCX is described by a first-order Hill function, then the 
NCXX will operate at up to 23% of its maximal calcium extrusion rate depending on 
thee actual [Ca2+],. In conclusion, the NCX seems capable of, on average, generating a 
sufficientlyy large calcium efflux to balance calcium influx under normal conditions. 

SodiumSodium dependence 

Thee [Na+]0 dependence of the NCX current in acutely dissociated rat CA1 pyramidal 
neuronss was characterized by a binding constant of 62  7 mM, which is comparable 
too values reported in myocytes (Niggli and Lederer, 1993) and somewhat higher than 
thee values previously reported for mammalian brain: 18-34 mM (Blaustein and 
Lederer,, 1999). This difference may be related to the fact that our measurements were 
performedd in the absence of ATP. ATP is known to modulate NCX activity by 
increasingg the affinity for [Na+]„  (Blaustein and Santiago, 1977). In marine 
invertebrates,, for instance, the binding constant of the NCX for extracellular Na+ is 
muchh higher when ATP is absent: KD = 110-140 mM, while KD = 50-80 mM in the 
presencee of ATP (Blaustein and Lederer, 1999). 

CalciumCalcium dependence 

Thee main physiological role of sodium-calcium exchange in neurons is calcium 
extrusion,, in particular in response to an enhancement of [Ca2+]i . In this study, we 
demonstratedd the dependence of INcx on the calcium gradient by either manipulating 
[Ca2+]00 or varying [Ca2+]i . NCX current amplitudes decreased when [Ca2+]„  was 
increasedd (as expected). Different pipette solutions were used to manipulate [Ca2+]i 
andd the actual value of [Ca2+]j was determined by ratio imaging. Practical limitations 
(e.g.. the presence of fluoride in the intracellular solution) restricted the range in which 
[Ca2+]ii  could be varied to relatively low values (up to 300 nM). The affinity of NCX 
forr intracellular Ca2+ is much lower: KD = 0.6-2 \sM (Juhaszova et al., 2000). 
Thereforee we never succeeded in activating the exchanger in its optimal range and 
couldd not determine the value of the binding constant for Ca2+. Nevertheless, we 
foundd a positive, but weak correlation between [Ca2+]i and the NCX current 
amplitude:: the NCX current amplitude increased when [Ca2+]i was increased, as 
expected. . 
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AExcxAExcx upon ion gradient changes 

Thee reversal potential of the N CX current (ENCX) is determined by the concentration 

gradientss of sodium and calcium over the plasma membrane and should shift over the 

voltagee axis when these gradients are altered. The reversal potential of the current 

measuredd using our standard solutions was in agreement with the calculated H\cx-

Thee N CX current amplitude was clearly dependent on the sodium and the calcium 

gradientt over the plasma membrane. However, in most of the cells the observed 

A E N CXX upon changes in [Na+] f , was variable and much smaller than theoretically 

expected.. This was not dependent on the type of voltage protocol that we used and 

couldd also not be explained by the presence of chloride conductances. 

Severall  authors have reported experimental (A)E\c\ values that substantially deviated 

fromm the predicted (A)E^cx (Convery and Hancox, 1999; Hinata et al., 2002; 

Matsuokaa and Hilgemann, 1992). In ventricular myocytes, Hinata et al. reported 

smallerr values for AENCX than theoretically expected (Hinata et al., 2002), comparable 

too our observations. They attributed the effect to space-limited rapid diffusion under 

thee membrane close to the exchangers: Ca2+ and /or Na+ accumulation or depletion 

underr the membrane would cause a virtual deviation from the actual ENCX- However, 

neuronss are quite different from myocytes, so it is presendy unclear whether such an 

explanationn is equally valid for our neurons. 

NCXNCX contribution to Ca2+ extrusion 

T oo determine the contribution of sodium-calcium exchange to total Ca2+ extrusion of 

aa neuron, Ca2+ decay rates (after Ca2+ loading) in the presence and in the absence of 

extracellularr sodium should be compared. An (important) contribution of the N CX to 

Ca2++ extrusion was reported in other neuronal cell types (Fierro et al., 1998; Lee et al., 

2002).. In Purkinje cell somata from rat cerebellar slices, the relative contribution of 

thee Ca2+ extrusion mechanisms to Ca2+ clearance from the cytoplasm was found to 

varyy as a function of [Ca2+] j (Fierro et al., 1998), which is not surprising regarding the 

differentt Ca2+ affinity and transport capacity of the Ca2+ extrusion mechanisms (see 

Introduction).. The N CX was found to be a dominant Ca2+ extrusion mechanism 

whenn [Ca2+] , exceeded 500 nM, while at lower [Ca2+] , the PMCA (and SERCA pumps) 

andd N CX contr ibuted equally to Ca2+ removal (Fierro et al., 1998). This implies that 

whilee the N CX is already operating in neurons at rest, in which [Ca2+]i is around 100 

nMM (Brini et al., 2002), its functioning wil l be especially relevant after a burst of action 

potentials,, during which [Ca2+] i increases to values far exceeding 500 nM (e.g. epileptic 

seizures). . 

NCXNCX currents in neurons 

Althoughh investigations of N CX currents in myocytes using the giant patch technique 

aree extensive, up til l now we only know of one study reporting INCX measurements in 

mammaliann cortical neurons. In cultured mouse neocortical neurons, Yu et al. 
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measuredd NCX currents with a specific current amplitude (or "current-density") of 
1.99  0.3 pA/pF (Yu, S.P. and Choi, 1997). This is much lower than the specific 
currentt amplitude we report for the acutely dissociated rat CA1 pyramidal neurons in 
thiss study (19.5 4 pA/pF). This difference can partly be attributed to the larger 
drivingg force for the NCX (V-ENCX) in our study when compared with the study of 
Yuu et al. In addition, it may reflect differences between the two species or cell types 
usedd in these two studies. 

Preliminaryy data showed that NCX currents can be measured in acutely dissociated 
CA11 pyramidal neurons from a patient with complex partial seizures undergoing 
surgeryy for pharmacoresistant temporal lobe epilepsy. Investigating NCX functioning 
inn epileptic patients or in animal models for chronic epilepsy is an interesting topic for 
futuree research, regarding the important role for both Ca2+ and Na+ ions in epileptic 
seizuress and the persistent alterations in voltage-dependent calcium current 
characteristicss that have been reported to occur in CA1 pyramidal neurons from 
chronicc epileptic rats (Gorter et al., 2002). 

Conclusions Conclusions 

Inn acutely dissociated rat CA1 pyramidal neurons, we have characterized a current, 
whichh exhibited essentially linear voltage dependence. The current was found to be 
dependentt on both the sodium and the calcium gradient over the plasma membrane. 
Basedd on these characteristics we conclude that this current represents NCX activity. 
Preliminaryy data have shown that this NCX current can also be measured in 
dissociatedd hippocampal neurons from epileptic patients, which is a promising topic 
forr future experiments. 
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ABSTRACT T 

Changess in sodium or calcium current properties have important consequences for 
cellularr excitability and play a role in conditions associated with altered excitability, 
suchh as chronic epilepsy. For maintenance of calcium balance, changes in calcium 
influxx that may result from altered calcium currents must be accompanied by changes 
inn calcium extrusion via the sodium-calcium exchanger or the Ca2+-ATPase. 
Wee have investigated voltage-gated sodium and calcium currents and forward sodium-
calciumm exchange currents in acutely dissociated CA1 pyramidal neurons from 
epilepticc rats three weeks after kainate-induced status epilepticus (SE). Currents were 
measuredd using the voltage-clamp technique in the whole-cell configuration. 
Threee weeks after kainate-induced epilepsy, all rats that had experienced SE were in an 
earlyy phase of the chronic epileptic state. Using Timm's staining method we already 
foundd synaptic reorganization in the dentate gyrus at this time point. Sodium current 
characteristicss were not significandy different between control and epileptic rats. 
Althoughh the sodium conductance was smaller in the epileptic rats, the specific 
sodiumm conductance was not different between the control and epileptic cell group. 
Thiss was completely explained by the smaller cell size of the neurons from the 
epilepticc rats. Sodium-calcium exchange currents in CA1 pyramidal neurons from the 
epilepticc rats were not different from those in control rats. 

Thee most conspicuous difference between the control and KA rats three weeks after 
inductionn of SE was the significandy slower inactivation of the voltage-activated HVA 
calciumm current in the epileptic rats. This implies a slighdy different shape of the 
currentt in the epileptic rats, but this difference was not (yet) sufficient to predict a 
differentt calcium influx. 
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INTRODUCTIO N N 

Voltage-activatedd sodium and calcium currents are the two main excitatory currents in 
neuronss of the central nervous system (CNS). Both currents are important for cellular 
excitabilityy and neuronal stability. The sodium current is primarily responsible for the 
upstrokee of the action potential (Hodgkin and Huxley, 1952), while the calcium 
currentt also contributes to changes in excitability such as synaptic efficacy, firing 
thresholdd and firing frequency by depolarization (Faas et al, 1996). Changes in sodium 
orr calcium current characteristics have important consequences for cellular excitability 
andd play a role in CNS diseases associated with altered excitability, such as chronic 
epilepsy.. Studies in neurons from human epileptic patients and animal models of TLE 
havee demonstrated changes in sodium and calcium current characteristics in epilepsy 
(Kohling,, 2002). In addition, the most effective anti-epileptic drugs modulate in 
particularr the sodium current and to some extent the calcium current (Jeub et al., 
2002).. Mutations in sodium and calcium channels are often associated with specific 
epilepsyy syndromes (GEFS+, tottering) (Clare et al., 2000). 

Inn addition to the direct electrogenic contribution of the calcium current to the 
membranee potential, calcium conductance is also responsible for a calcium flux which 
almostt always leads to an increase in the intracellular free calcium concentration 
([Ca2+],).. Rises in [Ca2+]i trigger a variety of second-messenger mediated events that 
includee activity-dependent neuronal plasticity, gene transcription and neuronal cell 
death.. For normal cell functioning it is therefore essential to maintain calcium 
homeostasis:: on average the influx of Ca2+ through calcium channels has to be 
balancedd by an efflux of Ca2+. Ca2+ can only temporarily be stored in intracellular 
organelless or buffered by calcium-binding proteins. Ultimately, Ca2+ has to be 
extrudedd via the plasma membrane Ca2+-ATPase (PMCA) or the sodium-calcium 
exchangerr (NCX). In contrast to the PMCA, the NCX has a low affinity (0.5-2 uM), 
butt a high transport capacity for Ca2+. The NCX is therefore thought to be especially 
relevantt when [Ca2+], levels are elevated to the uM range, as is the case during 
repetitivee firing. The PMCA is already saturated long before such levels are reached. 
Thee NCX couples the (counter)transport of 1 Ca2+ ion to that of 3 Na+ ions, which 
makess it electrogenic and that property allows us to establish its role in epilepsy with 
electrophysiologicall  means. An important question to answer in this study is whether 
changess in sodium and/or calcium currents after the induction of epilepsy, most likely 
accompaniedd by changes in [Ca2+]i , lead to a change in NCX functioning. 
NCXX can operate in two opposite modes depending on membrane potential and the 
electrochemicall  gradients for Na+ and Ca2+ over the plasma membrane. In the 
forwardd mode, Na+ ions enter the neuron while Ca2+ ions are extruded and vice versa 
forr the reverse mode. The (normal) forward mode of transport constitutes an 
importantt Ca2+ extrusion pathway. 
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Thee hippocampus, and its CA1 subregion, is strongly involved in the generation and 
maintenancee of seizures underlying mesial temporal lobe epilepsy (mTLE) (Fountain 
ett al., 1998; Gibbs II I et ah, 1997; Lothman et al., 1989). In the kainate model of TLE, 
statuss epilepticus (SE) is chemically induced by systemic injections with kainic acid 
(KA) .. This model reproduces many features of human TLE such as mossy fiber 
sproutingg and cell loss in layer II I of the entorhinal cortex (ECIII) and, although less 
extensivee than in the human epileptic condition, cell loss in CAI, CA3 and the hilus of 
thee dentate gyrus (DG). In addition, SE induces a chronic epileptic state after a latent 
periodd of several weeks. Physiologically, this chronic epilepsy model is typified by 
enhancedd excitation, reduced inhibition and by spontaneous recurrent seizures (Hellier 
ett al., 1998; Wuarin and Dudek, 1996). 

Inn this study, we have investigated voltage-gated sodium and calcium currents and 
forwardd sodium-calcium exchange currents in acutely dissociated CA1 pyramidal 
neuronss from epileptic rats three weeks after kainate-induced SE. 

EXPERIMENTA LL  PROCEDURES 

Animals Animals 

Malee Sprague-Dawley rats (Harlan Zeist, The Netherlands), weighing 150—200 gram at 

thee time of kainate injection, were housed in individual cages under a controlled 

environmentt (21  1°C; humidity 60%; lights on 08.00-20.00 h). Food and water were 

availablee ad libitum. All experiments were performed in accordance with the 

regulationss of the Animal Welfare Committee of the University of Amsterdam. 

SeizureSeizure induction 

Epilepsyy was induced with kainic acid (KA) (Biovectra, Charlottetown, Canada) 
injectionss according to the (slightly adapted) protocol of Hellier et al. (Hellier et al., 
1998).. The rats were injected intraperitoneally with 10 mg/kg KA dissolved in 0.05 M 
phosphate-bufferedd saline (PBS) (pH = 7.4). The animals were monitored throughout 
SEE induction and seizure severity was assessed according to a modified Racine's scale 
(Ben-Ari,, 1985; Racine, 1972). Motor seizure activity was characterized as follows: 
stagee III , animals displayed forelimb clonus with a lordotic posture; stage IV, animals 
rearedd with concomitant forelimb clonus; and stage V, animals had a generalized 
clonicc convulsion associated with loss of balance. When rats did not exhibit clear 
behaviorall  changes within one hour after injection, additional KA injections (5 mg/kg) 
weree given every hour, until a clear change of behavior (stage II/II I  seizures) was 
observed.. The maximal cumulative dose was 15 mg/kg. We considered Status 
Epilepticuss (SE) established, once rats experienced more than two stage IV/ V seizures 
withinn the first hours after kainate injection. Control rats were injected (i.p.) with 0.05 
MM PBS (pH = 7.4). Sugar water was supplied to all rats for 24 hours after the KA or 
PBSS treatment. The animals were killed three weeks after SE. 
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ELECTROPHYSIOLOGY Y 

CellCell preparation 

Eachh experimental day, a rat was decapitated. The brain was quickly removed and 
placedd in an ice-cold oxygenated PIPES buffered solution containing (in mM): 120 
NaCl,, 5 KC1, 1 CaCl2, 1 MgCl2, 20 PIPES, 25 D-glucose, pH 7.0 (Ketelaars et al., 
2001).. Both hippocampi were rapidly removed and cut into 300 urn thick transversal 
slicess using a Mcllwain tissue chopper. The CA1 region was dissected out of each 
hippocampall  slice. These CA1 tissue sections were incubated in PIPES buffered 
solutionn containing 1 mg/ml trypsine (from bovine pancreas, type XI ; Sigma) for 50 
minn at 32°C in an (^-saturated atmosphere. After enzymatic treatment, the samples 
weree kept in PIPES buffered solution without trypsine at room temperature (20°C) 
(Vreugdenhil,, M. and Wadman, 1992). The CA1 tissue pieces (one at a time) were 
trituratedd in 0.5 ml extracellular solution (see below) using fire-polished Pasteur 
pipettess and then transferred to the recording chamber of an inverted microscope 
(Diaphot,, Nikon). Pyramidal shaped neurons with a clear apical dendrite, a bright and 
smoothh appearance and no visible organelles were selected for electrophysiological 
measurementss (Ketelaars et al., 2001; Vreugdenhil, M. and Wadman, 1992). Unless 
mentionedd otherwise, all chemicals were obtained from Sigma-Aldrich (Zwijndrecht, 
Thee Netherlands). 

CurrentCurrent recordings 

Currentss were recorded using the voltage-clamp technique in the whole-cell 
configuration.. The experiments were carried out at room temperature (20°C). 
Blockingg all other voltage-dependent conductances pharmacologically isolated the 
currentt of interest. Consequendy, for recordings of voltage-dependent sodium 
currents,, neurons were super fused with an extracellular solution containing (in mM): 
955 CholineCl, 20 NaCl, 10 HEPES, 2 CaCl2, 1 MgCl2, 5 KC1, 25 tetraethylammonium 
chloridee (TEAC1; to block potassium channels), 5 4-aminopyridine (4-AP; to block 
potassiumm channels), 100 u.M CdCl2 (to block calcium channels) and 25 D-glucose. To 
limi tt space-clamp problems, the sodium gradient was reduced by equimolarly replacing 
955 mM Na+ in the extracellular solution by choline. The pH of this solution was set at 
7.44 and osmolarity was 308 mOsm. The intracellular solution contained (in mM): 5 
NaCl,, 10 ethylene glycol-bis(|3-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA), 
100 HEPES, 2 MgCl2, 25 TEAC1, 110 CsF, 5 MgATP, 0.1 NaGTP and 0.1 leupeptin; 
thee pH was adjusted to 7.3 and osmolarity was 277 mOsm. 
Forr recordings of voltage-dependent calcium currents, the dissociated neurons were 
superfusedd with an extracellular solution containing (in mM): 5 CaCl2, 5 KC1, 1 MgCl2, 
1100 NaCl, 10 HEPES, 25 TEAC1, 5 4-AP, 0.5 uM TTX (to block sodium channels; 
Alomone,, Jerusalem, Israel) and 25 D-glucose. The pH of this solution was 7.4 and 
osmolarity77 was 305 mOsm. Pipettes were filled with an intracellular solution 
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containingg (in mM): 0.5 CaCl2, 10 EGTA, 10 HEPES, 2 MgCl2, 20 TEAC1, 100 CsF, 2 
MgATP,, 0.1 NaGTP, 20 phosphocreatine, 50 U/ml phosphocreatine kinase and 0.1 
leupeptin;; the pH was adjusted to 7.3 and osmolarity was 314 mOsm. 
Whenn sodium-calcium exchange (NCX) currents were measured, the isolated neurons 
weree placed in an extracellular solution containing (in mM): 115 N-methyl-D-
glucaminee (NMDG), 2 CaCl2, 2 MgCl2,10 HEPES, 25 TEAC1, 0.5 uM TTX, 10 uM 
nifedipinee (to block calcium channels), 20 uJVl ouabain (to block the sodium-
potassiumm pump; Merck, Darmstadt, Germany) and 5 D-glucose; the pH was adjusted 
too 7.3 and osmolarity was 297 mOsm. We will refer to this extracellular solution as 
0/22 (see below). The intracellular solution contained (in mM): 5 CaCl2, 3 NaCl, 45 
NMDG,, 60 CsF, 10 HEPES, 25 TEAC1, 10 EGTA and 0.2 fura-2 (pentapotassium 
salt;; Molecular Probes, Leiden, The Netherlands); the pH was adjusted to 7.3 (HC1) 
andd final osmolarity was 299 mOsm (adjusted with sucrose). Excluding Mg2+ and ATP 
fromm the intracellular solution blocked the PMCA. Excluding K+ from the intracellular 
andd the extracellular solution blocked potassium-dependent sodium-calcium exchange 
(NCKX). . 

Forr NCX current measurements, the whole-cell configuration was entered and the cell 
wass moved in front of an application pipette with three outlets. This pipette was 
connectedd to a Fast-Step Perfusion system (SF-77B, Warner Instrument Corporation, 
Hamden,, USA), which allowed programmed switches between several extracellular 
solutions.. The sequence and duration of solution applications were computer-
controlled.. Switching the cell between extracellular solutions containing different 
concentrationss of Na+ activated sodium-calcium exchange currents (Na+ was 
equimolarlyy replaced by NMDG+; osmolarity was between 300-310 mOsm). The 
concentrationss of Na+ and Ca2+ in the extracellular solutions that we used in this study 
wil ll  be indicated as X/Y , where X refers to [Na+] f) and Y denotes [Ca2+]u. 

Patchh pipettes (2-4 MQ) were pulled from thin-wall borosilicate glass capillary tubes 
(1.55 mm outer diameter; Science Products GmbH, Hofheim, Germany) on a 
Brown/Flamingg puller (Model-P-87; Sutter Instruments Co.). After gigaseal formation 
andd cell membrane rupturing, the cell was lifted from the bottom of the recording 
chamber.. Series resistance was compensated for at least 75% (except for NCX current 
measurementss where currents were so small that compensation was irrelevant). The 
currentss were sampled at a frequency of 5 kHz with an Atari (TT030) computer 
controlledd Axopatch 200A amplifier and analyzed using custom-made software. The 
membranee capacitance was read from the amplifier dials as a measure of membrane 
surface.. Holding membrane potential was set at —70 mV. Current recordings started 
twoo minutes after obtaining the whole-cell configuration and were repeated several 
timestimes to determine the stability of the recordings for each cell. Sodium current 
recordingss were repeated four times (time interval was two minutes), calcium current 
recordingss were repeated once (time interval was 13 minutes) and sodium-calcium 
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exchangee current recordings were repeated every 30—60 s up to 11 minutes. For each 
typee of current, the average of all measurements was calculated for each cell. Only 
electrotonicallyy compact cells that did not escape voltage-clamp and showed littl e run-
downn were incorporated in the analysis. For sodium and calcium current 
measurements,, current traces were corrected off-line for linear leak using the leak 
conductancee determined by a voltage step of—5 mV and +5 mV around the pre-pulse 
potentiall  of—150 mV (sodium currents) or —70 mV (calcium currents). 

CalciumCalcium ratio imaging 

Eachh experimental day, the intracellular solution that was used for sodium-calcium 
exchangee current measurements was freshly made. The free [Ca2+] in a drop of this 
solutionn was estimated before and after the experiments using calcium ratio imaging. 
Inn addition, we have determined the free [Ca2+], in a subpopulation of the neurons 
afterr obtaining the whole-cell configuration. This was done just before or after NCX 
currentt recordings, while the neurons were bathed in the 0/2 extracellular solution. 
Duee to movement artifacts, it was not possible to reliably determine the fluorescence 
ratioo during extracellular solution switches. Free [Ca2+]i was estimated by ratio imaging 
withh fura-2 fluorescence using dual excitation (at 340 and 380 nm) (Grynkiewicz et al., 
1985).. A 20x fluor objective of the inverted microscope was used in combination with 
aa custom-made excitation wavelength switcher that used an Hg-bulb lightsource 
(Nikon).. Excitation was limited to the periods of data acquisition. Fluorescence was 
measuredd in whole-cell mode at 510 nm with a photo multiplier (TILL Photonics, 
Germany)) and sampled as an analog signal. After subtraction of the background, 
fluorescencee signals were used to calculate the F340/.F380 ratio. This ratio (R) was 
convertedd to [Ca2+]i using the equation of Grynkiewicz (Grynkiewicz et al., 1985): 

(R-R(R-R ) 
[Ca[Ca1+1+ }.=Knx6x ) ^ 4 (Equation 5.1) 

F 3 400 F 3 8 CU 
withh K = and p = F3800 F380 

max x 

wheree KD is the dissociation constant of fura-2 for Ca2+, Rmm and Rmax are the limiting 
ratioss obtained in the absence of Ca2+ and at saturating levels of Ca2+. (3 represents a 
propertyy of the fluorescence system and was calculated as the ratio of the fluorescence 
signall  at 380 nm in the absence of Ca2+ (F380min) and at saturating Ca2+ (.F380max). A 
calibrationn curve to determine Rmax, Rmm and (3 was made with drops of the 
intracellularr solution containing defined levels of [Ca2+] (see Fig. 4.1 in Chapter 4). In 
thee calibration solutions, 60 mM CsF was equimolarly replaced by NMDGCL Rmjn was 
0.3,, Rmax was 12.5 and (3 was 8.1. The dissociation constant was assumed to be -135 
nMM in the absence of intracellular Mg2+ (Grynkiewicz et al., 1985). Using the 
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calibrationn curve, [Ca2+]i was calculated from the fluorescence ratios. [Ca2+]j in the 
intracellularr solution did not significantly vary throughout the experiments: it was 382 
++ 29 nM before the experiments and 361 3 nM at the end of the experimental day. 

Statistics Statistics 

Dataa are given as mean  standard error of the mean (S.E.M.). Statistical comparisons 
weree performed with Student's t-test unless stated otherwise. P < 0.05 was assumed to 
indicatee a statistical difference (P < 0.05 is indicated as *, P < 0.01 = **  and P < 0.005 
—— *** \ 

HISTOLOGY Y 

TissueTissue preparation and histology 

Duringg the dissection of the hippocampus for the electrophysiological experiments, 
threee hippocampal slices adjacent to those used for electrophysiology were kept for 
laterr histological and immunocytochemical analysis of neuronal cell loss and mossy 
fiberfiber sprouting. One dorsal hippocampal slice was placed in 0.37% Na2S in 0.1 M PBS 
(pHH = 7.4) for 5 minutes and then, together with the other two slices (dorsal and 
ventrall  hippocampus), transferred to 0.1 M PBS containing 4% paraformaldehyde 
(Klinipath,, Duiven, The Netherlands) and refrigerated overnight at 4°C. The tissue 
wass then cryoprotected in 30% sucrose in 0.1 M PBS, pH = 7.4 (24 h at 4°C) and 
storedd at -80°C until cutting was performed. 

Hippocampall  slices were cut on a sliding microtome into 40 urn thick sections. These 
sectionss were mounted on Superfrost plus slides and either processed by a modified 
Timmm method (detects sprouting, for details see Cavazos et al., 1991; Gorter et al., 
2003;; Sloviter, 1982) or processed for immunocytochemistry with NeuN to detect cell 
loss.. Dorsal sections of the two experimental groups were processed for Timm's stain 
att the same time so that histological development time (60 minutes) was identical, to 
enablee comparison between groups. Synaptic reorganization of the mossy fibers was 
evaluatedd by two observers according to a standardized 0—5 scale referring to the 
extentt and density of zinc-stained granules (Cavazos et al., 1991; Gorter et al., 2001). 

Immunocytochemistry Immunocytochemistry 

Immunocytochemistryy with NeuN, a specific neuronal marker, was performed on 
free-floatingg sections to detect cell loss. For each rat, dorsal and ventral hippocampal 
sectionss were washed in 0.05 M PBS, pH 7.4 and incubated for 30 minutes in 0.3% 
hydrogenn peroxidase in PBS to inactivate endogenous peroxidase. Sections were then 
washedd (2x10 min) in 0.05 M PBS, followed by washing (1 x 60 mm) in PBS + 0.5% 
Tritonn X-100 + 0.4% bovine serum albumin (BSA). The sections were then incubated 
withh monoclonal mouse NeuN (1 :1000, MAB377, Chemicon, Temecula, CA, USA) 
inn PBS+0 .1% Triton X-100 + 0.4% BSA at room temperature. After 24 h, the 
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sectionss were washed in PBS ( 3 x 10 min) and then incubated for 1.5 h in biotinylated 

sheepp antimouse IgG (Amersham Pharmacia Biotech, Roosendaal, The Netherlands), 

dilutedd 1 : 200 in PBS + 0 . 1% Triton X-100 + 0.4% BSA. Sections were washed in 

PBSS (3 x 10 min) and incubated for 1.5 h in streptavidin-horseradish peroxidase 

(Zymedd Laboratories, San Francisco, CA, USA), diluted 1 : 200 in PBS + 0 .1% Triton 

X-1000 + 0.4% BSA. After washing ( 3 x 10 mm.) in 0.05 M Tris-HCl, pH 7.9, the 

sectionss were stained with 3,3'-diaminobenzidine tetrahydrochloride (30 mg DAB) and 

7500 JLXI 1% hydrogen peroxide in a 100-ml solution of Tris-HCl. Staining was stopped 

byy washing in 0.05 M phosphate buffer (PB). After mount ing on Superfrost Plus 

slides,, the sections were air dried, dehydrated in alcohol and xylene and coverslipped 

withh Entellan (Merck, Darmstadt, Germany). 

EvaluationEvaluation of immunostaining 

Usingg a light microscope all sections were examined by two observers independently. 

Thee intensity, the cellular localization, and the abundance of immunoreactive cells 

weree examined in different (para)hippocampal regions (CAI , CA3, dentate gyrus, 

entorhinall  cortex) of control and K A rats. Control sections incubated without the 

primaryy antibody or replacing it with pre-immune sera showed only a very light 

backgroundd staining. 

PhotographyPhotography and data analysis 

Imagess of sections were taken using a digital camera (Olympus D PI 1, Japan) and were 

importedd into Adobe Photoshop. This program was used to normalize contrast and 

brightness.. For comparison of NeuN and Timm's-stained sections between the 

experimentall  groups, photographs were taken at the same magnification. 

RESULT S S 

EpilepticEpileptic state 

Inn all rats, systemic injections with kainic acid (total dose varied from 10—15 mg/kg) 

evokedd a Status Epilepticus (SE) that lasted for one hour or longer. Al l KA-injected 

ratss (n = 6) had stage IV - V behavioral seizures characterized by generalization and 

tonic-clonicc convulsions. At least two to seven behavioral (stage IV/V ) seizures per 

hourr were observed for 1-2 h after KA injection. The control rats (n = 6) did not 

exhibitt behavioral seizures. 

NeuronNeuron loss and mossy fiber sprouting 

Forr each rat, neuronal cell loss was determined in a dorsal and a ventral hippocampal 

sectionn using the specific neuronal marker NeuN. Figure 5.1 shows an example of 

NeuNN immunoreactivity in the hippocampus of a control (Fig. 5.1 A) and a K A rat 
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Controll NeuN Timm 

AA C 

3wkKA A 

Figur ee 5.1: Neuronal loss and mossy fiber sprouting 

(A-B )) A typical example of NeuN immunoreactivity in the hippocampus of a control (A) and a KA 
ratt (B). In KA rats, neuronal loss was detected in hippocampal areas CA1-3 and the hilar region of 
thee dentate gyrus (arrows). (C-D) A typical example of Timm staining in hippocampal sections of a 
controll  (C) and a KA rat (D). In control rats, no zinc staining was observed between the tips and 
crestt of the DG. In contrast, zinc staining was observed in the supragranular region of the KA rats 
(arrow),, with a patchy distribution between the tips and the crest of the DG. 

(Fig.. 5.IB). In KA rats, neuronal loss was detected in hippocampal areas CA1-3 and 
thee hilar region of the dentate gyrus (DG). 

Synapticc reorganization of the mossy fibers into the dendritic layer of the dentate 
granulee cells was studied in hippocampal sections of the rats using Timm's staining. 
Figuree 5.1 shows a typical example of Timm's staining in dorsal hippocampal sections 
off  a control (Fig. 5.1C) and a KA rat (Fig. 5.ID). The extent of mossy fiber sprouting 
wass evaluated by two observers according to a standardized 0-5 scale relating to the 
extentt and density of zinc-stained granules (Cavazos et al., 1991; Gorter et al., 2001) in 
thee inner molecular layer (Amaral and Witter, 1995; Deller, 1998). In control rats, no 
zincc staining was observed between the tips and crest of the DG. In contrast, zinc 
stainingg was observed in the supragranular region of the KA rats, with a patchy 
distributionn between the tips and the crest of the DG. In some KA rats, the staining 
showedd a continuous pattern near the tips of the DG. The Timm score was higher in 
KAA rats (ranging from 0.5 to 2.5, median: 1) than in control rats (no sprouting, 
median:: 0). 
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SODIUMM CURRENTS 

SodiumSodium current activation 

Sodiumm currents were activated by a 25 ms depolarization to levels between —70 mV 

andd +10 mV from a pre-pulse potential o f - 1 50 mV. The voltage protocol is given as 

ann inset in Figure 5.2, where typical examples of voltage-activated sodium currents are 

illustratedd as were evoked in a CA1 pyramidal neuron for of a control rat (Fig- 5.2A) 

andd a K A rat (Fig. 5.2B). The depolarization activated transient inward sodium current 

thatt for small depolarizations increased in amplitude as sodium channels open and at 

higherr potentials decreased due to the reduced driving force. The currents showed fast 

activationn followed by a slower inactivation. We determined the peak amplitude of the 

currentt for each step and constructed a current-voltage relation. This IV-curve was 

fittedd to the Goldman-Hodgkin-Katz current equation (Hille, 1992) using a 

Boltzmannn function to describe the sodium permeability as a function of membrane 

voltagee (V): 

KV)KV) = gmax x v x 
ee \ 33 f [Xa+U -exp(-aV) -exp(-aV) 

l-exp(-aV)l-exp(-aV) (Equation 5.2) 

withh a=jjf  and gm ax = a x F x [Na+] ou,x PQ 

wheree Po is the maximal permeability, F is the Faraday constant, R the gas constant 

andd T is the absolute temperature. The maximal conductance of the current is gmax, 

whilee the voltage of half-maximal activation (Vh) and the slope parameter (Vc) 

characterizee its voltage dependence. The sodium concentrations (5 and 20 mM, 

respectively)) result in a reversal potential (ÈNa) of +35 mV. 

Thee threshold of the sodium current was - 55 mV and the peak current amplitude 

increasedd with membrane potential to reach a maximum around - 20 mV (Fig. 5.2C). 

Thee IV-curve for the control neurons resulted in a Vh of —41.0 3 mV, a V c of 

5.99  0.2 mV and a gmax of 95.6  7.6 nS. The IV-curve for the K A neurons had the 

samee shape and was characterized by a Vh of—42.0 + 1.1 mV, a V c of 5.6 + 0.2 mV 

andd a gmax of 59.7  7.5 nS. Only gmax was significandy different in neurons from the 

K AA rats when compared with controls (P < 0.005). However, this difference was 

completelyy explained by the significant difference in cell surface as derived from cell 

capacitance:: 8.4  0.6 pF in control rats and 5.3  0.7 pF in KA rats (P < 0.005). This 

interpretationn was supported by a strong correlation between capacitance (Cm) and 

conductancee in each cell group (P < 0.0001). The specific sodium conductance 

(calculatedd as gmax / Cm) was not different between control and K A neurons (all data 

summarizedd in Table 5.1). 
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Figur ee 5.2: Sod ium current activation 

(A—B)) A set of sodium currents evoked in a neuron from a control (A) and an epileptic rat (B). The 
voltagee protocol is given as an inset. Asterisks indicate the start of the depolarization. C: The peak 
amplitudess of the sodium currents in control and KA neurons are plotted as a function of the 
membranee potential. The smooth curves indicate the fit with the extended Goldman-Hodgkin-Katz 
currentt equation. The maximal conductance was smaller in the KA rats. Error bars indicate S.E.M. 

T a b l ee 5.1: Sod ium current characterist ics 

Controll  (6 animals) 

n n 

Cm m 

Activation Activation 

gniLix x 

gmaxx / Cm 

Vh h 

vc c 

Inactivation Inactivation 

n n 

V,, , 

v c c 

Kinetics Kinetics 

(PF) ) 

(nS) ) 

(nS/pF) ) 
(mV) ) 
(mV) ) 

(mV) ) 
(mV) ) 

18 8 
8.44  0.6 

95.66  7.6 

11.99  1.0 
-41.00  1.3 

5.99  0.2 

20 0 

-67.33 + 1.3 

-6.11 1 

KAA (6 animals) 

16 6 
5.33  0.7 ** * 

59.77  7.5 ** * 
11.66  1.1 

-42.00  1.1 
5.66  0.2 

20 0 
-67.33  1.1 
-6.00  0.1 

T a a 

Ti i 

Tree e 

^rec c 

^rec c 

Tree e 

-25mV V 
-25mV V 
-70mV V 
-80mV V 
-90mV V 
-lOOmV V 

(ms) ) 
(ms) ) 
(ms) ) 
(ms) ) 
(ms) ) 
(ms) ) 

0.133 1 
2.500 4 
28.44  2.1 
15.99  1.6 
9.22  0.9 
5.66  0.5 

0.133 1 
2.599  0.13 
31.22  1.7 
17.22  1.2 
9.99  0.6 
6.11  0.4 

Capacitancee was taken as a measure of membrane surface; gmax at reduced Na+ gradient (5 respectively 
200 mM); the specific sodium conductance was calculated as gmax divided by the cell capacitance. Time 
constantss of activation (xa) and inactivation (TJ) were determined at -25 mV. 
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Steady-stateSteady-state inactivation 

Thee voltage dependence of steady-state inactivation of the sodium current was 
measuredd by activating a current for 25 ms at -25 mV from a 500 ms pre-pulse 
potentiall  that varied from -150 to -35 mV (Fig. 5.3A: control and 5.3B: KA) . The 
peakk amplitude of the current evoked at —25 mV normalized to its maximum gives the 
fractionn of current that is available for activation at any potential. The current I(V) was 
fittedd with a Boltzmann equation: 

I(V)I(V) = 

11 + exp 

(Equationn 5.3) 

wheree Vh is the voltage of half-maximal inactivation, Vc is proportional to the slope of 
thee curve and Imax is the maximal current that can be activated at the test voltage 
(Figuree 5.3C). The mean parameters determined for inactivation in the KA group: Imax 

wass -1.6  0.2 nA, Vh was -67.3  1.1 mV and Vc was -6.0  0.1 mV. For the 
controll  group we found that Imax was -2.6  0.2 nA, Vh was -67.3 3 mV and Vc 

wass -6.1 1 mV. Voltage dependence of inactivation in both groups was identical: 
thee difference in maximal current (Imax) could, like the difference in gmax described 
above,, again be completely explained by the smaller cell surface of the KA neurons 
(Figuree 5.3C, details in Table 5.1). 

-1200 -100 -80 -60 -40 -20 
VV (mV) 

Figur ee 5.3: Steady-state inact ivat ion of the s o d i um current 

(A-B )) Typical sets of sodium currents evoked in a CA1 pyramidal neuron from a control (A) and a 
KAA rat (B) to determine steady-state inactivation. The voltage protocol is given as an inset. Asterisks 
indicatee the start of the depolarizing step to -25 mV. (C) For both cell groups, the level of steady-
statee inactivation (I/I max) was plotted as a function of membrane potential and fitted with a 
Boltzmannn function. 

sy y 



Chapterr 5 

WindowWindow current 

Inn the small voltage range where the activation and inactivation curves of the fast 
sodiumm current overlap, a -persistent- window current exists because current can be 
activatedd that will not completely inactivate (Johnston and Wu, 1995; Ketelaars et al., 
2001).. For both control and KA neurons, the overlap is illustrated in Figure 5.4A, 
whichh shows the normalized inactivation function (Equation 5.3) and the Boltzmann 
partt of the normalized activation function (from Equation 5.2), both constructed from 
thee mean values given in Table 5.1. 

Thee overlap is small and clearly not different between control and KA cells. Next we 
calculatedd the absolute window current from the product of the activation and 
inactivationn function (Equations 5.2 and 5.3) using the mean parameters given in 
Tablee 5.1. Figure 5.4B shows the window currents for the KA and control group. For 
comparisonn also the transient peak sodium current for the control and the KA group 
weree added (mind the different scales). The maximal amplitude of the window current 
wass very small and not different between the control (8 pA) and the KA neurons (6 
pA).. In cells with an input resistance of around 100 MQ, this will only contribute 
aboutt 1 mV to the membrane voltage. In both cell groups, the maximal window 
currentt amplitude occurred around -40 mV, which is a highly relevant area for control 
off  excitability. 

B B VV (mV) 

Inactivation n Activation n -1000 -80 
0.0 0 

11 -1.0 

-2.0 0 

-3.0 0 

Fastt transient 

-0.01 1 

.-0.02 2 

-0.03 3 
-1000 -80 -60 -40 -20 

VV (mV) 
20 0 

Figur ee 5.4: W i n d o w current 

(A)) The mean activation function as the normalized conductance and the inactivation function are 
shownn for both control and KA rats. The overlap of these functions gives rise to a persistent 
"window""  current. The overlap is small and clearly not different between control and KA cells. (B) 
Thee mean window current and, for comparison, the transient peak of the sodium current in control 
andd KA neurons. Mind the different scales. The maximal amplitude of the window current was very 
smalll  and not different between the control and the KA neurons. 

90 0 



Sodium,, calcium and N CX currents in the kainate model of epilepsy 

Forr excitability, the ratio between the window and the transient sodium current is 
perhapss even more relevant than the absolute size of the window current. Therefore 
wee calculated this ratio at the voltage (—38 mV) where the window current is maximal 
andd found for both experimental groups that the window current is about 2% of the 
maximall  transient current that can be evoked at that voltage. 

CurrentCurrent kinetics 

Too determine the kinetics of activation and inactivation, we fitted the time course of 
thee sodium current during a 25 ms depolarization with a single-exponential third-order 
risee time and a single-exponential decay of the form (m3h): 

1(f)1(f) = A x exp 
(\(\ *\ 

tt00-t -t 

{{ T. J 
X X 

rr  r. \~ 
1-exp p tt00-t -t 

VV  Ta ) \ 

-.3 3 

(Equationn 5.4) 

wheree to is the time of the depolarizing step, Ta is the time constant of activation and Ti 
iss the time constant of inactivation and A is the current amplitude. The voltage 
dependencee of both activation and inactivation kinetics is shown in Figure 5.5. Within 
thee voltage range shown in these figures, activation was faster with increasing 
depolarization,, while the inactivation time constant increased up till  —30 mV and 
decreasedd at higher potentials. The kinetic data are summarized in Table 5.1. The time 
constantss of activation and inactivation were not different between the control and 
KAA group. 
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Figur ee 5.5: Sod ium current k inet ics 

(A-B)) The voltage dependence of activation (A) and inactivation (B) kinetics of control and KA 
neurons.. The time course of the sodium current during a 25 ms depolarization was fitted with a 
single-exponentiall  third-order rise time and a single-exponential decay. 
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RecoveryRecovery from inactivation 

Thee time course of the recover)- from inactivation was determined using a double-
pulsee protocol. A first 25 ms depolarization to -25 mV activated the sodium current. 
Duringg a variable interval At (1 to 200 ms) at a defined voltage level (either -70 or 
—80,, —90 and -100 mV) the current was then allowed to recover. At the end of this 
periodd the level of recovery was tested by a second 25 ms depolarization to -25 mV 
(Fig.. 5.6A, protocol as inset). The ratio (R) between the amplitude of the sodium 
currentt activated by the second pulse and its maximal value at At = 200 ms is plotted 
ass a function of At (Fig. 5.6A) and fitted with a single-exponential function to give the 
timee constant of recover)' from inactivation (Trec): 

f f 
Z?(A/)) = l -exp At At 

\\ Trec J 

(Equationn 5.5) 

Recover)'' from inactivation was considerably faster at more hyperpolarrzed potentials 
(Fig.. 5.6B and Table 5.1). At all potentials, the time constant in the KA animals was 
largerr than in controls, but this difference never reached significance. 

QL QL 

1.U--

0.8--

0.6--

0.4--

0 .2--

o .o ' ' 
c c 

II II 
II II 

Jl Jl 

^ ^ 

2 2 
-255 mV 

——

55 r 

 Control 

A A 

50 0 

nss 2 

At t 

-1000 m V ' 

55 n s s 

1 1 DO O 1 1 50 0 200 0 

Att  (ms ) 

-700 -80 -90 -100 
mV V 

F igur ee 5.6: Recovery fro m inact ivat ion of the sod ium current 

(A)) Recover)' from inactivation was determined using a double-pulse protocol with a variable interval 
(At;; the voltage protocol is shown as an inset). The ratio (R) between the amplitude of the sodium 
currentt activated by the second pulse and its maximal value at At = 200 ms is plotted as a function of 
Att and fitted with a single-exponential function to give the time constant of recovery from 
inactivationn (Trcc) for the control and the KA neurons. (B) Recovery from inactivation was faster at 
moree hyperpolarized potentials. At all potentials, Trcc in the KA animals was larger than in control 
rats,, but this difference never reached significance. 
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H V AA C A L C I U M C U R R E N TS 

CalciumCalcium current activation 

Voltage-dependentt calcium currents were activated by 200 ms depolarizations to levels 
betweenn -70 and +30 mV from a pre-pulse potential of either —70 mV, which will 
onlyy activate high-voltage activated (HVA) calcium current or from -120 mV, which 
couldd in addition activate low-voltage activated (LVA) current. In dissociated neurons 
fromm adult rats relatively littl e LVA current is found, most likely because most of it is 
locatedd in the dendrites (Karst et al., 1993). Figure 5.7 shows typical sets of current 
tracess activated in a CA1 pyramidal neuron from a control and a kainate-treated rat. 
Thee two voltage protocols are given in the inset. 

Control l KA A 

fromm -70 mV fromm -70 mV 

Figur ee 5.7:1-V relations of ca lc ium current act ivat ion 

Typicall  sets of current traces activated in a CA1 pyramidal neuron from a control and a kainate-
treatedd rat by varying depolarizing steps from a pre-pulse potential o f -70 mV (upper panels) or -120 
mVV (lower panels). The two voltage protocols are given in the inset. Arrows in the left upper panel 
indicatee the amplitude of the peak and the sustained current. 
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Thee depolarization activated inward, voltage-dependent calcium currents that first 
increasedd in amplitude as the channels opened and at higher potentials decreased due 
too the reduced driving force. We determined the amplitudes of the non-inactivating, 
sustainedsustained current component (defined by the current amplitude over the last 20 ms of 
thee depolarization; see Figure 5.7, left upper panel) and the inactivating, transient 
componentt (defined by the difference between the peak current amplitude and the 
sustainedd current component) of the current for each voltage step. From these 
amplitudess we constructed current-voltage relations for both current components in 
eachh neuron. These IV curves were fitted with the Goldman-Hodgkin-Katz current 
equationn (Hille, 1992) using a similar Boltzmann function as in the case of the sodium 
currentt to describe the calcium permeability as a function of membrane voltage (V): 

HV)HV) = gmaxxVx ff  , V..feH- ' 
vv ^W)j 

X X l-exp(-aK)) (Equation 5.6) 

2/77 7 
W k hh a = ~RT a nd gmax = a X2FX [Ca +]"" !  X P° 

wheree Po, F, R, T, gmax, Vh and Vc have the same meaning as described above for the 
sodiumm current equation (Equation 5.2). The calcium concentrations that were used 
predictt a reversal potential (£ca) higher than +125 mV ([Ca2+]i was estimated to be 
-1000 nM). 
Thee mean FV-curves for both the transient and the sustained component of the 
currentt are shown in Figure 5.8. For both the control and KA neurons, the current 
amplitudee increased with membrane potential from a threshold around -50 mV to 
reachh a maximum around +10 mV (transient component) or 0 mV (sustained 
component).. The transient current was slightiy smaller in the KA rats, while the 
sustainedd current component was slighdy larger in the KA rats when compared with 
controll  animals. These systematic differences were confirmed in the values of gmax, but 
theyy did not reach significance. The sum of the transient and the peak components did 
nott change. Table 5.2 summarizes all parameters that describe the activation 
characteristics.. No significant differences in voltage-dependent parameters were 
found.. The lack of a characteristic shoulder at low voltage (-50 mV) and the slow 
inactivationn time constant confirmed the absence of a specific LVA-type calcium 
currentt (as expected in dissociated neurons see e.g. Faas et al., 1996). We will here 
thereforee limit our calcium current characterization to the HVA calcium current. 
Nevertheless,, the use of two different activation voltage protocols is still relevant, as 
depolarizationn from -120 mV will activate more transient HVA channels that need 
removall  of inactivation (e.g. N-type or Cav2.2 calcium channels containing the OCIB-
subunitt (see Ertel et al., 2000). Such channels will not open upon depolarization from 
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Figur ee 5.8: Ca lc ium current act ivat ion 

Meann IV-curves for both the transient (upper panels) and the sustained component (lower panels) of 
thee calcium current activated from -120 (right panels) or -70 mV (left panels) in control and KA 

—700 mV, since they are inactivated at this membrane potential. Depolarization from 
-700 mV will activate predominantly L-type or Cavl calcium channels (Ertel et al., 
2000). . 
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Tablee 5.2: Calcium current characteristics 

n n 

Cm m 

Activation Activation 

gmax x 

vh h 

Vc c 

Transient t 
Sustained d 

Transient t 

Sustained d 

Transient t 

Sustained d 

Inactivation Inactivation 
n n 

vh h 
vc c 

Kinetics Kinetics 

Ta a 

Tj j 

Tree e 

Treee ~ 

OmV V 
OmV V 

-700 mV 
1200 mV 

(PF) ) 

(nS) ) 

(mV) ) 

(mV) ) 

(mV) ) 

(mV) ) 

(ms) ) 
(ms) ) 

(ms) ) 
(ms) ) 

Controll  (6 

24 4 
10.00

fromm —70 mV 

777  11 

511 8 

-7.00  1.6 
-19.33 7 

10.77  0.4 

11.11 4 

24 4 
-41.77
-11.22

1.222
877

1777

866

animals) ) 

0.7 7 

fromm -120 mV 

999  13 
633  10 

-6.11  1.6 
-20.99  2.0 

11.77 5 

13.88  1.1 

2.7 7 
0.7 7 

0.06 6 
9 9 

18 8 
10 0 

KAA (6 animals) 

20 0 

9.88

fromm -70 mV 

644  9 

633  9 

-3.88  1.7 
-16.44  2.8 

11.44  0.8 

11.22 5 

19 9 

-35.00

-11.88 + 

1.244

1333

0.7 7 

fromm -120 mV 

877  11 

811  10 

-1.66  1.8 

-16.22  3.6 

13.99 8 

15.00  1.0 

2.3 3 
0.6 6 

0.08 8 
199 * 

1733  23 
1022 11 1 

Forr each cell the average of the measurements at 5 and 18 minutes after whole-cell access was 
calculated.. Capacitance w'as used as a measure of membrane surface. Time constants of activation (ta) 
andd inactivation (T,) were determined at 0 mV. The time constants of recover}' from inactivation (xrcc) 
weree determined at -70 and -120 mV. 

Steady-stateSteady-state inactivation 

Thee voltage dependence of steady-state inactivation of the calcium current was 
determinedd by varying a 3 s hyperpolarizing pre-pulse varying from -120 to 0 mV 
followedd by a 200 ms depolarization to 0 mV (Figure 5.9A, protocol in the inset). The 
inactivatingg transient current component evoked at 0 mV as a function of pre-pulse 
potentiall  (V) was fitted with a Boltzmann equation (Equation 5.3) as described above 
forr the sodium current (all parameters are given in Table 5.2). In Figure 5.9B the mean 
steady-statee inactivation curves are shown for the control and the KA cell groups. The 
shiftshift in Vh for inactivation reaches significance, but since all voltage values for Vh 
(activationn and inactivation for both components) are shifted around 3-5 mV in 
depolarizingg direction, we do not dare to over-interpret such a general shift, as it does 
nott seem to be linked to a specific property of one of the current components. 
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Figur ee 5.9: Steady-state inact ivat ion of ca lc ium current s 

(A)) A typical set of calcium currents evoked in a CA1 pyramidal neuron from a KA rat to determine 
steady-statee inactivation. The voltage protocol is given as an inset. (B) Mean steady-state inactivation 
curvess for both control and KA neurons. 

CurrentCurrent kinetics 

Thee kinetics of activation and inactivation of the currents were determined by fitting 
thee time course of the calcium current during a 200 ms depolarization, with a single-
exponentiall  second-order activation and a single-exponential inactivation time course 
(Kayy and Wong, 1987): 

I{t)I{t)  = II  +1, x exp 
sussus trans r 

[o[o  l_ 1-exp p (Equationn 5.7) 

wheree xa is the time constant of activation and x, is the time constant of inactivation 
forr a current that was activated at time to. Isus and Itrans are the amplitudes of the non-
inactivating,, sustained component and the inactivating, transient component, 
respectively.. Figure 5.10A shows typical examples of calcium current activated by a 
depolarizationn from -70 mV to 0 mV in a neuron from a control rat and in one from 
aa KA rat. For better comparison of the time course, the currents were normalized to 
theirr peak current amplitude. In first instance, kinetics were determined from the 
depolarizingg step to 0 mV that was used to determine the inactivation function. These 
valuess are summarized in Table 5.2. While the time constant of activation was not 
differentt between the two cell groups, the time constant of inactivation was 
significantlyy increased (P < 0.05) in the KA group when compared with the control 
group. . 
Withinn the voltage range in which the kinetics could be reliably determined (-20 to 
+200 mV) from the activation traces, activation in both cell groups was faster with 
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Figur ee 5.10: Ca lc ium current kinetics 

(A)) Typical examples of calcium current activated by a depolarization from -70 mV to 0 mV in a 
neuronn from a control rat and in a neuron from a KA rat. (B-C) The voltage dependence of 
activationn (B) and inacdvation (C) kinetics of the calcium current in control and KA neurons. The 
rimerime course of the calcium current during a 200 ms depolarization was fitted with a single-
exponentiall  second-order activation and a single-exponential inactivation time course. The time 
constantt of inactivation (C) was significandy increased in the KA rats. 

increasingg depolarization. The inactivation time constant of the control neurons 
slightlyy decreased at higher potentials, while the inactivation in the KA neurons was 
slowerr with increasing depolarization. The voltage dependence of activation and 
inactivationn kinetics is shown in Figure 5.1 OB and 5.IOC, respectively. The difference 
inn the inactivation time constants between control and KA neurons was also 
significantt (ANOVA; P < 0.05). Interpreting these values has the complication that 
alsoo the current amplitude is strongly voltage-dependent so that the time constant 
couldd also contain a distinct calcium-dependent component. 

CalciumCalcium influx and consequences 

Thee total calcium flux carried by the calcium current combines all changes in 
amplitudee and kinetics in one relevant functional parameter, which reflects the 
importancee of calcium ions as a second messenger. This parameter may help to 
elucidatee the possible impact of changes in calcium current on secondary intracellular 
processes.. If we assume that the calcium current is only carried by Ca2+ ions, the total 
calciumm flux through the channel is proportional to the integral of the calcium current. 
Too determine the calcium influx into the neurons during a standardized 
depolarization,, we calculated the current integral by evaluating the function of 
Equationn 5.7 over the first and the last 25 ms of a 200 ms depolarization to 0 mV, 
whichh could resemble the calcium influx during a short burst of action potentials and a 
prolongedd depolarization or seizure, respectively. 
Figuree 5.11 shows this calcium flux calculated from data of control and KA neurons 
ass a function of membrane potential over the first 25 ms (transient and sustained 
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m m 
Figur ee 5.11: Ca lc ium influ x 
Calculatedd calcium influx into the neurons during a standardized depolarization for control and KA 
neuronss as a function of membrane potential over the first 25 ms (transient and sustained 
component)) and the last 25 ms (predominantly sustained component) of a calcium current that was 
activatedd by a 200 ms depolarization from -70 mV to 0 mV. 

component)) and the last 25 ms (predominantly sustained component) of the calcium 
current.. None of these conditions suggested a significant difference in calcium influx 
betweenn the control and the KA group. 
Inn order to get an estimate of the rise in [Ca2+]i that could result from this calcium 
influx,, we have to make an assumption about cell volume, calcium buffer capacity and 
calciumm efflux. The cell volume was calculated from the cell surface (1 pF ~ 100 p 2 ) , 
assumingg that the cells have a spherical shape and that all volume is accessible for 
Ca2+.. The mean volume of the KA neurons (3.0  0.3 pi) was not different from the 
volumee of the control cells (3.1  0.3 pi). Buffer capacity at these low calcium 
concentrationss is linear and can be approximated by x = 94 (Borgdorff, 2002), for 
thesee calculations we assume that they are equal in all groups. During calcium channel 
activation,, calcium efflux is always considerably smaller than the influx (Borgdorff, 
2002),, so it was neglected in this first rough approximation. Under these assumptions 
calciumm flux can be converted to a rise in [Ca2+]i using: 

\flux\flux dt 
A[CaA[Ca2+2+ ],. = (Equation 5.8) 

volumevolume x/cx2xexNA 

wheree flux represents the calcium charge carried by the current over the appropriate 
timee period, e is the elementary charge of an electron (equals 1.6 x ÏO19 C) and NA is 
Avogadro'ss number (6.0 x 1023 mob1). Under these assumptions the calcium current 
activatedd by a 200 ms depolarization from -70 mV to 0 mV would result in a calcium 
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risee of 327  35 nM in control neurons and 299  37 nM in KA neurons during the 
firstfirst 25 ms of the depolarization and a rise of 185  23 nM in control neurons and 204 

 26 nM in KA neurons during the last 25 ms of the depolarization. 

RecoveryRecovery from inactivation 

Thee time course of the recover)' from inactivation of the calcium current was 
determinedd using a double-pulse protocol comparable to the one used for the sodium 
currents.. The interval At between two depolarizations was varied between 10 and 640 
ms.. The recovery time constant was determined at membrane voltages of -70 and 
-1200 mV (Fig. 5.12, protocol as inset). The ratio (R) between the amplitude of the 
calciumm current activated by the second depolarization and its maximal value at At = 
6400 ms is plotted as a function of At (Fig. 5.12) for the control and the KA group and 
fittedfitted with a single-exponential function to give the time constant of recovery from 
inactivationn (xrec): 

*(A 00 = /^+ / / r a „ sx( l -exp 
(( M^ 

(Equationn 5.9) 
VV  l rec J 

wheree Isus and Itrans have the same meaning as in Equation 5.7. Recovery from 
inactivationn at -120 mV was faster than the recovery at -70 mV, but no differences 
betweenn the control and the KA group were detected (for details see Table 5.2). 

cr: : 

2000 400 
Att (ms) 

600 0 

Figur ee 5.12: Recovery from inactivation of the calcium current 

Recoveryy from inactivation was determined using a double-pulse protocol with a variable interval (At; 
thee voltage protocol is shown as an inset). The ratio (R) between the amplitude of the calcium 
currentt activated by the second pulse and its maximal value at At = 640 ms is plotted as a function of 
Att and fitted with a single-exponential function to give the time constant of recovery from 
inactivationn (T,CC) for the control and the KA neurons. 
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SODIUM-CALCIUMM EXCHANGE (NCX) CURRENTS 

NCXNCX current 

Inn this series of experiments the voltage-gated ion channels, the sodium-potassium 
pump,, PMCA and NCKX were blocked. Inward NCX currents —associated with the 
forwardd mode of exchange— were activated at a holding potential of —70 mV by 
replacingg the 0/2 extracellular solution (no [Na+]0: forward mode of NCX is blocked) 
withh a solution containing either 115 mM Na+ (115/2) or 50 mM Na+ (50/2) via bath 
perfusion.. Figure 5.13 shows typical NCX currents activated at —70 mV in a CA1 
pyramidall  neuron from a control (C) and a KA rat (D) by switching the sodium 
concentrationn in the extracellular solution from 0 to 115 mM (0/2 to 115/2) and from 
00 to 50 mM (0/2 to 50/2). The solution switch protocol and the voltage protocol are 
illustratedd on the same time scale in Fig. 5.13A and B, respectively. Both switches of 
thee extracellular solution activated net inward currents as expected at this membrane 
potentiall  and the ionic gradients of Na+ and Ca2+ that we used (ÊNCX >> —70 mV). 
Thee net NCX current amplitude activated by the extracellular solution switches was 
determinedd by subtracting the mean of the holding current in 0/2 before and after 
eachh switch from the mean current amplitude measured in 115/2 or 50/2. At —70 mV, 
switchingg the extracellular solution from 0/2 to 115/2 activated an inward NCX 
currentt with a mean current amplitude of 119 + 14 pA for the control group and 120 

 21 pA for the KA group. The current amplitude was dependent on [Na+]G, since the 
switchh from 0/2 to 50/2 activated a smaller NCX current: mean amplitude for the 

A A 0/22 115/2 0/2 50/2 0/2 

-455 mV 

DD -70 mV 700 mV I I 1-95 mV 

Control l 

1000 pA 

D D 
11000 f 

Figur ee 5.13: N C X current s 

(A—D)) Typical forward NCX currents activated at -70 mV in a CA1 pyramidal neuron from a 
controll  (C) and a KA rat (D) by switching the sodium concentration in the extracellular solution 
fromm 0 to 115 mM or from 0 to 50 mM. The solution switch protocol and the voltage protocol are 
shownn in panel A and B, respectively (see also Experimental Procedures). 
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controlss 59  8 pA and for the KA group 51  9 pA. When cell capacitance was taken 
ass a measure of membrane surface, the specific NCX current amplitude could be 
calculatedd for both cell groups (details in Table 5.3). No differences in NCX current 
couldd be detected between the control and KA rats. 
Usingg calcium ratio imaging just before and after NCX current measurements, [Ca2+], 
wass determined at -70 mV in a subset of the cells in the 0/2 solution. In the CA1 
pyramidall  neurons from the control rats, mean [Ca2+]i was 363  73 nM (n — 6). The 
meann value of [Ca2+], for the neurons from the KA rats was slighdy lower: 263  39 
(n(n — 10), but the difference did not reach significance. 

Tablee 5.3: Forward sodium-calcium exchange currents at —70 mV 

Cellss (n) 

cmm (pF) 

RR = F340/F380 

Specificc current (pA/pF) 
115/2 2 

50/2 2 
Conductancee (nS) 

115/2 2 

50/2 2 
Specificc conductance (nS/pF) 

115/2 2 
50/2 2 

Currentt ratio = 115/2 : 50/2 

Controll  (6 animals) 

21 1 

9.77  0.8 

3.22  0.4 

(nn = 6) 

14.22  1.9 
6.88 0 

1.00  0.2 
0.77  0.2 

0.133  0.02 
0.077  0.02 

2.344  0.09 

KAA (6 animals) 

22 2 

12.11  1.0 

2.66  0.3 

(nn = 10) 

12.33  3.4 

5.22  1.3 

0.99  0.2 

0.33 10 .1 

0.099  0.03 

0.033  0.01 

2.311  0.04 

Fluorescencee ratios were determined in neurons that were bathed in an extracellular solution 
containingg 0 mM Na+ and 2 mM Ca2+ (0/2). Specific current amplitude at -70 mV. 

NCXNCX conductance 

Too determine the NCX conductance, we measured the conductance of the cells in the 
0/2,, 50/2 and 115/2 extracellular solutions by 25 ms voltage steps of +25 mV and 
-255 mV around the holding potential of -70 mV (Figure 5.13B). The NCX 
conductancee was then determined by subtracting the (leak) conductance in the 0/2 
extracellularr solution from the conductance in the 115/2 or the 50/2 solution. The 
meann NCX conductances in the 115/2 and the 50/2 solutions are summarized for 
bothh cell groups in Table 5.3. The leak conductance was not significandy different 
betweenn the two experimental groups (2.2  0.3 nS for control neurons and 1.6 + 0.2 
nSS for KA neurons). In both cell groups, the NCX conductance was larger for the 
higherr sodium gradient. The NCX conductance was not different between the control 
andd KA neurons. The specific NCX conductance at —70 mV was also not different 
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betweenn the two cell groups (details in Table 5.3). The binding constant (KD), that 
characterizess the sodium dependence of the NCX current was estimated using the 
ratioo of the current amplitudes activated in 115/2 and 50/2. The NCX current as a 
functionn of [Na+]G can be characterized by a Hill equation: 

'NCX'NCX (INa* L ) = 7 — vT (Equation 5.10) 
\\ + {Kj[Na*l)" 

wheree Imax is the maximal current, KD is the binding constant for extracellular Na+ and 
nn is the Hil l coefficient {n — 3, following from the coupling ratio of the NCX: 3 Na+ 

forr 1 Ca2+ (see review Blaustein and Lederer, 1999; Hinata et al., 2002)). When the 
currentt amplitude is measured in the same cell for two different extracellular sodium 
concentrationss (115 mM and 50 mM, values in Table 5.3), K D can be analytically 
solvedd from Equation 5.10. The estimated binding constant for extracellular Na+ was 
nott different between the control (59.3  1.5 mM) and the KA (58.7  0.6 mM) 
group.. These values are comparable with those we have reported in Chapter 4. 

DISCUSSION N 

MainMain findings 

Threee weeks after KA-induction of SE, we found cell loss in the hippocampal 
formationn and mossy fiber sprouting. Specific changes in sodium current properties 
weree not observed, the smaller sodium conductance in the KA rats was fully attributed 
too the smaller size of the neurons from this preparation. The most conspicuous 
differencee between control and KA rats in this study was the significandy increased 
timee constant of inactivation of the voltage-activated calcium current in the KA group. 
Significantt differences in the sodium-calcium exchange current were not detected 
betweenn the control and the KA rats. 

epilepticepileptic state 

Wee have not monitored the occurrence of spontaneous seizures after the latent period, 
butt from similar studies with the kainate model it is known that they occur between 
2-44 weeks after SE induction, which overlaps with the time point of our 
measurements.. The KA rats in our study were entering the chronic phase and showed 
hypersensitivityy to sensory stimuli, which is typical for epileptic rats. All rats exhibited 
celll  loss in the CA1 and the CA3 region, the dentate hilus and layer II I in the 
entorhinall  cortex comparable with that described previously for the kainate model and 
thee electrically-induced post-SE model (Bertram, 1997; Du et al, 1995; Gorter et al, 
2003;; Nevander et al., 1985; Schwob et al., 1980; Tolner et al., 2003). Cell loss was 
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mostt extensive in the CA1 area. Moderate synaptic reorganization was found in the 
KAA rats as exemplified by the start of mossy fiber sprouting from the DG granule 
cellss into their dendritic layer (Cavazos et al., 1991; Gorter et al., 2001). In chronic 
epilepticc rats > 2 months after SE induction, Gorter et al. and Tolner et al. reported a 
muchh higher extent of mossy fiber sprouting (Timm score > 4). Gorter et al. found 
thatt a high degree of progression of seizure activity was associated with ?. higher Timm 
scoree (Gorter et al., 2001). This suggests that the rats in our study are not yet in the 
finalfinal stage of the chronic epileptic state. 
Thee fact that many neurons in pyramidal cell layer of the CA1 area die shordy after SE 
suggestss that in KA rats, we measured from a selection of neurons that were able to 
survivee SE by way of a complicated compensatory mechanism. It is however not clear 
whetherr a close relation between cell survival and specific current properties is to be 
expected. . 

SODIUMM CURRENT 

Threee weeks after kainate-induction of SE, sodium current characteristics were not 
significandyy different between control and KA rats. Although the sodium conductance 
wass significantly smaller in the KA rats, the specific sodium conductance was not 
differentt between the two groups. This can be explained by the smaller cell size of the 
neuronss the KA group when compared with the control neurons. 

Inn a previous study using the electrically-induced post-SE model, we have investigated 
sodiumm current properties in CA1 pyramidal neurons three months after an 
electrically-inducedd SE (Ketelaars et al., 2001). In this model, SE is evoked electrically 
byy continuous hippocampal stimulation. This post-SE model shares many features 
withh the kainate model such as specific cell loss in (para)hippocampal regions, synaptic 
reorganizationn and the occurrence of spontaneous seizures after a latent period. In 
electrically-inducedd post-SE rats, we found a significant shift of the activation curve of 
thee sodium current to more hyperpolarized potentials and a small shift of the steady-
statee inactivation function to more depolarized potentials when compared with control 
rats.. The combination of these two shifts in opposite direction resulted in a 
significantlyy increased window current in the epileptic rats. These differences are 
thoughtt to contribute to the enhanced excitability in the epileptic rats, especially near 
firingfiring threshold (Ketelaars et al., 2001). It is interesting to note that, in line with the 
currentt study, three months after SE, the sodium conductance of the neurons in the 
post-SEE group was smaller than in control neurons, but this again could be explained 
byy the smaller cell size of the SE neurons (specific sodium conductance was not 
differentt between the two experimental groups). The values that we report for the 
sodiumm current characteristics are comparable with those reported before (Ketelaars et 
al.,, 2001; Vreugdenhil, M. et al., 1998a). 

Inn contrast to the KA study, the electrically-induced post-SE study was performed on 
ratss three months after SE. These post-SE rats were in the chronic epileptic phase, 
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exhibitingg many seizures per day. It is known that seizure activity in post-SE rats often 
progressivelyy increases once the first spontaneous seizure has appeared (Gorter et al., 
2001).. Although we cannot exclude the possibility that differences between the two 
paradigmss are responsible for the differences between the KA and the electrically-
inducedd post-SE study, it is more likely that the differences in sodium current 
propertiess between the control and the post-SE rats developed after the onset of the 
spontaneouss seizures during the course of the chronic epileptic phase. 
Anotherr study investigated sodium current properties after kindling epileptogenesis 
(Vreugdenhil,, M. et al., 1998a). In fully-kindled rats that were killed 24 h and 5 weeks 
afterr the last generalized seizure, a shift of the sodium current steady-state inactivation 
curvee to a more depolarized level was found, while the voltage-dependent activation 
functionn was unaffected. In addition, the current amplitude was increased with 20% in 
thee long-term kindled rats. Again, the different time points of investigation when 
comparedd with the KA study may explain the differences with the KA model. In 
addition,, the paradigms of epilepsy induction are very different. Seizure induction in 
kindledd rats generally does not evoke a status epilepticus and these rats do not develop 
aa chronic epileptic state featured by spontaneous recurrent seizures. 

HVAA CA CURRENT 
Thee most obvious difference between the control and KA rats three weeks after 
inductionn of SE was the significantly slower inactivation of the voltage-activated HVA 
calciumm current in the KA rats when compared with control rats. This implies a 
slighdyy different shape of the current in KA rats, but this difference was not (yet) 
sufficientt to predict a different calcium influx in the KA group when compared with 
controls.. The transient currents were smaller and the sustained currents were larger in 
thee KA rats, but these differences did not reach significance. However, comparing the 
ratioo between the sustained and transient current component in KA rats with that in 
controlss (1.17  0.16 versus 0.78  0.09) showed a significant change (P < 0.05). Part 
off  this change might reflect the increase in time constant of inactivation in the 
neuronss from KA rats. The underlying mechanism is not directly evident and several 
factorss could contribute. Firstly, a shift could occur in the composition of the channels 
underlyingg the current from inactivating N- or P /Q type channels to non-inactivating 
e.g.. L-type channels. Alternatively the basic properties of the underlying channels 
couldd have changed in the process of epileptogenesis, e.g. different modulation by 
phosphorylationn of the calcium current underlying the slower inactivation cannot be 
excluded.. Finally, if calcium-dependent inactivation is involved, one of the factors that 
leadd to an increase in [Ca2+]j could be affected and slow-down the process. 

FunctionalFunctional implications 

Thee time constant of inactivation and the calcium current amplitude are both 
importantt parameters in cellular excitability as well as in determining the calcium 
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influxx and, therefore, in the role of calcium as a second messenger. The consequence 
off  the combined effect of the increased time constant of inactivation and a slightly 
smallerr amplitude in the KA rats is critically dependent on the duration of the calcium 
current.. To estimate the transients in [Ca2+]; during different types of firing behavior, 
wee used the first 25 ms of the calcium current as an indication of the calcium influx 
duringg a short burst of action potentials, while the calcium influx during the last 25 ms 
off  the 200 ms depolarization was used as an indication of what might occur during 
prolongedd depolarization or seizure activity7. For both time intervals, the calcium influx 
wass not different between KA and control neurons. The rise of [Ca2+]j that can result 
fromm the calcium influx during the first 25 ms of a 200 ms depolarization to 0 mV 
underr the assumption of realistic buffering, full accessible cell volume and no fast 
extrusionn was around 300 nM in both experimental groups. These values are far below 
thee affinity of the sodium-calcium exchanger (~500-2000 nM, see Blaustein and 
Lederer,, 1999), which means that the NCX can easily cope with this Ca2+ load. 

ComparisonComparison with other epilepsy models 

Voltage-activatedd calcium currents were previously investigated in CA1 pyramidal 
neuronss in the electrically-induced post-SE model of epilepsy as well as after kindling 
epileptogenesis.. Three months after an electrically-induced SE, Gorter et al. found a 
decreasee of the sustained calcium current and a faster inactivation of the current when 
comparedd with the control situation. This suggests a reduced calcium influx through 
HVAA channels (Gorter et al., 2002). In contrast, in kindled rats an increased calcium 
influxx via both the LVA and the HVA current was observed (Faas et al., 1996; 
Vreugdenhil,, M. and Wadman, 1992). The increased calcium influx was in part due to 
slowerr inactivation of the HVA current, which is consistent with our results. 
Gorterr et al. found that changes in neuronal calcium entry strongly depended on 
seizuree activity (Gorter et al., 2002). The chronic epileptic rats in the Gorter study 
experiencedd many seizures per day, while the rats in our study were in an early phase 
off  the chronic epileptic state and only occasionally experienced seizures. A more 
detailedd analysis of seizure activity is needed to draw conclusions about the differences 
betweenn the various models. 

N CXX CURRENTS 

Whilee fast calcium buffering may succeed in effectively (but temporarily) buffering the 
firstfirst calcium load during short depolarizations, the calcium buffering capacity is not 
suitablee to keep [Ca2+]j at a low value during a prolonged depolarization or a seizure. 
Thiss is where the calcium extrusion mechanisms come into play. The PMCA with its 
highh affinity for intracellular calcium but only limited transport capacity (Blaustein and 
Lederer,, 1999) will quickly saturate as [Ca2+]j rises. In contrast, the NCX with a low 
calciumm affinity and a high transport capacity will be especially relevant. 
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Inn this study, no significant differences in sodium-calcium exchange currents were 
detectedd between control and KA rats. At first glance this seems straightforward, as 
thee potential calcium influx via the voltage-activated calcium channels was not 
differentt between control and epileptic rats. However, since it is presently unknown 
whetherr calcium entry via other calcium influx mechanisms (e.g. glutamate receptor-
operatedd calcium channels) is altered in the epileptic rats, we cannot yet draw a final 
conclusion. . 

Restrictions Restrictions 

Itt is known that the NCX is particularly prevalent in regions of neurons where 
relativelyy large amounts of Ca2+ must be transported, such as presynaptic nerve 
terminalss and dendritic spines (Blaustein et al., 2002; Blaustein and Lederer, 1999). We 
havee to note that during the dissociation procedure, much of the dendritic tree and the 
axonn are lost. We therefore cannot exclude the possibility that specific alterations in 
NCXX activity take place in these regions after induction of SE. However, investigating 
NCXX functioning in the soma is still relevant, since this is primarily the site where 
enteringg calcium ions will activate secondary processes. 

SeizuresSeizures versus chronic epileptic state 

Thee NCX is especially relevant during or just after seizures. In our NCX current 
measurements,, the membrane voltage was fixed at —70 mV, which resembles resting 
membranee voltage, and not membrane voltage during a seizure. It guarantees us a 
currentt amplitude that is large enough to make a comparison between two groups. In 
addition,, the ion gradients we used were fixed and the [Ca2+]i was probably much 
lowerr than can be attained during epileptic seizures due to buffering by EGTA in the 
intracellularr solution. This could mean that we investigated NCX activity in the lower 
partt of its working range. 

ComparisonComparison with other epilepsy or seizure studies 

Whilee many studies have focused on changes in calcium influx through calcium 
channelss in epilepsy, up till  now, not much attention has been paid to the role of 
calciumm extrusion mechanisms such as the PMCA and the NCX in epilepsy. This is 
somewhatt surprising, as, by definition, changes in calcium influx ultimately have to 
resultt in changes in calcium extrusion. Garcia et al. have reported changes in 
expressionn levels of PMCA isoforms in the hippocampus shortly after KA-induced 
seizures,, suggesting a possible role for this calcium extrusion system in the neuronal 
degenerationn inherent to this paradigm. This change was not persistent as 7 days 
followingg injection the protein levels began to rebound to control levels (Garcia et al., 
1997).. In basolateral amygdala neurons of amygdala-kindled rats, an upregulation of 
thee NCX current was found, which was induced by activation of a group I, possibly 
mGlu55 receptor (Keele et al., 2000). 
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CONCLUSIONS S 

Threee weeks after a KA-induced SE, voltage-activated sodium currents and sodium-
calciumm exchange currents were not affected in CA1 pyramidal neurons. In the same 
epilepticc rats, the inactivation time constant of the voltage-activated calcium current 
wass significandy increased when compared with that in control animals. 
Thiss does not seem to be sufficient to explain the enhanced excitability in the neurons 
orr in the epileptic network in the KA-induced epileptic rats. Our time point of analysis 
(threee weeks after SE) is at an early phase of the chronic epileptic state. During the 
coursee of the chronic epileptic phase, seizure activity often progressively increases. A 
follow-upp study investigating sodium and calcium currents at a later time point in the 
chronicc phase of kainate epilepsy (at least 3 months after injection) is required to find 
outt which small alterations build up and ultimately contribute to increased excitability 
inn chronic epilepsy. 
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ABSTRACT T 

Thee plasma membrane Ca2+-ATPase (PMCA) and (potassium-dependent) sodium-
calciumm exchange (NC(K)X) represent two main calcium extrusion mechanisms that 
aree important for the restoration of [Ca2+]j levels after electrical activity. To investigate 
whetherr the expression of these calcium extrusion proteins is altered in the course of 
epileptogenesis,, we compared the hippocampal-parahippocampal protein expression 
off  NCX1, 2, and 3, PMCAl^J-, and NCKX2 at an early and late stage after kainate-
inducedd status epilepticus (SE), with that in control rats using immunocytochemistry. 
Severall  alterations were found in chronic epileptic rats: (i) NCX1 was permanently 
downregulatedd in the inner molecular layer (iml) of the dentate gyrus (DG) and 
entorhinall  cortex layer II I (ECIII), related to neuronal loss in hilus and ECIII, 
respectively;; (ii) PMCA and NCKX2 expression was transiently upregulated in the iml, 
andd downregulated in several areas where cell loss had occurred, (iii ) NCX3 
expression,, which in control rats is abundant in presynaptic terminals of mossy fibers 
(mf),, was extensively and permanently decreased in stratum lucidum and hilar region. 
Inn addition, newly formed mf sprouts that project to the DG iml did not noticeably 
expresss NCX3; (iv) NCX2 and NCKX2 were (transiently) upregulated in astrocytes of 
epilepticc rats throughout the hippocampal formation, including ECIII. Our results 
showw regional-specific changes of calcium extrusion proteins in epileptic rats that 
contributee to altered calcium homeostasis in the diseased state. More importantly, 
somee alterations in calcium extrusion protein expression are already present at an early 
stagee of epileptogenesis and could therefore be involved in this process. 
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INTRODUCTIO N N 

Inn human epileptic patients and in animal models for temporal lobe epilepsy (TLE), 
persistentt alterations have been described in voltage-activated calcium currents, 
NMDA-mediatedd calcium influx, and the expression of calcium-binding proteins 
(Baimbridgee et al., 1985; Faas et al, 1996; Gorter et al., 2002; Magloczky et al., 1997; 
Modyy et al, 1990; Nagerl et al, 2000; Vreugdenhil, M. and Wadman, 1994; Yang, Q. 
ett al., 1997). Until now, calcium extrusion systems have received littl e attention in 
experimentall  epilepsy (Garcia et al., 1997; Keele et al., 2000), despite their important 
functionn in calcium homeostasis. Neurons have two important [Ca2+]i-driven calcium 
extrusionn mechanisms to return elevated free [Ca2+]i to resting levels: (i) the plasma 
membranee Ca2+-ATPase (PMCA) and (ii) (potassium-dependent) sodium-calcium 
exchangee (NC(K)X). The PMCA, with a high affinity for Ca2+ (KD = 100 nM), but 
loww transport capacity (~ 150 s-1), is thought to play a housekeeping role in calcium 
homeostasiss (Blaustein and Lederer, 1999; Juhaszova et al., 2000). Four PMCA 
subtypess (PMCA1-4) encoded by four different genes are presently known (Greeb 
andd Shull, 1989; Keeton and Shull, 1995; Shull and Greeb, 1988). In contrast with the 
PMCA,, the NCX has a low affinity for Ca2+ (KD = 0.6-2 uM), but a high transport 
capacityy (>> 1000-5000 s-1)- The NCX is well-suited for rapid recovery from high 
levelss of [Ca2+]i (Juhaszova et al., 2000) and could therefore be important for the 
restorationn of basal [Ca2+], after epileptic seizures. Three genes that code for different 
NCXX subtypes (NCX1-3) have been cloned (Li, Z. et al., 1994; Nicoll et al., 1990; 
Nicolll  et al., 1996). As the overall functional properties of the three subtypes are not 
fundamentallyy different, the individual physiological role for each NCX subtype is 
currentlyy unclear (Linck et al, 1998). Presynaptic nerve terminals and dendritic spines 
-bothh entities in which [Ca2+]i can quickly rise— exhibit relatively high NCX activity 
whenn compared with other parts of the cell (Blaustein et al, 2002; Juhaszova et al, 
2000;; Reuter and Porzig, 1995). Ca2+-dependent neurotransmitter release is controlled 
byy local Ca2+ homeostasis and thus affected by NCX (and PMCA) (Juhaszova et al., 
2000;; Reuter and Porzig, 1995). The NCX exchanges 3 Na+ ions for 1 Ca2+ ion 
(Blausteinn and Lederer, 1999; Hinata et al., 2002) and is driven by both the Ca2+ and 
thee Na+ gradient over the plasma membrane. 

Recently,, a family of potassium-dependent sodium-calcium exchangers (NCKX1-4) 
hass been described, which couple the transport of 4 Na+ ions to 1 Ca2+ and 1 K+ ion 
(Dongg et al., 2001; Lytton et al., 2002; Tsoi et al., 1998). Exploiting the outward K+ 

gradient,, NCKX is able to extrude Ca2+ more efficiently than NCX, in particular when 
thee 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). 
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Too find out if the expression of the calcium extrusion proteins is altered in the course 
off  epileptogenesis, we here describe the hippocampal and parahippocampal protein 
expressionn of NCX1, 2, and 3, PMCA1-4, and NCKX2 in the kainate model of TLE 
inn the rat (Ben-Ari, 1985) using immunocytochemistry. We investigated the expression 
att an early and late stage of epileptogenesis (just after the latent period and in the 
chronicc epileptic phase). 

EXPERIMENTA LL  PROCEDURES 

A.nimals A.nimals 

Malee Sprague Dawley rats (Harlan Zeist, The Netherlands) were used in this study. 
Thee rats were housed in individual cages under a controlled environment (21  1°C; 
humidityy 60%; lights on 08.00-20.00 h). Food and water were available ad libitum. All 
experimentss were performed in accordance with the regulations of the Animal Welfare 
Committeee of the University of Amsterdam. Experiments are carried out in 
accordancee with the European Communities Council Directive of 24 November 1986 
(86/609/EEC). . 

SeizureSeizure induction 

Epilepsyy was induced with kainic acid (KA) injections according to the (slightiy 
adapted)) protocol of Heilier et al. (Hellier et al, 1998). The rats (weighing 175-200 
gramm at the time of injection) were injected intraperitoneally with 10 mg/kg KA 
(Biovectra,, Charlottetown, Canada) dissolved in 0.05 M phosphate-buffered saline 
(PBS)) (pH = 7.4). The animals were monitored throughout SE induction and seizure 
severityy was assessed according to a modified Racine's scale (Racine, 1972). Motor 
seizuree activity was characterized as follows: class III , animals displayed forelimb 
clonuss with a lordotic posture; class IV, animals reared with concomitant forelimb 
clonus;; and class V, animals had a generalized clonic convulsion associated with loss 
off  balance. When rats did not exhibit clear behavioral changes within one hour after 
injection,, additional KA injections (5 mg/kg) were given ever)7 hour, until a clear 
changee of behavior was observed. The maximal cumulative dose was 20 mg/kg. A 
Statuss Epilepticus (SE) was considered to have been established, if rats experienced 
moree than two stage IV/ V seizures within the first hour after the last injection. 
Controll  rats were injected intraperitoneally with 0.05 M PBS. For all rats, sugar water 
wass available for 24 hours after the KA treatment. 

TissueTissue preparation and histology 

Controll  and KA rats were used for histology and immunocytochemistry in order to 
detectt mossy fiber sprouting, cell loss and NCX1, 2, 3, NCKX2 and PMCA1-4 
expressionn at two time points: three weeks (3 wk-KA) or 2.5 months (LT-KA ) after 
KA-inductionn of SE. The rats were deeply anaesthetized with pentobarbital 
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(Nembutal,, 60 mg/kg, Sanofi Santé, Maassluis, The Netherlands) and perfused 
throughh the ascending aorta with 300 ml of 0.37% Na2S solution, 300 ml 4% 
paraformaldehydee (Klinipath, Duiven, The Netherlands) and 0.2% glutaraldehyde in 
0.11 M phosphate buffer, pH = 7.4. After one night in situ postfixation at 4 °C, the 
brainss were dissected and the left and right parts were separated. Both parts were 
cryoprotectedd in 30% sucrose in 0.1 M phosphate buffer, pH = 7.4. After an 
overnightt incubation at 4 °C, the brain parts were frozen in isopentane (-30 °C) and 
storedd at -80 °C until cutting was performed. 

Thee left part of each brain was cut on a sliding microtome and horizontal sections 
(400 um) at the midlevel of the hippocampus were either processed for 
immunocytochemistryy (see below) or mounted on Superfrost Plus slides (Menzel-
Glaser,, Merck, Amsterdam, The Netherlands) and stained with a Nissl staining (0.5% 
cresyll  violet in 0.3% acetic acid) to detect cell loss or processed by a modified Timm's 
methodd (to detect sprouting, for details see (Cavazos et al., 1991; Gorter et al., 2001; 
Sloviter,, 1982)). Sections of all four experimental groups were processed for Timm's 
stainn at the same time so that histological development time (60 min) was the same, to 
enablee comparison between groups. The extent of synaptic reorganization of the 
mossyy fibers into the dendritic layer of the dentate granule cells was evaluated by two 
observerss according to a standardized 0-5 scale referring to the extent and density of 
zinc-stainedd granules in the inner molecular layer (Amaral and Witter, 1995; Cavazos 
ett al, 1991; Gorter et al., 2001). 

Immunocytochemistry Immunocytochemistry 

Single-- and double-label immunocytochemistry was performed on free-floating 
sectionss as previously described (Aronica et al, 2000). Horizontal sections at the 
midlevell  of the hippocampus were washed in 0.05 M PBS, pH =7.4 and incubated for 
300 min. in 0.3% hydrogen peroxidase in PBS to inactivate endogenous peroxidase. 
Sectionss were then washed (2x10 min.) in 0.05 M PBS, followed by washing 
(600 min.) in PBS + X % Triton X-100 + 0.4% bovine serum albumin (BSA). The 
Tritonn X-100 concentration that we used in the pre-immune sera (X) and during the 
incubationss with the antibodies (Y) are indicated below as: X / Y. The sections were 
thenn incubated with the primary antibody (see below) in PBS + Y% Triton X-
1000 + 0.4% BSA at room temperature. We used antibodies raised against: 

NeuNN (anti-Neuron-Specific Nuclear Protein), 1:1000, 0.5% / 0.1% Triton 
(monoclonall  mouse, MAB 377, Chemicon, Temecula, CA, USA) (Mullen et 
al,, 1992), 

-- NCX1, 1:1000, 0.25% / 0.25% Triton (monoclonal mouse IgG, R3F1, Swant, 
Bellinzona,, Switzerland) (Porzig et al, 1993), 

-- NCX2, 1:25, 0% / 0% Triton (monoclonal mouse IgM, W1C3, kindly 
providedd by Dr. H. Porzig, Bern, Switzerland), 
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-- NCX3, 1:5000, 0.25% / 0.25% Triton (polyclonal rabbit IgG, antisera 95209, 
kindlyy provided by Dr. D.A. Nicoll, Los Angeles, CA, USA), 

-- NCKX2, 1:100, 0% / 0% Triton (polyclonal rabbit IgG antisera, Affinit y 
BioReagents,, 10 P's, Breda, The Netherlands) (Tsoi et al, 1998), 

-- P M C A l ^ , 1:2000, 0% / 0% Triton (monoclonal mouse IgG, 5F10, Upstate 
Biotechnology,, Campro Scientific, Veenendaal, The Netherlands). This 
antibodyy binds to all four PMCA subtypes (Borke et al., 1989). 

Afterr 24 h, the sections were washed in PBS (3 x 10 min.) and then incubated for 1.5 h 
inn biotinylated sheep anti-mouse or anti-rabbit IgG (Amersham, Pharmacia Biotech, 
Roosendaal,, The Netherlands), diluted 1:200 in PBS + Y% Triton X-100 + 0.4% 
BSA.. Sections were washed in PBS (3 x 10 min.) and incubated for 1.5 h in 
streptavidin-horseradishh peroxidase (Zymed Laboratories, San Francisco, CA, USA), 
dilutedd 1:200 in PBS + Y% Triton X-100 + 0.4% BSA. After washing in 0.05 M Tris-
HC1,, pH 7.9 ( 3 x 10 min.), the sections were stained with 3,3'-diaminobenzidine 
tetrahydrochloridee (30 mg DAB) and 750 u.1 1% hydrogen peroxide in a 100 ml 
solutionn of Tris-HCl. Staining was stopped by washing 10 min. in 0.05 M phosphate 
bufferr (PB). After mounting on Superfrost Plus slides, the sections were air dried, 
dehydratedd in alcohol and xylene and coverslipped with Entellan (Merck, Darmstadt, 
Germany). . 

Forr double labeling we used anti-synapsin (1:200, monoclonal mouse, Bio Trend, 
Köln,, Germany) in combination with anti-NCX3. After 24 h incubation with the 
primaryy antibodies (Ab), the sections were washed in PBS (3 x 10 min.) and then 
incubatedd for 1.5 h with a 1:200 dilution of ALEXA 488 goat anti-mouse IgG 
antiserumm (Molecular Probes, Eugene, USA) and ALEXA 568 goat anti-rabbit IgG 
antiserumm (Molecular Probes, Eugene, USA). Finally, the sections were washed in PBS 
(3x100 min.) and in 0.05 M PB (10 min.) and mounted on Superfrost Plus slides using 
Vectashieldd mounting medium for fluorescent microscopy (Vector Laboratories, 
Burlingame,, CA, USA). These sections were analyzed by means of a laser scanning 
confocall  microscopy (Biorad, MRC1024) equipped with an argon-ion laser (Aronica et 
al.,, 2003). Unless mentioned otherwise, all chemicals were obtained from Sigma. 

EvaluationEvaluation of immunostaining 

Usingg a light microscope all sections were examined by two observers independently. 
Thee intensity, the cellular localization, and the abundance of immunoreactive cells 
weree examined in different (para)hippocampal regions (CAI, CA3, dentate gyrus, 
subiculum,, entorhinal cortex) of control and KA rats. For all proteins that we have 
tested,, we did not detect any differences in the expression patterns between the 3 wk-
Controll  group and the LT-Control group. These two control groups were therefore 
pooled.. Control sections incubated without the primary Ab or replacing it with pre-
immunee sera showed only a very light background staining. 
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PhotographyPhotography and data analysis 

Imagess of sections were taken using a digital camera (Olympus D PI 1, Japan) and were 

importedd into Adobe Photoshop (version 7.0). This program was used to normalize 

contrastt and brightness, but not to enhance or change the image content in any way. 

Forr comparison of N C X 1, NCX2, NCX3, NCKX2, PMCA1-4, NeuN, Nissl and 

Timm's-stainedd sections between the experimental groups, photographs were taken at 

thee same magnification. 

R E S U L T S S 

SeizureSeizure activity after induction o/SE 

I nn all rats, systemic injections with kainic acid (total dose varied from 10—20 mg/kg) 

evokedd a Status Epilepticus (SE) that lasted for at least one hour. Al l KA-injected rats 

(33 wk-KA rats: n — 7, LT-K A rats: n = 5) had stage IV—V behavioral seizures 

characterizedd by generalization and tonic-clonic convulsions (Ben-Ari, 1985; Racine, 

1972).. A t least two to nine behavioral (stage IV—V) seizures per hour were observed 

forr at least 1-2 h after the last injection. Several KA rats almost continuously 

experiencedd seizures during the observation period. After a latent period of several 

weeks,, the KA-injected rats developed spontaneous seizures, as observed during cage 

change.. We never observed a seizure in the control rats. 

NeuronNeuron loss 

Forr each rat, neuronal cell loss in the (para)hippocampal regions was determined using 

thee specific neuronal marker NeuN. Figure 6.1 shows a typical example of NeuN 

immunoreactivityy in the hippocampal formation of a control (A), a 3 wk-KA rat (B) 

andd a LT-K A rat (C). In KA rats, neuronal loss was evident in the dentate hilus, the 

subiculum,, layer II I of the entorhinal cortex (EC) and, to a somewhat lesser extent, 

thee hippocampal areas CA1-3. Hilar cell loss was variable but in general more 

extensivee at the infrapyramidal blade than at the suprapyramidal side of the dentate 

hiluss (Gorter et a l, 2003; Gorter et al., 2001). Cell loss was not different between the 3 

wk-K AA and the LT-K A group. 

NCX1NCX1 immunoreactivity 

Contro ll  rats: Figure 6.1 shows the pattern of NCX1 expression in the 

(para)hippocampall  regions of control rats (Fig. 6.ID) and epileptic rats three weeks (3 

wk-KA ;; Fig. 6.1E) and 2.5 months after SE (LT-KA ; Fig. 6.IF). In control rats, weak 

NCX11 staining was observed in the membrane and the cytoplasm of the CA1—3 

pyramidall  cells, the dentate gyrus (DG) granule cells and neurons in the EC. 

115 5 



Chapterr 6 

NeuNN NCX1 

Figuree 6.1: NeuN and NCX1 immunoreactivity 
(A—C)) Immunostaining with anti-NeuN, a neuronal nuclear protein, demonstrates neuronal 
distributionn in the hippocampal formation of a control rat (A) and epileptic rats that were perfused 3 
weekss (3 wk-KA ; B) or 2 months (LT-KA ; C) after status epilepticus (SE). There is extensive 
neuronall  loss in the subiculum, layer II I of the entorhinal cortex and the dentate hilus (arrows in B 
andd C), whereas cell loss elsewhere is less conspicuous. (D—F) Distribution of NCX1 
immunoreactivityy in hippocampal sections of the same rats as in A-C. Note the decreased NCX1 
expressionn in layer II I of the entorhinal cortex in the epileptic rats (arrow in E). (G—I) Detail (see 
boxx in D) of distribution of NCX1 immunoreactivity in the dentate gyrus (DG). When compared 
withh control rats (G), NCX1 expression in the inner molecular layer (iml) of the epileptic rats (H and 
I)) is decreased. The «-> indicates the width of the iml. ML = molecular layer, gel = granule cell layer. 
Scalee bar in A = 750 um (applies to A—F) or 60 ^m (applies to G—I). 

Inn CA1, the strongest expression was found in stratum oriens (so) and stratum 
radiatumm (sr), while a slightly less strong expression was found in stratum lacunosum 
molecularee (slm). A very weak staining was observed in stratum lucidum of the CA3. 
NCX11 was weakly expressed in the dentate hilus. Within the molecular layers (ml) of 
thee dentate gyrus, NCX1 was more strongly expressed in the medial molecular layer 
(mml)) and inner molecular layer (iml) than in the outer molecular layer (oml), which 
showedd light staining (mml > iml > oml; Fig. 6.1G). The subicular complex showed a 
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slightlyy weaker NCX1 staining than the CA1 area (CA1 > subiculum (S) > ParaS > 
PreS).. In control rats, NCX1 staining in the entorhinal cortex was strongest in layer V 
andd VI , while the other layers had modest expression (Fig. 6.ID). Staining in layer II 
off  the entorhinal cortex had a columnar appearance. 

Epilepti cc rats: No clear differences in the NCX1 expression levels were observed 
betweenn the 3 wk-KA rats and the LT-KA rats. The pattern of NCX1 expression in 
thee epileptic rats was largely comparable with that of control rats, with a few 
exceptionss (Fig. 6.1 E-F). Staining in stratum radiatum of the CA3 region of the 
epilepticc rats was sometimes weaker than in control rats. This was related to cell death 
off  CA3 pyramidal neurons. In addition, NCX1 expression in the iml, where the axons 
off  the hilar mossy cells normally terminate on the dendrites of the DG granule cells, 
wass reduced in the epileptic rats when compared with control rats. This was related to 
celll  death of hilar neurons (Fig. 6.1 H-I) . This is supported by the fact that hilar cell 
deathh was most extensive at the infrapyramidal blade of the hilus. This correlates with 
thee relatively more extensive decrease of NCX1 expression in the infrapyramidal side 
off  the iml when compared with the suprapyramidal side. NCX1 expression in layer II I 
off  the EC of the epileptic rats was reduced when compared with control rats, again 
relatedd to the extensive cell death in this layer. Other areas within the parahippocampal 
regionn did not show altered expression. 

NCX2NCX2 immunoreactivity 

Controll  rats: In accordance with a previous study (Papa et al., 2003), strong NCX2 
expressionn was present in the somata of all neurons within the hippocampal formation 
andd entorhinal cortex (Fig. 6.2A&D). NCX2 expression in sr and so of the CA3 
regionn was moderate. NCX2 staining was also evident in apical dendrites in sr and slm, 
butt not in basal dendrites in stratum oriens of the CA1 area (Fig. 6.2D). Astrocytes 
weree weakly stained. NCX2 was also moderately expressed in the molecular layers (ml) 
off  the DG (Fig. 6.2A). There was no clear difference in NCX2 expression between the 
molecularr layers. In the EC of the control rats, staining was slightiy stronger in layer 1 
off  the EC when compared with the other layers of the EC (not shown). 
Epilepti cc rats: NCX2 staining in epileptic rats was comparable with that in control 
rats,, with a few striking exceptions: in the 3 wk-KA rats (Fig. 6.2B), the iml showed 
strongerr NCX2 staining when compared with the oml and mml. This may represent 
NCX22 expression in glial cells, that are known to be abundantly present in this region 
inn epileptic rats (Aronica et al., 2000). The high expression of NCX2 in the iml is not 
relatedd to mossy fiber sprouting into the iml, since it was present before mossy fiber 
sproutingg was only lightly present and it was not found in the LT-KA rats, that have 
extensivee mossy fiber sprouting (see below). In contrast to in control rats (Fig. 6.2D), 
aa strong NCX2 expression was observed in astrocytes (Fig. 6.2E). These astrocytes 
weree especially found in areas where cell loss is extensive: sr and slm of the dentate 
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Figur ee 6.2: NCX2 immunoreactivit y 

(A-C )) Distribution of NCX2 immunoreactivity in the DG area of a control rat (A) and epileptic rats 
threee weeks (B) and 2.5 months (C) after SE. Note the increased expression of NCX2 in the iml of 
thee 3 wk-KA epileptic rats (arrow in B) when compared with control rats. Inset in A shows an 
overvieww of NCX2 staining in a midhorizontal hippocampal section of a control rat. In the LT-KA 
rats,, NCX2 expression in the iml had returned to control levels, with the exception of a clear thin 
bandd of NCX2 expression at the outer aspect of the iml (arrow in C). (D—F) Detail of the CA1 
regionn (sp = stratum pyramidale) showing increased NCX2 expression in astrocytes (arrows) in 
stratumm oriens (so) and stratum radiatum (sr) of the epileptic rats (E and F), especially at three weeks 
afterr SE (E). Scale bar in F = 300 fm (applies to A-C) or 60 u.m (applies to D-F). 
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hilus,, the subiculum, CA1 area, the CA3 region, and also in layer II I of the EC. 
Inn the LT-KA rats, fewer (reactive) astrocytes were present than in the 3 wk-KA rats, 
however,, NCX2 expression was still obvious in a subset of astrocytes (Fig. 6.2F). The 
NCX22 expression level in the iml was comparable to that in control rats. However, in 
thesee LT-KA rats, there was a thin band of NCX2 protein expression at the border 
betweenn the iml and the mml, which may correspond with presynaptic NCX2 
expressionn in GABA-ergic or cholinergic terminals (Tolner et al., 2003) or 
postsynapticc expression of NCX2 in astrocytes (Fig. 6.2C). This band is not correlated 
withh mossy fiber sprouting, since the expression of NCX2 did not overlap with the 
sproutedd mossy fibers at this location (see Timm's staining in Fig. 6.3)4. 

NCX3NCX3 immunoreactivity 

Controll  rats: In control rats, no expression of NCX3 was observed in the somata of 
thee principal cells of the (para)hippocampal formation (Fig. 6.3A)4. In accordance with 
Papaa et al. (Papa et al., 2003), NCX3 expression in the hippocampus of control rats 
wass highest in stratum lucidum of the CA3 region (detail in Fig. 6.3G) and in the 
dentatee hilus (both corresponding with the mossy fiber terminals of the DG granule 
cells).. In sr and slm of the CA1 area, NCX3 staining was slighdy less intense than in 
thee dentate hilus. The molecular layers of the dentate gyrus showed similar expression 
off  NCX3 as the CA1 region. Within the molecular layer, the iml was slighdy weaker 
stainedd than the mml and oml (Fig. 6.3D). In the parahippocampal regions, the PreS 
showedd a higher NCX3 expression than the ParaS. Layer V and VI of the EC showed 
strongerr expression of NCX3 than the other EC layers, although it was not as strong 
ass in the PreS (Fig. 6.3A). 
Epilepti cc rats: As in control rats, no clear expression of NCX3 was found in the 
principall  neurons throughout the (para)hippocampal regions of the epileptic rats (Fig. 
6.3B-C).. NCX3 expression in slm was sometimes lower than in sr in these rats, which 
iss probably related to the fact that many axon terminals from layer II I neurons of the 
ECC that project to slm are lost in epileptic rats. We did not observe NCX3 staining in 
astrocytess of the epileptic rats. 
Inn both the 3 wk-KA and the LT-KA rats, the expression of NCX3 in stratum 
lucidumm (detail in Fig. 6.3H-I, left panels) and in the dentate hilus was dramatically 
reducedd or even completely disappeared when compared with the control rats. These 
regionss correspond with the projection areas of the mossy fibers. To investigate the 
presencee of mossy fiber terminals in si and the extent of mossy fiber sprouting into 
thee iml of the epileptic rats, we performed a Timm's staining. In control rats, mossy 
fiberfiber projection was restricted to CA3 (si) and hilar region. Mossy fiber sprouting was 
evidentt in the iml of the 3 wk-KA rats, especially at the infrapyramidal blade (Fig. 
6.3B-inset);; iml sprouting was very robust in the LT-KA rats (Fig. 6.3C-inset). 

^Figuree 6.3 is shown on the back cover of this thesis. The corresponding caption can be found on the last 
pagee of this thesis. 
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NCX33 expression in the iml of the 3 wk-KA rats was reduced (Fig. 6.3E), while the 
omll  of these rats showed increased NCX3 staining when compared with the control 
rats.. In the LT-KA rats (Fig. 6.3F), the expression of NCX3 in the oml was even 
stronger,, while staining in the iml of these rats was even weaker than in the 3 wk-KA 
(Fig.. 6.3E). We also investigated the extent of synaptic reorganization in the iml using 
anti-synapsinn as a presynaptic marker, staining for the vesicle protein synapsin. 
Synapsinn staining in the iml of the control rats was evident (Fig. 6.3D-inset). In the 3 
wk-KAA rats, staining was still present, although reduced when compared with the 
controll  rats. Synapsin expression showed a punctuate pattern just above the granule 
celll  layer in these 3 wk-KA rats (Fig. 6.3E-inset). NCX3 expression in the iml of the 
LT-K AA rats was weak, while synapsin staining was much more intense than in the 3 
wk-KAA rats and overlapped with the robust Timm's staining in the iml (Fig. 6.3F-
inset),, indicating that the new synapses remain devoid of NCX3. 

AA double-labeling experiment with anti-NCX3 and anti-synapsin clearly showed 
expressionn of both proteins throughout stratum lucidum in control rats (Fig. 6.3G-
rightt panel). In epileptic rats, the expression of NCX3 in this layer was markedly 
reduced.. This was not due to loss of mossy fiber terminals in this region, since they 
weree still prominently present as evidenced by synapsin immunoreactivity (Fig. 6.3H-
rightt panel). In addition, NCX3 expression in si of the LT-KA rats was still very low, 
whilee mossy fiber terminals, indicated by the black Timm's staining in this same layer, 
weree abundantly present (Fig. 6.31-right panel). 

Inn the parahippocampal regions, except for a decrease of NCX3 staining in layer II I of 
thee entorhinal cortex which is probably related to cell loss, no clear differences in 
NCX33 expression between epileptic and control rats were found. 

NCKX2NCKX2 immunoreactivity 

Controll  rats: In control rats, NCKX2 expression was evident in the somata and in the 
dendritess of neurons in all (para)hippocampal regions (Figure 6.4A). Staining in 
stratumm lacunosum moleculare was slightly stronger than in stratum radiatum. Staining 
off  stratum lucidum was weak. In the ml, staining was also found in astrocytes. The iml 
showedd slightly weaker staining than the other two layers of the ml (Figure 6.4D&G). 
Theree was a thin band of NCKX2 protein expression on the border between iml and 
mml,, presumably representing NCKX2 expression in astrocytes. 
Epilepti cc rats: The expression pattern of NCKX2 in epileptic rats was largely 
comparablee with that in control rats. However, in the 3 wk-KA rats and, to a lesser 
extent,, the LT-KA rats, many (reactive) astrocytes were present throughout the 
hippocampuss (dentate hilus, stratum lacunosum-moleculare and stratum radiatum of 
thee CA1 area (Fig. 6.4B—C), the subicular complex and also in layer II I  of the 
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Figur ee 6.4: N C K X 2 immunoreact iv i t y 

(A—C)) Detail of the CA1 region (sp = stratum pyramidale) showing increased NCKX2 expression in 
astrocytess (arrows) in stratum oriens (so) and stratum radiatum (sr) of the epileptic rats (B and C), 
especiallyy at three weeks after SE. Inset in A shows NCKX2 staining in the hippocampal formation 
off  a control rat (A). (D-F) Distribution of NCKX2 immunoreactivity in the dentate gyrus (DG) area 
off  a control rat (D) and epileptic rats three weeks (E) and 2.5 months after SE (F). Note the 
increasedd expression of NCKX2 in the iml of the 3 wk-KA epileptic rats (arrow in E, detail in H) 
whenn compared with control rats (D, detail in G). In the LT-KA rats, NCKX2 expression in the iml 
hadd returned to control levels, with the exception of a clear thin band of NCKX2 expression at the 
outerr aspect of the iml (arrow in F, detail in I). (G—I) Detail of the molecular layer (see box in E). 
Thee <-*  indicates the width of the iml. gel = granule cell layer. Scale bar in C = 60 pun (applies to A-C 
andd G-I) or 300 [im (applies to D—F). 

entorhinall  cortex. The NCKX2 expression level in these astrocytes was strongest in 
regionss with extensive neurodegeneration. When compared with control rats, NCKX2 
stainingg was markedly increased in the iml of the 3 wk-KA rats (Fig. 6.4E&H). In the 
LT-K AA rats, NCKX2 staining in the iml was only slighdy darker than in control rats 
(Fig.. 6.4F&I). In addition, the small band of NCKX2 expression at the border 
betweenn iml and mml in these LT-KA rats was more pronounced than in the control 
rats,, especially at the infrapyramidal side where hilar cell loss was more extensive. 
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PMdAPMdA immunoreactivity 

Controll  rats: In control rats, the principal cells in all (para)hippocampal areas showed 
PMCAA staining in the membrane, but not in the cytoplasm (Fig. 6.5A). Staining in 
stratumm lucidum and the dentate hilus was moderate to weak. Within the 
hippocampus,, PMCA expression was highest in stratum oriens (so > sr > si and 
dentatee hilus). PMCA expression in the ml was not different between the three layers 
(Fig.. 6.5D). PMCA staining in the subiculum was weaker than in the CA1 region (Fig. 
6.5A).. Within the pre- and parasubiculum, PMCA expression in the superficial layers 
(II )) was higher than in the deep layers. Within the entorhinal cortex, layer I, V and VI 
showedd a stronger expression of PMCA than the other layers of the entorhinal cortex. 
Theree was a slight increase of staining from the lateral entorhinal cortex to the 
perirhinall  cortex. 

Epilepticc rats: The pattern and intensity- of PMCA expression in the hippocampus of 
thee epileptic rats was largely comparable with that in control rats (Fig. 6.5B-C). As in 
controll  rats, PMCA in epileptic rats was expressed in the membrane and not in the 
cytoplasmm of the principal cells in all (para)hippocampal areas. There were no marked 
differencess in PMCA expression between the 3 wk-KA and LT-KA rats. In stratum 
radiatumm of the CA3 area in the epileptic rats, PMCA staining of the dendrites 
(neuropil)) was weaker when compared with control rats, probably related to cell death 
off  the CA3 pyramidal neurons. As in control rats, PMCA expression in stratum 
lucidumm and the dentate hilus of epileptic rats was low. PMCA expression in the iml of 
thee dentate gyrus in the 3 wk-KA rats was higher when compared with the other two 
layerss of the ml (Fig. 6.5E). The expression level of PMCA in the iml of these rats was 
higherr than in control rats. In the LT-KA rats, there was an increase in PMCA staining 
throughoutt all molecular layers, although it was most evident in the iml and mml (Fig. 
6.5F). . 

Inn epileptic rats, staining in layer III of the entorhinal cortex (both medial and lateral) 
wass weaker when compared with control rats and it had a columnar appearance (Fig, 
6.5C-inset).. This most likely represents PMCA expression in the dendrites of layer V 
pyramidall  neurons of the entorhinal cortex that traverse through layer II I of the 
entorhinall  cortex. Since many PMCA-positive neurons in layer II I are lost in epileptic 
rats,, layer V dendrites are now more conspicuous against a light background than in 
controlss (compare Figs. 6.5A,B and C). 
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Figur ee 6.5: P M C A immunoreact iv i t y 

(A-C)) Distribution of PMCA immunoreactivity in the (para)hippocampal regions of a control rat (A) 
andd epileptic rats three weeks (B) or 2.5 months (C) after SE. Note the reduced PMCA expression in 
layerr II I of the entorhinal cortex in epileptic rats (arrows in B and C). The inset in C represents a 
detaill  of layer II I of the EC (see box in C) showing PMCA staining with a columnar appearance. 
(D-F)) Detail of distribution of PMCA immunoreactivity in the molecular layer of the dentate gyrus 
(seee box in B) of a control (D), 3 wk-KA rat (E) and a LT-KA rat (F). When compared with the 
controll  rats, PMCA expression is increased in the iml of the 3 wk-KA rats. In the LT-KA rats, there 
wass an overall increase in PMCA staining throughout the whole molecular layer, which was most 
evidentt in the iml and medial molecular layer (mml). See also arrowheads in B and C. The <-» 
indicatess the width of the iml, gcl= granule cell layer. Scale bar in A = 750 \xm (applies to A-C), 60 
u.mm (applies to D-F) or 200 fim for inset in C. 
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DISCUSSION N 

Inn this study, we found several alterations in the hippocampal expression patterns of 
calciumm extrusion proteins in chronic epileptic rats when compared with control rats, 
whichh can be summarized as follows: (1) an extensive and lasting downregulation of 
thee expression of NCX3 in mossy fiber terminals from epileptic rats, (2) a permanent 
downregulationn of NCX1 and NCX3 expression in the inner molecular layer of the 
DG,, (3) a (transient) upregulation of PMCA and NC(K)X2 in the (inner) molecular 
layerr after SE, and (4) a (transient) upregulation of NCX2 and NCKX2 in astrocytes 
off  epileptic rats throughout the hippocampal formation. In addition, alterations in 
calciumm extrusion protein expression were found that could be direcdy attributed to 
celll  loss that is known to occur within specific regions of epileptic rats. For example, 
NCX11 and PMCA expression levels were decreased in layer II I of the entorhinal 
cortex,, where cell loss was extensive. 

ReducedReduced XCX3 expression at specific presynaptic sites of epileptic rats 

Thee most conspicuous finding in this study was the dramatic and persistent decrease 
off  NCX3 expression in the mossy fiber terminals of the DG granule cells in epileptic 
ratss (3 weeks and 2-3 months after SE). NCX3 expression disappeared in the mossy 
fiberfiber terminals in stratum lucidum that project on the CA3 pyramidal neurons. In 
addition,, the newly formed mossy fiber sprouts that project on the dendrites of the 
DGG granule cells in the inner molecular layer did not noticeably express NCX3, until 
att least 2.5 months after SE. NCX3 expression was markedly reduced in stratum 
lucidumm of the epileptic rats (3 weeks and 2.5 months after SE) when compared to 
controll  rats, while the expression of the other calcium extrusion proteins in this region 
wass low and not different between control and epileptic rats. 
Thee number of mossy fibers in stratum lucidum was not different between control 
andd epileptic rats as evidenced by the Timm's staining and synapsin levels in this layer. 
Therefore,, the decreased NCX3 expression in stratum lucidum, where the mossy fiber 
terminalss form synapses with the CA3 pyramidal neurons, might result in a slower 
clearancee of elevated [Ca2+], from the terminal and could well affect the properties of 
neurotransmitterr release from the mossy fiber terminals (Bouron and Reuter, 1996). 
Goussakovv et al. reported an increase in the size of the releasable glutamate pool in 
mossyy fiber terminals of KA-treated rats, indicating an increased release probability at 
thee mossy fiber-CA3 synapse in these rats (Goussakov et al., 2000). The possible 
functionall  relevance of reduced NCX expression is underscored by a recent study of 
Jeonn et al. who found that in NCX2 null-mutant mice, paired-pulse facilitation and 
long-termm potentiation in the CA1 area of the hippocampus were enhanced and spatial 
learningg was improved (Jeon et al., 2003). 

Inn the iml of the dentate gyrus, (dynamic) alterations in the expression of several 
calciumm extrusion proteins were found after SE. Due to hilar cell death, the projection 
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off  these excitatory mossy cells onto the dendrites of the DG granule cells in the iml 
(Amarall  and Witter, 1995) is largely lost. In turn, new excitatory synaptic contacts are 
formedd by sprouted mossy fiber collaterals that project to the dendrites of the DG 
granulee cells in the inner molecular layer, resulting in a recurrent excitatory circuit 
(Avolii  et al., 2002; Golarai and Sutula, 1996; Wuarin and Dudek, 1996). Three weeks 
afterr SE, moderate mossy fiber sprouting was already evident, but not as prominent as 
inn the long-term epileptic rats. These newly formed sprouted mossy fibers in epileptic 
ratss did not noticeably express NCX3 or NCX1. The (transient) upregulation of 
NCX22 and NCKX2 in the iml of epileptic rats could be ascribed to increased 
expressionn of these exchangers in reactive glial cells, as discussed below. NCX2 and 
NCKX22 are not upregulated in the sprouted mossy fibers, since only a small band of 
expressionn was observed at the outer aspect of the iml in the long-term epileptic rats, 
inn which sprouting fills the entire iml. Finally, PMCA expression was found to be 
upregulatedd in the iml of the epileptic rats, but this observation probably represents an 
overexpressionn of this protein in the dendrites of the DG granule cells as will be 
discussedd below. 

Takenn together, we might speculate that the low expression of the calcium extrusion 
systemss in the newly formed mossy fiber terminals in the epileptic animals could result 
inn a relatively slow recovery from calcium loads after electrical stimulation. This in 
turnn may lead to enhanced neurotransmitter release from these terminals (Bouron and 
Reuter,, 1996), thereby even further enhancing recurrent excitation of the DG granule 
cellss and, therefore, overall excitability of the dentate gyrus. This will contribute to the 
developmentt of chronic epilepsy. Regarding these findings, it is interesting to note that 
severall  authors have reported that the amplitude, frequency and duration of 
spontaneouss excitatory currents are increased in epileptic rats with extensive mossy 
fiberfiber sprouting when compared with control rats. Amongst others, they suggest that 
thee larger amplitude could be the result of increased neurotransmitter release from the 
mossyy fiber terminals (Simmons et al, 1997; Wuarin and Dudek, 2001). In addition to 
thee previously reported loss of the calcium-binding protein calbindin-D28k from 
mossyy fiber terminals in human and experimental epilepsy (Baimbridge et al., 1985; 
Kohrr et al., 1991; Magloczky et al, 1997; Nagerl et al., 2000; Yang, Q. et al., 1997), the 
losss of NCX3 from the mossy fiber terminals is another indication of impaired 
calciumm control in mossy fiber terminals in chronic epilepsy. 

PMCAPMCA upregulation in the iml of epileptic rats 

Thee PMCA was upregulated in the iml of both the 3 wk-KA and the LT-KA rats. 
However,, while the PMCA expression level was clearly increased in the iml of the 3 
wk-KAA rats, mossy fiber sprouting was not very extensive in these rats. This argues 
againstt a presynaptic upregulation of the PMCA in the sprouted mossy fiber terminals. 
Thus,, the PMCA is most likely upregulated postsynaptically in the dendrites of the 
DGG granule cells. In these dendrites, the upregulation of PMCA will promote the 
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recover)77 from calcium loads after electrical activity. Because the PMCA has a high 
affinityy for calcium, it can effectively operate near resting [Ca2+], and an upregulation 
couldd maintain a stable calcium resting level to compensate, for example, an increase 
inn calcium current. 

Althoughh an overexpression could function as a postsynaptic mechanism to 
compensatee for the enhanced neurotransmitter release from the sprouted mossy 
fibers,fibers, its physiological relevance may be limited: following a burst of activity, the 
resultingg substantial elevation of [Ca2+]j will quickly saturate the high-affinity PMCA, 
whilee its capacity to rapidly extrude Ca2+, is limited (Blaustein and Lederer, 1999). 

IncreasedIncreased expression o/NCX2 and NCKX2 in astrocytes of epileptic rats 

Twoo transporters (NCX2 and NCKX2) showed increased expression after SE in 
astrocytess throughout the hippocampal formation, particularly in regions where cell 
losss was extensive. This was most evident in the 3 wk-KA rats, in which gliosis is 
robustt (Aronica et al., 2000). 2.5 months after SE, the upregulation of NCX2 and 
NCKX22 was still evident in astrocytes. However, the number of NC(K)X2-positive 
astrocytess in these long-term epileptic rats was less than what can be observed during 
thee first weeks after SE (forgensen et al, 1993). In astrocytes, NCX2 and NCKX2 
(Lyttonn et al., 2002) both play a role in the recovery from calcium loads after a period 
off  electrical activity. In addition, NCKX2 exploits the potassium gradient, so that it is 
ablee to extrude calcium more efficiendy than the potassium-independent exchangers 
(ENCKXX  > iiNCx) (Eee et al., 2002). The precise quantitative consequences are as yet 
unknown,, but there could be a functional link with the other important role of glia, 
namelyy spatial buffering of extracellular potassium (Chen and Nicholson, 2000). The 
increasedd NCKX2 expression in astrocytes will not only lead to enhanced calcium 
extrusion,, but it will also contribute to the restoration of intracellular K+ levels, that 
aree elevated during seizure activity when the glial syncytium functions as a spatial 
potassiumm buffer. 
Inn addition to the substantial increase in the number of reactive astrocytes, several 
epilepsy-associatedd alterations of functional properties that are associated with calcium 
homeostasiss have been reported in glial cells (Steinhauser and Seifert, 2002). In animal 
modelss of TLE, metabotropic glutamate receptor 5 proteins (mgluS) are persistently 
upregulatedd in reactive astrocytes of the hippocampus (Aronica et al., 2000; Ulas et al., 
2000).. Frequent activation of mglu5 during seizures will result in an increase of [Ca2+]i 
byy releasing calcium from internal stores. In this regard, it is interesting to note that 
thee NCX has been reported to be confined to plasma membrane microdomains that 
overliee sub-plasmalemmal (junctional) ER, where it is suggested to play an important 
locall  role in regulating the Ca2+ content of the ER stores (Blaustein and Lederer, 1999; 
Juhaszovaa et al., 2000). 
Specificc calcium channel subunits forming the L-type calcium current are strongly 
upregulatedd in reactive hippocampal astrocytes from TLE patients with hippocampal 
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sclerosiss (Djamshidian et al., 2002) and following KA-induced chronic epilepsy 

(Westenbroekk et al., 1998), which wil l lead to an increased calcium influx in these cells 

andd may demand more effective calcium extrusion in order to maintain the calcium 

homeostasiss in astrocytes. The increased expression of NCX2 and N C K X 2 could 

fulfil ll  this need. 

Conclusions Conclusions 

Inn conclusion, we found various alterations of calcium extrusion protein expression 

levelss in the hippocampal-parahippocampal region of chronic epileptic rats, which 

certainlyy wil l contribute to altered calcium homeostasis in these rats. Some changes 

mayy lead to increased excitability through decreased expression at the presynaptic site 

(NCX1,, NCX3). Other calcium extrusion proteins are upregulated at the postsynaptic 

sitee (PMCA) and /or seem to compensate for the loss of NCX1 and NCX3 expression 

att the inner molecular layer where synaptic reorganization is progressively increasing 

duringg epileptogenesis. Moreover, at places where extensive degeneration has 

occurred,, reactive astrocyte expression of NCX2 and N C K X 2 becomes evident, 

probablyy as a reaction on the increased calcium fluxes that occur in these cells after 

SE.. In addition, the increased N C K X 2 expression in astrocytes wil l also contribute to 

thee clearance of K + from the astrocyte syncytium, which is involved in K + buffering 

duringg seizure activity. Our results show regional-specific changes in the expression of 

calciumm extrusion proteins in epileptic rats, indicating altered calcium homeostasis in 

thee diseased state. More importantly, some alterations in calcium extrusion protein 

expressionn are already present at 3 weeks after SE and could therefore be involved in 

thee process of epileptogenesis. 
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MAI NN F INDINGS 

1.. In chronic epileptic rats three months after electrically-induced SE, the voltage 
dependencee of activation of the transient sodium current in CAl pyramidal neurons 
wass shifted to more hyperpolarized potentials when compared with control rats. 
Thiss may lower the spike threshold of the neuron. Together with a small shift of 
thee steady-state inactivation function to more depolarized potentials, the shift of the 
activationn function resulted in a significantly increased sodium window current in 
thee epileptic rats. This will drive the membrane voltage closer to firing threshold 
andd promote (high-frequency) firing. The voltage range where the window current 
occurredd was shifted closer to resting membrane potential. Together, these 
alterationss will contribute to increased excitability in the chronic epileptic state 
(Chapterr 2). 

2.. The alterations of the sodium current properties in chronic epileptic rats were 
celltype-specific:: voltage-activated transient sodium current characteristics in DG 
granulee neurons were not different from those in control rats (Chapter 2). 

3.. In pharmacoresistant epilepsy patients with or without hippocampal sclerosis, the 
anti-epilepticc drug LTG induced a concentration-dependent shift of the steady-state 
inactivationn function of the transient sodium current to more hyperpolarized 
potentials.. The effect of LTG was not different between CAl and neocortical 
neuronss from patients with hippocampal sclerosis. We conclude that 
pharmacoresistancee in epileptic patients (with hippocampal sclerosis) is not 
associatedd with a reduced modulation of the sodium current steady-state 
inactivationn by LTG in CAl pyramidal neurons (Chapter 3). 

4.. Three weeks after kainate-induced epileptogenesis, voltage-activated transient 
sodiumm current properties in acutely dissociated CAl pyramidal neurons were not 
differentt from those in control rats (Chapter 5). 

5.. Three weeks after kainate-induced epileptogenesis, voltage-activated HVA calcium 
currentss in acutely dissociated CAl pyramidal neurons inactivated significantly 
slowerr when compared with those recorded from control rats. However, the 
increasee in calcium influx that could result, did not reach significance at this point 
inn time (Chapter 5). 

6.. The sodium-calcium exchange current can be recorded from acutely dissociated rat 
(andd human) CAl pyramidal neurons using the whole-cell voltage-clamp technique. 
Thiss current exhibits an essentially linear voltage dependence and is dependent on 
thee sodium and the calcium gradient over the membrane (Chapter 4). 
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7.. Three weeks after after kainate-induced epileptogenesis, somatic NCX current 
propertiess in acutely dissociated rat CA1 pyramidal neurons were not different from 
thosee in control rats (Chapter 5). 

8.. The expression of calcium extrusion proteins in the hippocampal formation is 
regionally-specificc altered in the course of epileptogenesis: (1) NCX3 expression 
wass extensively and permanendy downregulated in mossy fiber terminals from 
epilepticc rats, (2) NCX1 and NCX3 expression in the inner molecular layer of the 
DGG are permanendy downregulated, (3) PMCA and NC(K)X2 expression are 
(transiently)) upregulated in the (inner) molecular layer, and (4) NCX2 and NCKX2 
expressionn are (transiently) upregulated in astrocytes of epileptic rats throughout the 
hippocampall  formation. These changes most likely reflect an altered calcium 
homeostasiss in the diseased state. Some alterations in calcium extrusion protein 
expressionn are already present 3 weeks after kainate-induced SE and are clearly 
involvedd in the early stages of epileptogenesis (Chapter 6). 
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REGULATIO NN OF CELLULA R EXCITABILIT Y 

Neuronss have the ability to process and transmit incoming stimuli in many different 
wayss to make sense of the wide range of information that enters our brain. Neurons 
cann even adapt their properties to facilitate neuronal signalling. Such plasticity can also 
bee of disadvantage: it may for example lead to epilepsy, a chronic condition of 
enhancedd excitability that regularly triggers seizures in which large populations of 
neuronss fire in a highly synchronized way. 

Inn this thesis I have investigated several aspects of cellular excitability in the soma of 
isolatedd hippocampal neurons in relation with epilepsy. In addition, I have investigated 
alterationss in the expression levels of calcium extrusion mechanisms within the 
hippocampall  formation. 
Cellularr excitability is primarily determined by intrinsic membrane conductances in the 
plasmaa membrane (Na+, K+, Ca2+ and CI currents gated by voltage-activated ion 
channels).. These membrane conductances do not operate independendy of each other: 
togetherr they determine the membrane potential, while at the same time they are 
directlyy dependent on this membrane potential. A major part of our research was 
focusedd on the two main excitatory ionic currents in hippocampal neurons: voltage-
dependentt sodium and calcium currents. Both currents are important for cellular 
excitabilityy and neuronal stability. Figure 7.1 shows a schematic overview of how these 
twoo excitatory ionic currents are involved in the regulation of cellular excitability. 
Otherr ionic currents such as potassium currents and chloride currents also contribute 
too stability of neuronal networks, but were not included in our study. 
Thee sodium current is primarily responsible for the upstroke of the action potential 
(Hodgkinn and Huxley, 1952), while the calcium current also contributes, by 
depolarization,, to changes in excitability such as synaptic efficacy, firing threshold and 
firingg frequency (Hille, 1992). Altered sodium or calcium current characteristics may 
havee important consequences for neuronal excitability and are important in CNS 
diseasess associated with altered excitability, such as chronic epilepsy. In addition to the 
directt effects of the calcium current on cellular excitability by depolarization, calcium 
currentss result in an increase in the intracellular free calcium concentration ([Ca2+]j) . 
Thee ;Ca2+j, is an important factor in the regulation of excitability. It influences 
excitabilityy directly, by activating calcium-dependent potassium channels, by mediating 
calcium-dependentt inactivation of voltage-activated calcium channels or by inducing 
neurotransmitterr release, and indirectly, by acting as a second messenger in 
intracellularr processes such as protein phosphorylation, gene transcription and 
plasticity. . 
Increasess in [Ca2+], represent an important intracellular signal. The calcium gradient 
overr the plasma membrane is ven- large ([Ca2+]; (100 nM) <<< [Ca2+]„  (2 mM)). As a 
result,, even a small calcium influx will result in a large signal. It is essential that this 
signall  be regulated both temporally and spatially. Calcium homeostasis is accomplished 
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Figur ee 7.1: Exci tabi l i t y in an isolated CA1 pyramida l neuron 

VDSCC = voltage-dependent sodium currents, Vm = membrane potential, Î .Ca — calcium-acüvated 
potassiumm currents, NMDA- R = NMDA receptor-operated, VDCC = voltage-dependent calcium 
currents,, PMCA = plasma membrane Ca2+ ATPase, NCX = sodium-calcium exchange. Inhibitor} ' 
chloridee currents and other potassium currents are omitted from this scheme. 

byy interplay of calcium influx mechanisms such as voltage-activated and receptor-
operatedd calcium channels, calcium buffering by calcium-binding proteins (and calcium 
sequestrationn in intracellular organelles) and calcium extrusion systems. Together, these 
factorss determine the calcium balance in a neuron (Blaustein and Lederer, 1999). 
Calciumm buffering by calcium-binding proteins can shape the calcium signal but, to 
maintainn a steady-state calcium concentration, in the end all calcium that has entered 
thee cell during activity has to be extruded. Therefore, calcium extrusion over the 
plasmaa membrane is of crucial importance. Calcium ions are extruded from the 
cytoplasmm via the plasma membrane Ca2+-ATPase (PMCA) or the sodium-calcium 
exchangerr (NCX). During epileptic seizures, [Ca2+]i may rise to high levels as a result 
off  continuous activation of voltage-activated calcium channels and persistent 
glutamatee activation of NMDA-receptor operated channels. [Na+], levels will also rise, 
butt the fractional change due to a similar current is many orders of magnitude smaller 
andd the sodium gradient is rapidly restored by the sodium-potassium pump. Due to its 
highh affinity for intracellular Ca2+, the PMCA will already saturate at moderate calcium 
concentrations.. In contrast, the NCX has a low-affinity for intracellular Ca2+ and will 
thereforee become the dominant regulator for calcium extrusion during and after 
seizures.. Because of its large transport capacity, it is able to quickly extrude many 
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calciumm ions from the cytoplasm. In epileptic patients and in animal models for TLE, 
persistentpersistent alterations in calcium currents have been reported to occur in hippocampal 
neurons.. If other circumstances stay the same, such changes should result in persistent 
changess in calcium influx. As stated above, to maintain calcium balance on the long-
term,, changes in calcium influx in turn have to be accompanied by changes in calcium 
extrusion. . 

WhichWhich parameters are the key determinants in the regulation of cellular excitability and how are they 
relatedrelated to each other? The answer to this comprehensive question is extremely complex. 
Still,, understanding the (hierarchy of the) mechanisms that determine excitability in 
singlee neurons is an important step in understanding how information is processed in 
thee brain. In addition, such new insights may lead to improved (pharmacological) 
treatmentt of conditions that are associated with altered excitability, such as epilepsy. 
Whenn combined with insights from literature, the findings in this thesis allow some 
speculationn on this interesting topic. Regulation of excitability in the brain can be 
picturedd as a hierarchical pyramid with distinct, strongly interacting levels ranging from 
neuronall  network properties to specific ionic current characteristics (Figure 7.2). 
Thee impact of alterations of excitability on brain functioning depends on the level at 
whichh they occur. Changing a single parameter of an ionic current (e.g. amplitude, 
kineticss or voltage dependence) in a specific cell type will have profound effects on the 
excitabilityy of the whole network (bottom-up). Changing network properties (e.g. 
connectivity)) will affect network excitability, but does not necessarily result in altered 
cellularr properties of the neurons integrated in this network (top-down). In a rather 
exceptionall  case, alterations in network properties may even cancel altered cellular 
properties,, or vice versa, resulting in unaltered excitability. 

// brain \ 
// functions \ 

// II  \ 
// network properties \ 

// ÏT \ 
// cellular properties \ 

// " \ 
// ionic current properties \ 

Figuree 7.2. Levels of regulation of excitability in the brain 
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Fromm a clinical point of view, it may seem most beneficial to change network 
properties,, since this has the highest probability of successfully suppressing seizure 
generation.. On the other hand, as changing network properties affects the whole 
system,, the effect of this approach may be too powerful, resulting in many adverse 
effects.. Changing excitability at a lower level of the regulation pyramid will probably 
resultt in more subtle effects. For example, by changing one single ionic current 
parameterr of the voltage-activated sodium current, high-frequency firing may be 
effectivelyy suppressed, while normal action potential firing remains undisturbed. Many 
anti-epilepticc drugs (AEDs), such as carbamazepine, phenytoin, valproate and 
lamotrigine,, are known to be effective due to such a selective mechanism: they delay 
thee recovery from inactivation of the voltage-activated sodium current, while normal 
actionn potential generation is unaffected. 

Fromm the fact that many epileptic patients develop pharmacoresistance during the 
coursee of their epileptic condition, it is clear that the complex of interacting 
mechanismss that regulate excitability is subject to continuous alterations, which 
reflectss the upward and downward interactions between the elements in the pyramid. 
Thereforee it is extremely important to gain more insight into the hierarchy of the 
mechanismss that regulate network and cellular excitability. In this way, it may even 
becomee possible to determine the optimal level of regulation, which may result in new 
leadss for the development of more effective AEDs. Influencing the critical parameter 
(orr parameter set) in the regulation system should then result in an optimal effect on 
cellularr and, finally, network excitability, while adverse effects may be minimized. An 
evenn more optimistic scenario would be the possibility of intervening epileptogenesis, 
therebyy preventing the chronic epileptic state. For that reason, understanding how 
higherr levels in the pyramid cope with alterations (mistakes) at a lower level is of prime 
importance.. The network is able to counterbalance the malfunctioning of a small 
numberr of neurons, in this way guaranteeing neuronal stability at all levels. Likewise, 
networkk alterations may trigger cellular changes (activity-dependent plasticity), which 
inn turn stabilize excitability at all levels. However, at some point this compensation will 
becomee insufficient and epileptogenesis may start. 

Givenn the complexity of this matter, it is clear that this ultimate goal cannot be 
achievedd in one thesis. By studying some cellular aspects of excitability, I hope to 
contributee (a little) to solving this challenging quest. 

Thee research described in this thesis addressed the following questions: 

•• Are voltage-activated sodium and calcium current characteristics from 
hippocampall neurons altered in chronic epilepsy? (Chapter 2 & 5) 

•• Is the expression of the calcium extrusion proteins in the hippocampal 
formationn altered in chronic epilepsy? (Chapter 6) 
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•• Is NCX functioning in CA1 pyramidal neurons altered in chronic epileptic 
rats?? (Chapter 4 & 5) 

•• Is the sensitivity of the voltage-activated sodium current to the anti-epileptic 
drugg lamotrigine altered in hippocampal neurons from pharmacoresistant 
epilepticc patients? (Chapter 3) 

Thee first three topics will be discussed in more detail below. 

EXPERIMENTA LL  FINDING S 

!! 'oltage-activated sodium currents in epilepsy 

Inn CA1 pyramidal neurons from chronic epileptic rats (post-SE rats, three months 
afterr an electrically-induced SE) we have found alterations in the voltage-activated 
transientt sodium current characteristics (Chapter 2): when compared with control rats, 
thee sodium current activated at relatively more negative membrane potentials (AVh,a

 = 

6.55 mV). This will result in a lower threshold for action potential generation. In 
addition,, the window current (a persistent sodium current that only exists at 
membranee potentials where a sodium current can be activated and the current does 
nott completely inactivate) was significantly larger and shifted closer to the resting 
membranee potential in epileptic rats. The resulting sustained influx of sodium ions at 
relativelyy more hyperpolarized membrane potentials will contribute to depolarization 
(severall mV) of the cell, resulting in a reduced threshold for action potential firing. 
Thee altered sodium current characteristics that we reported would therefore contribute 
too increased cellular excitability in these chronic epileptic rats. 

Whatt could be the mechanisms underlying these altered sodium current characteristics 
inn chronic epileptic rats? As discussed in Chapter 2, changes in modulation of the 
sodiumm channels (e.g. phosphorylation) are a possibility, but they may have a profound 
effectt on other proteins (e.g. other ion channels!) as well. Alterations in the expression 
levell of the various sodium channel subtypes/alpha subunits are another possibility to 
accountt for the long-term effects in chronic epilepsy. As described in the introduction 
off this thesis, several authors already have reported alterations of the expression of 
sodiumm channel subtypes or subunits in human and experimental epilepsy (Aronica et 
al.,, 2001; Bartolomei et al., 1997; Ellerkmann et al., 2003; Gastaldi et al., 1997; Gastaldi 
ett a l , 1998; Lombardo et al., 1996; Whitaker et al, 2001). 

Thee observed increase of the window current in electrically-induced post-SE rats 
togetherr with the shift of the activation curve of the sodium current to more negative 
membranee potentials are very intriguing in light of the fact that these post-SE rats 
exhibitedd spontaneous, recurrent seizures. In the kindling model for epileptogenesis, 
noo alteration of the voltage dependence of activation of the transient sodium current 
wass found (Vreugdenhil, M. et al., 1998a). In contrast to post-SE rats, kindled rats 
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generallyy do not exhibit spontaneous epileptic seizures. Could an increase of the 
windoww current and/or a shift of the activation function be sufficient for generadon 
off spontaneous seizures? Computer simuladons using the "Neuron" simulation 
environmentt of Hines and Carnevale (Hines and Carnevale, 1997) indeed showed that 
ann increased window current can result in spontaneous epileptic seizures (Kager et al., 
2004).. To be more precise, these simulations showed that any net persistent inward 
currentt component is sufficient for seizure generation. There are several redundant 
pathwayss to accomplish this: NMDA-receptor mediated currents, the persistent 
sodiumm current (IN3P) and as described before, the window current resulting from the 
overlapp between the activation and steady-state inactivation curve of the voltage-
activatedd transient sodium current. 
AA persistent inward current component resulting in seizure generation may be a 
universall mechanism for several neuronal cell types that are involved in epilepsy: both 
inn subiculum neurons from epileptic patients (Vreugdenhil, M., Wadman, W.J., 2004) 
andd in neurons from layer V of the entorhinal cortex from pilocarpine-induced 
epilepticc rats, an increase of the persistent sodium current has been reported (Agrawal 
ett al., 2003). It is interesting to note that some AEDs effectively suppress INap in 
corticall neurons (Chao and Alzheimer, 1995; Taverna et al., 1998). This may in part be 
responsiblee for the anticonvulsive effects of these drugs, although this still has to be 
determined. . 
Iss either the increased window current or the shift of the activation curve enough, or 
aree both necessary to sufficiently increase excitability up to a level where spontaneous 
seizuress may occur? In Chapter 2, we have already discussed that 20% of the increase 
off the window current in the electrically-induced post-SE rats could be attributed to 
thee small shift of the steady-state inactivation curve to more depolarized potentials. 
Sincee the window current is the direct result of the overlap between the steady-state 
inactivationn curve and the activation curve of the transient sodium current, this implies 
thatt 80% of the increase of the window current was directly caused by the shift of the 
activationn curve to more hyperpolarized potentials. As the major part of the increase 
off the window current would not exist without the shift of the activation curve, for 
thiss situation it is impossible to evaluate the effect of each alteration alone. 
However,, both scenarios are at least theoretically possible. For instance, the window 
currentt may be increased, while the activation curve is not shifted. This could happen 
ass a result of a (significandy large) shift of the steady-state inactivation function to 
moree depolarized levels. Such a shift has been reported in kindled rats, however, it is 
unknownn whether it was sufficiently large to significandy increase the window current 
inn these rats (Vreugdenhil, M. et al, 1998a). When primarily caused by a shift of the 
inactivationn function to more positive potentials, the (maximal) window current will 
occurr at relatively more depolarized potentials. Its precise contribution to membrane 
depolarizationn critically depends on the voltage dependence of the window current. 
Alternatively,, when the shifts of the activation and the inactivation function are equally 
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largee and occur in the same direction, the window current amplitude remains unaltered 
(thee minor change due to the altered driving force is negligible). Still, the voltage range 
wheree the window current occurs is shifted over the voltage axis. If the voltage range 
iss shifted closer to the resting membrane potential, the unaltered window current 
amplitudee will become more effective. Obviously, the above illustrates that the 
relevancee of the window current for membrane potential is not only dependent on its 
amplitudee but also on the voltage range where it occurs. 

Thee firing threshold of a neuron is determined by many factors. As a first approach, 
simulationss to determine the effect of the window current (and all other inward 
currentt components) on membrane potential (and the input resistance of the cell) or 
experimentss to determine the firing threshold of the neurons may give a clue about the 
precisee effect of the window current. When assuming that both situations described 
abovee result in the generation of spontaneous seizures, finding out if the seizure 
thresholdd is different between these situations would result in a better understanding 
off the impact on cellular stability of a shift of the activation function or an increase of 
thee window current. 

CalciumCalcium extrusion in epilepsy 

Apartt from alterations of voltage-activated sodium current characteristics in 
hippocampall neurons, the calcium balance in these neurons is also altered in chronic 
epilepsy.. Many alterations of voltage-activated calcium current characteristics and 
calciumm buffering have been reported in CAl pyramidal neurons and DG granule cells 
fromm epileptic patients and in animal models of TLE (see Introduction and Chapter 5, 
Baimbridgee et ah, 1985; Beck et al., 1998; Borgdorff, 2002; Faas et al., 1996; Gorter et 
al.,, 2002; Kohr et al., 1991; Kohr and Mody, 1991; Magloczky et al., 1997; Mody et al., 
1990;; Nagerl et al., 2000; Su et al., 2002; Vreugdenhil, M. and Wadman, 1992; 
Vreugdenhil,, M. and Wadman, 1994; Yang, Q. et al., 1997). In contrast, the role of 
calciumm extrusion mechanisms in epilepsy up till now has been largely overlooked 
(Borgdorff,, 2002; Garcia et al., 1997; Keele et al., 2000). In this thesis, I therefore 
decidedd to study NCX functioning in hippocampal neurons in relation with epilepsy. 
Apartt from the idea that the NCX is probably the most important calcium extrusion 
mechanismm for the recovery from calcium loads after epileptic seizures, another 
intriguingg factor is that this exchanger couples the transport of calcium ions over the 
plasmaa membrane to that of sodium ions, both ions that play an important role in 
epilepsy. . 

Severall authors have suggested that the calcium influx via voltage-activated calcium 
currentss is increased in hippocampal neurons from epileptic rats. As discussed before, 
thee increased calcium influx in epileptic rats has to be accompanied by an increase of 
calciumm extrusion. Increased calcium extrusion can be accomplished by enhancement 
off the efficacy of single calcium extrusion molecules (PMCA and NCX) or by altered 
expressionn levels of these transport proteins. Modulation of the calcium extrusion 
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mechanismss may suffice for the recovery from short-lasting calcium increases (e.g. 
seizures).. Increase of calcium extrusion by modulation of the NCX and/or the PMCA 
willl almost certainly also affect the dynamics of the calcium signals and in this way 
interferee with many cellular functions. To our knowledge it is not yet known how 
baselinee [Ca2^ is determined. The calcium extrusion mechanisms described above do 
nott have a set point: they are proportionally driven by the intracellular concentration 
orr the ionic gradient over the plasma membrane. When calcium influx is persistently 
increased,, it enhances [Ca2+]i which leads to a new and higher steady-state equilibrium 
forr [Ca2+]„ where influx and efflux are in balance again. Enhanced expression of the 
calciumm extrusion mechanisms (NCX and/or the PMCA) in these cells in response to 
aa persistent increase of the calcium influx in epilepsy, via the so-called excitation-
transcriptionn coupling (Atar et al., 1995; Gomez et al., 2002), is therefore the more 
likelyy option if calcium dynamics has to be preserved as much as possible. In Chapter 
66 of this thesis we have shown that altered expression of calcium extrusion indeed is 
thee case in hippocampal neurons from epileptic rats, albeit in a very specific way. 

Forr this thesis, I have investigated both the functioning of NCX and the expression of 
NCX,, NCKX (a potassium-dependent sodium-calcium exchanger) and PMCA in 
epilepticc rats. It was hard to characterize NCX functioning using electrophysiological 
meanss (Chapter 4). More specifically, practical limitations restricted the range in which 
[Ca2+]ii could be varied to values up to 360 nM, where NCX activation (KD = 0.6-2 
u.MM (Juhaszova et al., 2000)) is not maximal. Most of the dendritic tree and the axon 
aree lost during the dissociation procedure, so we cannot determine specific alterations 
inn NCX (activity) that took place in these regions after the induction of SE. There is, 
however,, no a priori  reason to believe that NCX properties change with location in the 
cell.. Investigating NCX functioning in the soma is also relevant, because this is an 
importantt site where entering calcium ions will activate secondary processes. 
Sincee we were unable to determine NCX activity in the CA1 pyramidal neurons at 
highh [Ca2+]i (micromolar range), we cannot determine all relevant parameters of NCX 
functioningg in neurons from epileptic rats. We showed that at [Ca2+], levels around 
3000 nM, NCX activity in CA1 pyramidal neurons was not different between control 
ratss and epileptic rats, three weeks after kainate-induced SE. Using 
immunocytochemistryy we showed that the expression of the calcium extrusion 
proteinss was not significandy altered in the somata of the CA1 pyramidal neurons at 
thiss specific time point within the chronic epileptic phase (Chapter 6). This confirmed 
ourr preliminary electrophysiological data (Chapter 4). 

Too investigate whether the expression of the calcium extrusion proteins is altered in 
thee course of epileptogenesis, we used immunocytochemistry to compare the 
hippocampal-parahippocampall protein expression of NCX1, NCX2, and NCX3, 
PMCAl^k,, and NCKX2 at an early and late stage after kainate injection, with that in 
controll rats. These NC(K)X and PMCA subtypes are expressed in a highly regionally-

139 9 



Chapterr 7 

specificc and cell-type specific manner in the hippocampal formation (Chapter 6 and 
Burettee et al., 2003; Lytton et al., 2002; Papa et al., 2003). Regional and cellular 
differencess in local dynamics of calcium transport, differential modulation, 
colocalizationn of the calcium extrusion proteins with specific types of calcium 
channels,, intracellular stores or calcium-binding proteins and differences in surface-to-
volumee ratios between the cell types probably may underlie this differential expression 
(Babaa et al., 2002; Burette et al, 2003; Gomez et al., 2002; Linck et al., 1998). The 
functionall difference between the PMCA and the NCX is determined by their 
differentt affinity for intracellular Ca2+ and different transport capacity. However, since 
thee overall functional properties of the three NCX subtypes are not fundamentally 
different,, the individual physiological role for each NCX subtype is currently unclear 
(Blausteinn and Lederer, 1999; Linck et al., 1998). 

Wee have found several alterations of calcium extrusion protein expression in chronic 
epilepticc rats, 3 weeks and/or 2.5 months after kainate-induced SE: (i) NCX1 was 
permanentlyy downregulated in the inner molecular layer (iml) of the dentate gyrus 
(DG)) and entorhinal cortex layer III (ECIII), related to neuronal loss in hilus and 
ECIII,, respectively; (ii) PMCA and NCKX2 expression was transiently upregulated in 
thee iml, and downregulated in several areas where cell loss had occurred, (iii) NCX3 
expression,, which in control rats is abundant in presynaptic terminals of mossy fibers 
(mf),, was extensively and permanently decreased in stratum lucidum and hilar region. 
Inn addition, newly formed mf sprouts that project to the DG iml did not noticeably 
expresss NCX3; (iv) NCX2 and NCKX2 were (transiently) upregulated in astrocytes of 
epilepticc rats throughout the hippocampal formation, including ECIII. These regional-
specificc changes of calcium extrusion proteins in epileptic rats may contribute to 
alteredd calcium homeostasis in the diseased state. 

Thee (postsynaptic) upregulation of the PMCA in the dendrites of the DG granule cells 
seemss to compensate for the loss of NCX1 and NCX3 expression at the inner 
molecularr layer where synaptic reorganization is progressively increasing during 
epileptogenesis.. While the NCX has a low affinity for intracellular Ca2+ and a high 
transportt capacity, the PMCA has a much higher affinity and a low transport capacity 
(Blausteinn and Lederer, 1999). The physiological relevance of PMCA overexpression 
mayy therefore be limited: following a burst of activity, the resulting substantial 
elevationn of [Ca2+], will quickly saturate the high-affinity PMCA, while its capacity to 
rapidlyy extrude Ca2+, is limited. Therefore, such compensation of reduced postsynaptic 
NCXX expression by presynaptic PMCA upregulation will result in different calcium 
dynamics. . 

Inn dissociated DG granule cells from chronic epileptic rats, three months after 
electrically-inducedd SE, Gorter et al. have reported a persistent increase of the calcium 
influxx mediated by high-voltage activated calcium channels (Gorter et al., 2002). Since 
calciumm homeostasis can only be maintained if calcium influx is balanced by calcium 
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extrusion,, one may expect to find an overexpression of the calcium extrusion proteins 
inn these neurons. As described above, the expression of the calcium extrusion proteins 
wass investigated in chronic epileptic rats, 3 weeks and 2.5 months after kainate-
inducedd SE. To our surprise, we did not observe any alterations in the expression 
levelss of the calcium extrusion proteins in the somata of the DG granule cells from the 
kainatee rats (neither at 3 weeks nor at 2.5 months after SE). In addition, several 
authorss have suggested an increased calcium influx in CA1 pyramidal neurons from 
kindledd rats and pilocarpine-treated epileptic rats (Faas et al., 1996; Su et al., 2002; 
Vreugdenhil,, M. and Wadman, 1992), but see (Gorter et al., 2002; Karst et al, 1999). 
Inn CAI cells, we found a small or no decrease of the expression level of the calcium 
extrusionn proteins of the kainate-treated rats. 

Iff the increased calcium influx in epilepsy is not compensated by an increased 
expressionn of calcium extrusion proteins, then how does the cell recover from 
increasedd calcium loads? Given the fact that the increased calcium influx has to be 
balancedd by an increase of calcium extrusion, the unchanged or even reduced 
expressionn of the calcium extrusion proteins in these epileptic animals remains to be 
understood.. Several hypotheses can be proposed: 

(1)) It just takes longer to recover from increased [Ca2+], levels. However, calcium 
extrusionn should be sufficiendy fast to restore the basal [Ca2+], level before the 
nextt calcium influx occurs. 

(2)) Another explanation for the discrepancy is that the increased calcium influx 
viaa voltage-dependent calcium channels is balanced by an upregularion of 
subtypess or splice variants of the calcium extrusion proteins that were not 
recognizedd by our antibodies or even calcium extrusion mechanisms that are 
presentlyy unknown. Similar reasoning is applicable to the total calcium influx. 

(3)) The influx-efflux mismatch could then represent an essential part of epileptic 
pathology.. However, a brief increase of [Ca2+]j may also decrease cellular 
excitability:: an increased [Ca2+], will strengthen the after-hyperpolarization by 
activationn of calcium-dependent potassium channels, and furthermore, 
additionall calcium influx mediated by voltage-activated calcium channels is 
inhibitedd by calcium-dependent inactivation of these channels. However, 
whilee the latter processes take place during and just after repetitive firing, the 
calciumm ions still have to be extruded from the cell afterwards. 

(4)) The amount of intracellular calcium buffering proteins may be upregulated in 
thee epileptic rats. The increased buffering capacity may prevent the cell from 
toxicc calcium overloads, thereby extending the time interval in which the cell 
cann extrude calcium. Borgdorff et al. have found evidence in support of this 
hypothesis:: in DG granule cells from epileptic rats, 2 days after SE, an 
increasee of the calcium buffering capacity was found together with an 
increasedd calcium extrusion rate. Calcium dynamics were not altered in these 
ratss (Borgdorff, 2002). However, it should be mentioned that in epileptic rats 
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threee months after SE, they reported that the amount of calcium buffering 

proteinss had returned to control levels. Instead, the affinity of the buffers was 

altered,, resulting in altered calcium dynamics (Borgdorff, 2002). 

(5)) Perhaps the most straightforward explanation is that the transport capacity of 

thee calcium extrusion proteins is large enough to quickly cope with an 

increasedd calcium influx. This is in particular the case for the NCX, which has 

aa low-affinity for [Ca2+], and a high-transport capacity (see Introduction) that, 

underr resting conditions, is no t fully utilized. 

Still,, the question remains why we observed a decrease of N C X expression in the 

(mossyy fiber terminals of the) dentate granule cells. 

ConsequencesConsequences at the cellular level 

Alterationss of calcium extrusion protein expression most likely are the consequence of 

alteredd calcium influx a nd / o r calcium buffering. Compensation of altered calcium 

influxx by changes in calcium extrusion is crucial for cellular excitability or neuronal 

plasticity,, depending on the compartment of the neuron where these changes have 

takenn place. Due to the much higher surface-to-volume ratio in the dendrites when 

comparedd with the soma, a given calcium influx will result in a much higher [Ca2+]i 

andd faster calcium dynamics in the dendrites. Calcium dynamics in dendrites is critical 

forr processes such as long-term potentiation (LTP) and long-term depression (LTD) 

off synaptic transmission in the hippocampus, processes that are considered to be a 

substratee of learning and memory (Bliss and Collingridge, 1993; Bliss and Lomo, 

1973).. The induction of LTP and L T D both strongly depend on [Ca2+]i in the 

dendritess of the postsynaptic neuron. The magnitude of the postsynaptic rise in [Ca2+], 

hass been found to be a key factor in the determination of the polarity (LTP or LTD) 

off synaptic gain change, with the induction of LTP requiring a more pronounced 

increasee of [Ca2+]j than the induction of LTD (Brocher et al., 1992; Hansel et a l , 

1996).. In the soma, compensat ion of changes in calcium influx by changes in calcium 

extrusionn is important for calcium-dependent inactivation of the voltage-activated 

calciumm current and the activation of calcium-dependent potassium currents. 

ConsequencesConsequences beyond the cellular level 

Thee mos t conspicuous alterations in the expression of the calcium extrusion proteins 

inn epileptic rats were found in the dentate gyrus (3 weeks and 2—3 months after SE). 

Thee precise effect on hippocampal network excitability, however, is not immediately 

clear.. The low expression of the calcium extrusion systems in the newly formed 

sproutedd mossy fiber terminals in the inner molecular layer of the epileptic animals 

couldd result in a relatively slow recovery from calcium load. This in turn may lead to 

enhancedd neurotransmitter release from these terminals especially at high frequencies 

(Bouronn and Reuter, 1996). By enhancing recurrent excitation of the D G granule cells, 
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thiss could contribute to chronic epilepsy. Pardy, however, the effect could be 

counteractedd at the postsynaptic site by the upregulation of the PMCA in the dendrites 

off the D G granule cells. 

Thee decreased NCX3 expression in stratum lucidum, where the mossy fiber terminals 

formm synapses with the CA3 pyramidal neurons, may result in a slower clearance of 

elevatedd [Ca2+]i from the terminal and could well affect the properdes of 

neurotransmitterr release from the mossy fiber terminals (Bouron and Reuter, 1996). 

Thee mossy fiber-CA3 synapse is mainly glutamatergic (Crawford and Connor, 1973; 

Henzee et al., 2000), but several groups have reported a transient emergence of 

GABAergicc neurotransmission after seizures (Bergersen et a l , 2003; Gutierrez, 2000; 

Gutierrezz and Heinemann, 2001; Romo-Parra et al., 2003; Schwarzer and Sperk, 1995; 

Walkerr et al., 2001). The net effect of the reduced N C X 3 expression in the mossy 

fiberr terminals on excitability of the CA3 pyramidal neurons in epileptic rats therefore 

needss to be determined. 

TimeTime path of changes 

Itt is not easy to find out whether the differences in current characteristics and 

exchangerr expression are cause or consequence of epileptic activity. The order in 

whichh alterations appear during epileptogenesis could provide an answer to this 

question.. There is also an important clinical relevance to the question, because 

treatmentt so far is mainly aimed at seizure suppression and hardly ever with 

preventingg epileptogenesis. 

Chronicc epilepsy in patients develops gradually after the first insult and the latent 

phasee may last for years before the first spontaneous seizure occurs. The electrically-

inducedd post-SE model and the kainate model both reproduce important features of 

humann TLE: hippocampal sclerosis (specific cell loss and gliosis), mossy fiber 

sproutingg and the recurrence of spontaneous seizures. In contrast to epileptic patients, 

ratss develop a chronic epileptic state in only 2—3 weeks after SE (Babb et al., 1991; de 

Lanerollee et a l , 1989; Gorter et al., 2001; Hellier et al., 1998; Hellier et al., 1999; 

Lothmann et al., 1990; Mathern et a l , 1997; Slovker, 1994; Sutula et al., 1989). It is 

unclearr what underlies this difference in time course between human and rats. 

Wee have investigated alterations in sodium and calcium current characteristics in 

epilepticc rats three weeks after kainate-induced SE. While these rats already exhibited a 

feww spontaneous seizures at this early point in time, they are not yet in the ultimate 

chronicc epileptic state, in which seizure frequency is much higher (Gorter et al., 2001). 

Inn the three-weeks KA rats, we did not find significant differences in sodium current 

propertiess when compared with control rats: the voltage dependence of activation was 

nott shifted and the sodium window current was small and not different from control 

values.. In contrast, these two aspects of the voltage-activated sodium current were 

clearlyy changed in epileptic rats three months after electrically-induced SE (Ketelaars 

ett al., 2001). 
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Wee found that high-voltage activated calcium currents inactivated significandy slower 
inn CA1 pyramidal neurons from the three-weeks KA rats; however, the resulting 
increasee of the calcium influx did not reach significance. The fact that kainate rats 
alreadyy exhibited spontaneous seizures three weeks after SE, without obvious changes 
inn sodium or calcium currents, suggests that other mechanisms also contribute to the 
generationn of spontaneous seizures. An increase of NMDA-receptor operated currents 
(Kohrr et al., 1993) or an increase of low-voltage activated calcium currents in the 
dendritess (that are lost in dissociated cells)(Beck et al., 1998; Faas et al., 1996; Su et al., 
2002),, are only a few of the many possibilities that need further investigation. 
Apparendy,, the alterations of the sodium and calcium current characteristics develop 
graduallyy during the chronic epileptic phase and have not yet taken place when the 
firstfirst seizures appear (but see Gorter et al., 2002). Spontaneous seizures could, 
however,, represent an important factor in the process that follows. Once alterations in 
thee sodium or calcium currents appear and enhance excitability, this may result in a 
positive-feedbackk mechanism: the threshold for seizure generation is lowered, more 
seizuress occur and this in turn may stimulate further alterations of current 
characteristics,, and so on. It would be interesting to identify what factors in the end 
determinee the extent of the alterations in the currents. 
Threee weeks after KA-induced SE, changes in calcium current characteristics had 
alreadyy appeared, while at this same time point no alterations of the voltage-activated 
sodiumm current were detected. More research is necessary to determine the relative 
importancee of changes in these two currents for the generation of epileptic seizures. 

CONCLUDIN GG REMARK S 

Wee now return to the central question: which parameters are the key determinants in the 
regulationregulation of cellular excitability and how are they related to each other? 

Changingg a single ionic current parameter may already have profound effects on 
cellularr excitability. This holds for both voltage-activated sodium and calcium currents. 
Itt is hard to determine which of these two currents is the most important for 
excitability.. Still, we can speculate about what property of these excitatory ionic currents 
iss the most important in the regulation of cellular excitability. A complicating factor 
thatt we have to keep in mind is that the parameters characterizing the ionic currents 
aree not (completely) independent of each other: an alteration of one current property 
mayy (indirectiy) result in an alteration of another characteristic. 

Itt is clear that current amplitude, or current-density to be more precise, is an important 
parameterr in the regulation of excitability. When the amplitude of the sodium current 
iss not of sufficiendy large amplitude, no action potential will be generated. The 
amplitudee of the calcium current directly influences [Ca2+];, which in turn regulates 
manyy intracellular processes that are activated at different [Ca2+]i levels. Changing 
excitabilityy of the regulation system at the level of the amplitude of the currents will 
thereforee have enormous consequences. 
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Moree subtle changes in excitability may be attained by alterations of the voltage 
dependencedependence or the kinetics of the currents. We have to note that changes in voltage 
dependencee also affect the amplitude of the current at a given membrane potential. As 
discussedd before, a shift of the voltage dependence of the sodium current may have a 
largee impact on cellular excitability, depending on the extent and the direction of the 
shiftt and the voltage range where it occurs. This holds for both voltage-activated 
sodiumm and calcium currents. The sodium current has a much higher maximal 
conductancee and steeper voltage dependence than the calcium current. Therefore, a 
givenn shift of the voltage dependence of the sodium current will have a much larger 
effectt on current amplitude than an equal shift of the calcium current would have. As 
aa result, altered voltage dependence of the sodium current will have the largest effect 
onn the firing threshold of a neuron. 

Inn addition, changes in current kinetics may affect action potential generation. Changes 
off the time course of the recovery from inactivation are particularly relevant for the 
fastt sodium current and will have a strong effect on firing frequency. Slower 
inactivationn kinetics of the voltage-activated calcium current may result (if current 
amplitudee is not significandy decreased) in an increased influx of calcium, which in 
turnn activates a variety of intracellular calcium-dependent processes. In general, altered 
sodiumm current kinetics electrogenically contribute to excitability, while altered calcium 
currentt kinetics primarily result in a change of [Ca2+]L 

Ass indicated before, current characteristics can be altered by changed modulation of 
thee ion channels/transporters involved (e.g. by phosphorylation) or by altered 
expressionn of the ion transport mechanisms involved. [Ca2+], is an important regulator 
off both modulation (calcium-dependent phosphorylation) and gene transcription (via 
thee so-called excitation-transcription coupling (Atar et al., 1995)). Although calcium 
extrusionn mechanisms are not the primary determinants of cellular excitability in 
neurons,, by regulating [Ca2+]i levels, they do represent an important parameter in the 
regulationn of excitability. 

Outlook Outlook 

Increasedd excitability in epilepsy is the result of chronic alterations in the brain. These 
alterationss occur in specific regions, cell types or even cell compartments. While 
investigationss on the cellular level are absolutely necessary to understand the meaning 
off alterations of a single aspect of excitability, the final effect of these alterations on 
excitabilityy has to be determined on the network level. This should be done at several 
timee points during epileptogenesis to get a better insight into the progression of these 
alterations. . 
Thee epileptic state can be developed in many different ways. Since epileptogenesis is a 
graduall process in which many factors play a role, there is no clear-cut point of 
transitionn from a normal brain showing normal plasticity into a chronic epileptic brain. 
Itt is therefore extremely hard to determine the critical set of parameters involved in 
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epileptogenesis.. Identification of alterations that are relevant for cellular excitability in 
thee epileptic state may facilitate the determination of which topics must be studied to 
gainn a clear understanding of epileptogenesis and may in the future even lead to 
strategiess for intervention. 
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Summaryy in Du t ch 

INLEIDIN G G 

Communicatie Communicatie 

Hett brein bestaat uit miljarden hersencellen (neuronen) die geïntegreerd zijn in 
neuronalee netwerken. Communicatie tussen de neuronen in deze netwerken zorgt er 
uiteindelijkk voor dat wij kunnen communiceren met de buitenwereld, emoties hebben, 
muziekk kunnen maken, kortweg denken en functioneren. Informatie-overdracht in het 
breinn vindt plaats via elektrische en chemische signalen. De elektrische signalen 
(actiepotentialen)) worden veroorzaakt door ionstromen over de celmembraan. 

Epilepsie Epilepsie 

Epilepsiee is een veelvoorkomende neurologische aandoening (1-2% van de populatie) 
waarinn de informatie-overdracht in het brein verstoord is. Deze aandoening komt tot 
uitingg in epileptische aanvallen, waarin grote groepen neuronen hoogfrequent en 
synchroonn actiepotentialen vuren. Dit leidt tot afwijkend gedrag dat, afhankelijk van 
dee hersengebieden die betrokken zijn bij de aanval, kan variëren van even 'afwezig' 
zijnzijn tot het neervallen op de grond onder het maken van krampachtige bewegingen 
eventueell in combinatie met bewustzijnsverlies5. 

Epilepsiee wordt gekenmerkt door permanent verhoogde exciteerbaarheid in het brein. 
Dezee verhoogde exciteerbaarheid is het gevolg van morfologische en functionele 
veranderingenn op netwerk- en celniveau. Een beter begrip van de verstoringen in het 
breinn die geresulteerd hebben in epilepsie zou uiteindelijk kunnen leiden tot de 
ontwikkelingg van nieuwe medicijnen. 

Exciteerbaarheid Exciteerbaarheid 

Onderr exciteerbaarheid verstaan we het vermogen van neuronen om te reageren op 
prikkelss en deze te verwerken. Over de membraan van neuronen bestaat een 
spanningsverschil.. Deze membraanpotentiaal is het gevolg van verschillen in 
ionconcentratiess (met name Na+, K+, Ca2+ en O ) tussen de binnen- en de buitenkant 
vann de cel. De membraanpotentiaal kan gevarieerd worden door het openen en sluiten 
vann ionkanalen in de membraan. Er bestaan twee soorten ionkanalen: 

(1)) ligand-geactiveerde ionkanalen die open gaan door binding van een 
neurotransmitterr aan het kanaal, 

(2)) spanningsgevoelige ionkanalen die openen en sluiten door een verandering van de 
membraanpotentiaal.. Deze ionkanalen zijn selectief voor één van 
bovengenoemdee ionsoorten. 

Dee ionstroom die gaat lopen over de membraan ten gevolge van het opengaan van de 
kanalenn leidt op haar beurt weer tot een verandering (depolarisatie of hyperpolarisatie) 

5Voorr meer informatie, surf naar http://www.epilepsie.nl/ 
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vann de membraanpotentiaal, die bepaalt of en in welk patroon de cel actiepotentialen 
gaatt vuren. Actiepotentialen zijn verantwoordelijk voor de signaaltransductie binnen 

eenn neuron6 en activeren uiteindelijk de chemische neurotransmissie die zorgt voor de 
signaaloverdrachtt tussen neuronen. 

lonstromen lonstromen 

Cellulairee exciteerbaarheid wordt hoofdzakelijk bepaald door de ionstromen door de 
celmembraan.. In dit proefschrift heb ik twee excitatoire ionstromen bestudeerd die 
hierinn een hoofdrol spelen: de spanningsafhankelijke natrium- en calciumstromen. 
DepolarisatieDepolarisatie van de celmembraan leidt tot opening van spanningsafhankelijke natrium-
enn calciumkanalen. De resulterende natrium- en calciumstromen leiden vervolgens tot 
verderee depolarisatie van de cel. Mits voldoende groot, zal deze depolarisatie leiden tot 
eenn nieuwe actiepotentiaal. Veranderingen in stroomeigenschappen zoals de 
amplitude,, de spanningsafhankelijkheid en de kinetiek kunnen dus (grote) gevolgen 
hebbenn voor de cellulaire exciteerbaarheid. 
Ikk heb gekeken of de eigenschappen van de natrium- en calciumstromen in 
hippocampalee neuronen veranderd zijn in epilepsie. De hippocampus (zie BOX in 
hoofdstukk 1) is een hersengebied dat in veel gevallen betrokken is bij het ontstaan van 
epileptischee aanvallen. 

IntracellulaireIntracellulaire calciumconcentratie 

Eenn calciumstroom levert niet alleen een belangrijke bijdrage aan depolarisatie van de 
membraanpotentiaal,, maar leidt ook tot een substantiële toename van de intracellulaire 
calciumconcentratiee ([Ca2+],). Veranderingen in [Ca2^ beïnvloeden/activeren op hun 
beurtt zeer veel intracellulaire processen zoals neurotransmitter afgifte, genexpressie, 
enzymactivatiee en celdood. Daarom is het essentieel dat [Ca2+], erg goed gereguleerd 
wordtt (calciumhomeostase). Dit gebeurt door een samenspel van calciuminflux-, 
calciumbuffering-- en calciumextrusie-mechanismen. 

Eerderr onderzoek in hippocampale neuronen heeft laten zien dat de calciuminflux (via 
spanningsafhankelijkee calciumkanalen) en calciumbuffering permanent veranderd 
kunnenn zijn in epilepsie. Tot nu toe is er echter nauwelijks onderzoek gedaan naar de 
roll van calcium^/^J-^-mechanismen. In dit proefschrift heb ik daarom het 
functionerenn en de expressie van deze calciumextrusie-eiwitten in epilepsie bestudeerd. 

Diermodellen Diermodellen 

Voorr het onderzoek beschreven in dit proefschrift is gebruik gemaakt van twee 
diermodellenn voor epilepsie: in ratten kan een status epilepticus7 (SE) worden 

6Dee actiepotentiaal wordt voortgeleid vanaf de dendrieten (de celuitlopers die prikkels opvangen van 
anderee neuronen) via het cellichaam (soma) naar het axon. Deze uitloper van het neuron geeft het signaal 
opp zijn beurt via synaptische transmissie door aan andere cellen. 
7Err is sprake van een status epilepticus als een aanval of een serie aanvallen langer duurt dan 30 minuten. 
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opgewektt door (1) specifieke elektrische stimulatie van de hippocampus (elektrisch 
geïnduceerdee post-SE model) of (2) door injectie met kainaat (KA model). Hierna 
ontwikkeltt zich (na enkele weken) een chronische epileptische toestand, die o.a. 
gekarakteriseerdd wordt door het regelmatig optreden van spontane epileptische 
aanvallen. . 

MethodenMethoden en technieken 

Ionstromenn in geïsoleerde neuronen kunnen bestudeerd worden met behulp van de 
patchpatch clamp of voltage-clamp techniek in de whole-cell configuratie. Hierbij wordt een zeer 
dunn glazen buisje (pipet) voorzichtig tegen de celmembraan geplaatst. Deze pipet is 
gevuldd met een oplossing die lijkt op het cytoplasma en bevat tevens een 
meetelektrode.. Nadat het neuron is vastgezogen aan het uiteinde van de pipet, wordt 
hett stukje celmembraan onder de punt van de pipet voorzichtig stukgezogen (whole-
celll configuratie). Zo ontstaat elektrisch contact tussen de binnenkant van de cel (het 
cytoplasma)) en de vloeistof in de pipet en kan uitwisseling plaatsvinden tussen deze 
tweee vloeistoffen. De whole-cell configuratie maakt het mogelijk de ionstromen over 
dee hele celmembraan te meten. Via de patch pipet wordt de cel een bepaalde 
membraanpotentiaall opgelegd (voltage clamp) en kunnen tegelijkertijd de resulterende 
ionstromenn over de membraan gemeten worden. De te bestuderen ionstroom door 
éénn specifiek type ionkanaal wordt daarbij geïsoleerd door farmacologische blokkade 
vann de andere kanaaltypen. 

Daarnaastt werd bij sommige experimenten de intracellulaire calciumconcentratie in 
neuronenn bepaald met behulp van calcium ratio imaging. Daartoe werd aan de vloeistof in 
dee patch pipet een calcium-gevoelige fluorescente stof toegevoegd (fura-2). Uit de 
verhoudingg (ratio) van de fluorescentie-intensiteit van fura-2 na excitatie door UV-
lichtt van twee verschillende golflengtes kunnen we de calciumconcentratie in de cel 
bepalen. . 

Verderr is de expressie van de calciumextrusie-eiwitten in de (histologisch gefixeerde) 
hippocampuss bestudeerd met behulp van immunocytochemie: Hierbij wordt gebruik 
gemaaktt van antilichamen die specifiek binden aan het te bestuderen eiwit. Deze 
antilichamenn hebben een "marker" (fluorescent of enzymatisch), waardoor de 
expressiee van het eiwit in de hippocampus zichtbaar gemaakt kan worden. 

RESULTATE NN EN CONCLUSIE S 

NatriumstromenNatriumstromen in epilepsie 

Inn hoofdstuk 2 werd de spanningsafhankelijke natriumstroom in hippocampale 
neuronenn (CAI pyramidaalneuronen en dentate gyrus (DG) korrelcellen) van 
epileptischee ratten vergeleken met die in niet-epileptische (controle) ratten. Voor deze 
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studiee zijn ratten gebruikt waarin de chronische epileptische toestand volledig 
ontwikkeldd is (3 maanden na elektrisch-geïnduceerde SE). 
Inn CAI pyramidaalneuronen van epileptische ratten bleken de eigenschappen van de 
kortdurendee spanningsafhankelijke natriumstroom veranderd te zijn. De maximale 
geleidbaarheidd van de natriumstroom was kleiner in post-SE ratten. Dit verschil kon 
volledigg verklaard worden doordat de cellen van deze dieren ook kleiner waren: de 
stroomdichtheidd was niet verschillend tussen post-SE en niet-epileptische ratten. Een 
zeerr interessante vondst in de epileptische ratten was de significante verschuiving van 
dee spanningsafhankelijkheid van de activatie van de natriumstroom naar meer 
gehyperpolariseerdee membraanpotentialen ten opzichte van de controlegroep. Ook 
zagenn we een kleine (niet significante) verschuiving van de spanningsafhankelijkheid 
vann de inactivatie in tegenovergestelde richting, dus naar meer gedepolariseerde 
potentialen. . 
Inn het spanningsgebied waar de activatiefunctie en de inactivatie functie elkaar 
overlappen,, bestaat een persistente natriumstroom, de zogenaamde "window" stroom. 
Inn dit spanningsgebied is altijd een fractie van de kanalen klaar om open te gaan 
(geslotenn toestand8) en zal ook daadwerkelijk altijd een fractie van de kanalen 
opengaann (gesloten naar open toestand). De resulterende continue influx van 
natriumionenn leidt tot verdere depolarisatie van de cel. Mits voldoende groot en in het 
juistee spanningsgebied (rond de drempel voor de actiepotentiaal), kan deze window 
stroomm dus een belangrijke bijdrage leveren aan het vuurgedrag van het neuron. In 
CAII pyramidaalneuronen van de epileptische ratten hebben wij gevonden dat de 
windoww stroom significant groter was in vergelijking met de window stroom in niet-
epileptischee ratten. Bovendien was het spanningsgebied waar de window stroom 
bestaatt verschoven in gehyperpolariseerde richting. Al deze veranderingen zullen 
leidenn tot een verlaagde vuurdrempel en dragen dus bij aan verhoogde 
exciteerbaarheidd van CAI cellen in deze epileptische ratten. 
Inn tegenstelling tot in de CAI cellen, bleken de natriumstroomeigenschappen in DG 
korrelcellenn van post-SE ratten niet of nauwelijks te verschillen van die in niet-
epileptischee ratten. 

Farmacoresistentie Farmacoresistentie 

Veell anti-epileptica werken op de spanningsafhankelijke natriumkanalen. Modulatie 
vann de natriumstroom door anti-epileptica is een belangrijk mechanisme voor het 
onderdrukkenn van epileptische aanvallen. Helaas worden veel epilepsiepatiënten in de 
loopp der jaren farmacoresistent voor anti-epileptica, d.w.z. dat aanvallen niet langer 
onderdruktt kunnen worden met tolereerbare doses van anti-epileptica. Er wordt 
gedachtt dat farmacoresistentie samenhangt met hippocampale sclerose. Dat is een 
verzamelnaamm voor specifieke morfologische afwijkingen (celdood in bepaalde 
hippocampalee subgebieden (CA 1-3 and hilus van DG) en vertakking van de mossy 
vezeluiteinden,, de axonen van de DG korrelcellen, die vervolgens gaan 
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terugprojecterenn naar dezelfde DG korrelcellen) die zowel in epilepsie-patiënten als in 
diermodellenn voor epilepsie vaak aangetroffen worden. 
Zouu farmacoresistenüe verklaard kunnen worden door verminderde modulatie van de 
natriumstroomm door anti-epileptica? Eerder onderzoek in ons laboratorium heeft laten 
zienn dat het effect van het anti-epilepticum carbamazepine op de spanningsgevoelige 
natriumstroomm in CAI pyramidaalneuronen van epilepsiepatiënten met hippocampale 
sclerosee significant verminderd is in vergelijking met patiënten zonder sclerose. 
Hett is bekend dat het werkingsmechanisme van het relatief nieuwe anti-epilepticum 
lamotriginee (LTG) in hippocampuscellen van gezonde ratten zeer vergelijkbaar is met 
datt van carbamazepine. In hoofdstuk 3 hebben we gekeken naar het effect van LTG 
opp de natriumstroom in neuronen die afkomstig waren van farmacoresistente 
epilepsie-patiënten.. Omdat er geen gezond menselijk hersenmateriaal ter vergelijking 
beschikbaarr was, hebben we het effect van LTG op de natriumstroom in CAI 
pyramidaalcellenn vergeleken met dat in neuronen van de neocortex uit deze patiënten. 
Dee neocortex is relatief veel minder aangedaan in epilepsie dan de hippocampus en 
deedd daarom dienst als controle. Uit de literatuur is bekend dat in de gezonde situatie 
dee natriumstroomeigenschappen van CAI cellen en neocorticale cellen erg 
vergelijkbaarr zijn. Daarnaast hebben we het effect van LTG op de natriumstroom in 
cellenn uit patiënten met hippocampale sclerose vergeleken met het effect op deze 
stroomm in cellen uit patiënten waarin geen sclerose was gevonden. 
Wee vonden geen verschillen in natriumstroommodulatie door LTG tussen patiënten 
mett of zonder hippocampale sclerose en ook geen verschillen tussen het effect van 
LTGG in hippocampus neuronen en cellen uit de neocortex. LTG had in alle gevallen 
eenn duidelijk effect op de natriumstroom. Dit effect was zeer vergelijkbaar met het 
effectt van LTG dat gevonden is in CAI pyramidaalcellen van gezonde ratten. Dit 
betekentt dat farmacoresistentie in onze patiëntengroep niet verklaard kan worden 
doorr verminderde modulatie van de natriumstroom door het anti-epilepticum LTG. 

CalciumextrusieCalciumextrusie in epilepsie 

Hett is bekend dat de calciuminflux en calciumbuffering, beide belangrijke 
mechanismenn in de regulatie van calciumhomeostase, permanent veranderd (kunnen) 
zijnn in epilepsie. Het is essentieel voor een cel om de calciumbalans te handhaven (op 
dee lange termijn). Om het juiste calciumevenwicht te bewaren, moet daarom 
uiteindelijkk al het calcium dat de cel binnenkomt er ook weer uit. Een permanent 
verhoogdee calciuminflux zal dus moeten leiden tot permanent verhoogde 
calciumextrusie.. Neuronen beschikken over twee belangrijke calciumextrusie-
mechanismen:: de ATP-afhankelijke calciumpomp (PMCA) en de natrium-calcium 
uitwisselaarr (NCX). Deze laatste is misschien nog wel het meest relevant in het kader 
vann epilepsie, omdat deze uitwisselaar (i.t.t. de PMCA) een relatief lage affiniteit voor 
intracellulairr calcium heeft en een hoge transport capaciteit. Hierdoor speelt de 
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uitwisselaarr de hoofdrol in calciumextrusie in situaties waarbij [Ca2+], sterk verhoogd 
is,, zoals bijvoorbeeld tijdens epileptische aanvallen. 
Dee NCX pompt één Ca2+ ion over de membraan in ruil voor het tegentransport van 3 
Na++ ionen8. Dat betekent dat de activiteit van de NCX elektrogeen is: er wordt een netto 
stroomm gegenereerd. Deze stroom is te meten met behulp van de voltage-clamp 
techniek.. Dit is echter nog niet uitgebreid gedaan voor neuronen. Daarom heb ik eerst 
inn CAI pyramidaalneuronen van gezonde ratten de spanningsafhankelijkheid, de 
natrium-- en de calciumafhankelijkheid van de NCX stroom gekarakteriseerd 
(hoofdstukk 4). Vervolgens hebben we in epileptische ratten bekeken of de 
eigenschappenn van de natriumstroom, calciumstroom en de NCX-stroom in CAI 
pyramidaalneuronenn van de hippocampus veranderd waren ten opzichte van die in 
niet-epileptischee ratten (hoofdstuk 5). Voor deze experimenten werd gebruik gemaakt 
vann het kainaatmodel voor epilepsie. Het onderzoek werd uitgevoerd in ratten drie 
wekenn na het induceren van status epilepticus. Dit tijdpunt komt overeen met het 
beginn van de chronische epileptische fase: de ratten vertonen al spontane epileptische 
aanvallen,, maar nog niet met hoge frequentie (de aanvalsfrequentie in de post-SE 
rattenn die bestudeerd werden drie maanden na inductie van SE (hoofdstuk 2) is veel 
hoger).. De natriumstroomkarakteristieken bleken drie weken na SE niet duidelijk te 
verschillenn tussen controle- en epileptische ratten. De maximale geleidbaarheid was 
well kleiner in epileptische ratten, maar net als in de post-SE ratten kon dit verklaard 
wordenn doordat de cellen van deze ratten kleiner waren. Ook de NCX stroom in de 
CAII cellen van deze epileptische ratten was niet verschillend van die in 
controledieren9.. We vonden wel dat de hoogdrempelige spanningsafhankelijke 
calciumstroomm in de epileptische ratten beduidend trager inactiveerde dan in niet-
epileptischee ratten. Omdat de amplitude van deze stroom iets kleiner was in de 
epileptischee ratten, resulteerde dit echter niet in een significant grotere calcium/'«/7//.v. 

Verderr hebben we met behulp van immunocytochemie de expressie van de 
calciumextrusie-eiwittenn in epileptische ratten, 3 weken en 2.5 maand na kainaat-
geïnduceerdee SE, vergeleken met die in niet-epileptische ratten (hoofdstuk 6). Voor 
dezee studie gebruikten we het kainaatmodel voor epilepsie en bekeken we de expressie 
vann de calciumpomp (PMCA), de drie subtypen van de natrium-calcium uitwisselaar 
(NCX1-3)) en bovendien een kalium-afhankelijke natrium-calcium uitwisselaar 
(NCKX2).. In de hippocampale formatie vonden we duidelijke regio-specifieke 

HDee verschillende toestanden van een ionkanaal zijn te vergelijken met een deur die open, gesloten en op 
slott geïnactiveerd) kan zijn. In de open toestand bestaat er een permeabiliteit ('gat') en kan er transport 
plaatsvindenn van de ene kant naar de andere kant van de deur (er is een geleidbaarheid). De natrium-
calciumm uitwisselaar (NCX) kunnen we vergelijken met een draaideur: terwijl er continu verkeer mogelijk 
iss in twee tegenovergestelde richtingen, bestaat er nooit een directe verbinding tussen binnen en buiten 
(err is wel een geleidbaarheid, maar geen permeabiliteit). 
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verschillenn in expressie tussen controle- en epileptische dieren: (1) de expressie van 
NCX33 in de mossy vezeluiteinden (vezelbanen in de hippocampus) was sterk verlaagd 
inn epileptische ratten, (2) de expressie van NCX1 en NCX3 in de binnenste 
moleculairee laag10 van de dentate gyrus was permanent verlaagd in epileptische ratten, 
(3)) de expressie van PMCA, NCX2 en NCKX2 was (tijdelijk) verhoogd in de 
binnenstee moleculaire laag in epileptische ratten, en (4) in de hele hippocampale 
formatiee was de expressie van NCX2 en NCKX2 in astrocyten (tijdelijk) verhoogd in 
epileptischee ratten. De veranderde expressie van de calciumextrusie-eiwitten in de 
epileptischee ratten is hoogstwaarschijnlijk het gevolg van veranderingen in de 
calciuminfluxx en/of calciumbuffering. 

T O TT SLOT 

Dee in dit proefschrift beschreven veranderingen in natriumstroomkarakteristieken in 
epileptischee ratten bleken celtype-specifiek te zijn en af te hangen van het precieze 
tijdpuntt in de chronische epileptische toestand. In ratten met een volledig ontwikkelde 
chronischee epilepsie zullen de beschreven veranderingen in CAI pyramidaalcellen van 
dee hippocampus leiden tot een verlaagde vuurdrempel en daarmee bijdragen aan 
verhoogdee exciteerbaarheid van deze cellen. 

Uitt de literatuur is bekend dat de calciuminflux en calciumbuffering permanent 
veranderdd (kunnen) zijn in epilepsie. In dit proefschrift is aangetoond dat er in 
epilepsiee ook veranderingen optreden in calciumextrusie. De veranderde expressie van 
dee calciumextrusie-eiwitten in epileptische ratten bleek regio-, celtype- en 
celcompartiment-specifiekk te zijn en eveneens afhankelijk te zijn van het tijdpunt in de 
chronischee epileptische toestand. Deze veranderingen in de expressie van de 
calciumextrusie-eiwittenn reflecteren zeer waarschijnlijk veranderingen in 
calciumhomeostasee en/of exciteerbaarheid. 

A.1A.1 watje ooit <%ag of boorde, al watje dacht te weten, is niet meer dat, maar anders. 

Hellaa S. Haasse in 'Sleuteloog', Querido (2002) 

9Ditt is in overeenstemming met de resultaten uit mijn immunocytochemiestudie, waaruit bleek dat de 
NCXX expressie in de CAI pyramidaalneuronen niet verschillend was tussen epileptische en niet-
epileptischee ratten. 
'"Inn de binnenste moleculaire laag van de dentate gyrus projecteren de axonen afkomstig van neuronen 
uitt de entorhinale cortex op de dendrieten van de DG korrelcellen. In epileptische ratten projecteren de 
nieuww ontstane vertakte mossy vezeluiteinden eveneens op deze DG korrelcellen. 
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Werkenn op een laboratorium, eenzaam en saai? Dat geldt in ieder geval niet voor het 
neuro-labb op Anna's Hoeve. In deze zeer dynamische omgeving heb ik ontzettend 
veell geleerd en bovendien erg veel plezier gehad. Daarvoor wil ik nu graag wat mensen 

bedanken. . 
Allereerstt mijn promotor Wytse: ik heb veel van je geleerd. De vrijheid die ik bij jou 
kreegg om mijn eigen ideeën vorm te geven heb ik zeer gewaardeerd. 
Taco,, Vriend! De spil van het lab. Ik bewonder de manier waarop jij al die projecten 
(enn studenten) bolwerkt. Het was leuk en leerzaam om met jou samen te werken. Ik 
vindd het dan ook erg fijn dat je mijn paranimf bent. 
Corettee had altijd een verfrissend nuchtere kijk op de laatste ontwikkelingen in ons lab 
(enn de rest van de wereld). Samen hebben we heel wat nieuws geëvalueerd. Bij Natalie, 
eenn ware collega, is het altijd gezellig om even bij te kletsen over lab- en aardse zaken. 
Kamergenoott Hans, je enthousiasme voor de vliegkunst kreeg me bijna de lucht in. 
Bedanktt voor al je adviezen! Annelies, in onze groep begonnen als stagiaire van Taco 
enn mij, is gelukkig gebleven als AIO. Twan, bedankt voor al je hulp! Sun, it was fun 

workingg in the lab with you. 
Ookk de overige mensen in de groep hebben bijgedragen aan de mooie tijd op het lab: 
Dave,, Elmar, Else, Erwin, Hans K., Ingrid, Jeroen, Linda, Michiel, Oscar en Remco. 
Inn een stoomcursus van twee (erg vroege) ochtenden leerde Eleonora Aronica mij de 
'inss en outs' van de immunocytochemie. Onder het immer kritische oog van Jan 
Gorterr heb ik deze immuno-kunde kunnen verzilveren. Het leverde op de valreep nog 

eenn aardig hoofdstuk op. 
Hett humane project was niet mogelijk geweest zonder de hulp van Govert Hoogland, 
Pierree de Graan, Robbert Notenboom en Ineke Bos van het RMI in Utrecht. Hun 
goedee zorgen op de OK gaven ons de unieke kans om stromen in humane cellen te 
meten.. Hier wil ik ook Twan nog eens bedanken, die elke operatiedag de snelweg 
onveiligg maakte om het hersenmateriaal zo snel mogelijk in Amsterdam te krijgen. 

Maarr er was meer dan oplossingen maken en bedenken. Er zijn natuurlijk ook mensen 
buitenn het lab die hebben bijgedragen aan mijn mooie promotietijd en die dus 
belangrijkk voor mij zijn. Mijn vriendinnen Sonja, Marije en Marieke: samen hebben we 
gestudeerdd en ook in de volgende 'levensfase' als AIO of arts hebben we elkaar meer 
dann genoeg te vertellen. Joost en Louise staan garant voor serieuze meligheid. We 
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komenn jullie dan ook snel opzoeken in Berlijn. Ook Armando wil ik graag bedanken 
voorr de jazzworkshops bij CREA, waar al veel moois uit voortgekomen is. 
Tott slot, mijn familie. Belangstelling voor de levende natuur is mij met de paplepel 
ingegoten.. Mijn ouders wil ik vooral bedanken voor hun zorgzaamheid en interesse. In 
julliee paradijsje in Schijndel is het altijd goed toeven. Mijn zus Christian en zusje Yvon: 
ookk al spreken we elkaar niet dagelijks, toch leven we met elkaar mee. 

Lievee Diederik, samen zijn we op weg en bereiken we ons doel! 

^ £ U A ^ ^ 
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Susann Ketelaars werd geboren op 14 juli 1976 in Schijndel. In 1994 behaalde zij haar 
gymnasiumdiplomaa aan het Gymnasium Beekvliet te St.-Michielsgestel. Datzelfde jaar 
gingg zij Medische Biologie studeren aan de Universiteit van Amsterdam en twee jaar 
laterr koos zij voor de specialisatie Neurobiologie. Tijdens de specialisatiefase deed zij 
onderzoekservaringg op bij de afdeling Drug Safety van het farmaceutisch bedrijf 
Solvayy Pharmaceuticals te Weesp. Hier heeft zij diverse methodes ontwikkeld om de 
vitaliteitt van leverplakjes na cryopreservatie te bepalen. Vervolgens liep zij stage op het 
laboratoriumm van prof. dr. W.J. Wadman in de sectie Neurobiologie van het huidige 
Swammerdamm Instituut voor Levenswetenschappen aan de Universiteit van 
Amsterdam.. Hier maakte zij kennis met de elektrofysiologie en leerde zij de voltage-
clampp techniek. Met behulp van deze techniek bestudeerde zij spanningsgevoelige 
calciumstromenn in calbindine knock-out muizen. In juli 1998 behaalde zij het 
doctoraalexamen.. In september van dat jaar begon zij in dezelfde groep aan haar 
promotie-onderzoek.. De resultaten van dit onderzoek zijn beschreven in dit 
proefschrift. . 
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Figuree 6.3: NCX3 immunoreactivity and mossy fiber sprouting 

(A-C)) NCX3 immunoreactivity of a midhorizontal hippocampal section from a control rat (A) and 
epilepticc rats three weeks (B) and 2.5 months (C) after SE. Note the marked downregulation of NCX3 
expressionn in stratum lucidum (si) and the dentate hilus (arrows in B and C) of the epileptic rats when 
comparedd with control rats. Insets in B-C: Timm's staining showing mossy fiber sprouting into the iml 
off the epileptic rats. Note that mossy fiber sprouting is already present in the 3 wk-KA rats, but much 
moree robust in the LT-KA rats (compare insets B and C). (D-F) Detail (sec box in B) of distribution of 
NCX33 immunoreactivity in the molecular layer of the dentate gyrus of the same control (D) and epileptic 
ratss (K: 3 wk-KA, F: LT-KA) as in A-C. Note the decreased NCX3 expression in the iml of the epileptic 
ratss when compared with control rats (<-> indicates the width of the iml). See also arrowhead in C. Insets 
inn D-P: confocal microscope images of the molecular layer showing staining of presynaptic terminals 
(synapsinn = green) in the iml. Note the punctuate expression of synapsin in the 3 wk-KA rats and the 
muchh more robust expression of synapsin in LT-KA rats. (G—I) Detail (see box in A: figures arc rotated 
90°° clockwise) of NCX3 expression in stratum lucidum (si) of the CA3 region in control and epileptic 
ratss (left panels of G-I). Confocal microscope images of the CA3 region of a control (G-right panel) and 
aa 3 wk-KA rat (H-right panel) show presynaptic staining (synapsin - green) and expression of NCX3 
(red)) in stratum lucidum. Note the dramatic decrease of NCX3 expression in the si of the 3 wk-KA rats, 
whilee synapsin staining in this layer is still abundantly present. Timm's staining also verified the normal 
presencee of mossv fiber terminals in the si (I-right panel), while NCX3 in these LT-KA rats was 
dramaticallyy reduced (I-left panel). Scale bar in A = 600 urn (applies to A-C), 60 \xm (applies to D-I7), or 
1500 p (applies to G-l) . Scale bar in inset D = 150 um (applies to inset D-I"). 
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