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ABSTRACT 
This thesis is based on three experimental studies (I-III) of CA1 hippocampal neurons 
in rat brain slices, where the electrophysiological properties are examined with patch 
clamp technique under hypoxic conditions and during treatment with antiepileptic 
drugs, respectively. The cells were visualized and identified in the slice by means of 
infrared differential interference contrast (IR-DIC) video microscopy and the 
experiments were carried out at room temperature (22-25 ºC). The major part of the 
analysis was performed with whole-cell current-clamp technique in order to study the 
effects on the cell potential. A voltage-clamp analysis on cell-attached patches was 
included in study II. 
Study I: The effect of chemical hypoxia (cyanide) was studied in order to elucidate the 
reason for previously found differences in the reaction to hypoxia in CA1 cells. This 
study focused on the changes in resting membrane potential. Chemical hypoxia was 
found to change the membrane potential with a magnitude and direction depending on 
the original resting potential of the cells. Several findings suggested that chemical 
hypoxia activated not only K channels, but in addition increased a conductance for an 
ion with a more positive equilibrium potential, most likely to be the Na+ ion. Blockage 
of the active transport (the Na/K pump) with ouabain potentiated the depolarizing 
action of cyanide, but did not inhibit the post-cyanide (“post-hypoxic”) 
hyperpolarization indicating that this part of the effect is not dependent on a 
reactivation of the Na/K pump. 
Study II: The objective was to distinguish if the rapid changes in excitability during 
hypoxia are related to a decrease in the Na conductance or if they are secondary to 
changes in the membrane potential. Hypoxia was induced by cyanide as in study I. 
Cyanide caused a decrease in the excitability measurable as an increase in the current 
threshold for excitation, which was correlated to a change in the resting potential. There 
were no effects on the action potential properties, such as rate of rise or peak amplitude. 
In conclusion, the study showed that there was no decrease in Na conductance in CA1 
cells during chemical hypoxia, and that the rapid hypoxic effects on excitation can be 
attributed to the membrane potential changes. 
Study III: The mode of action of the commonly used antiepileptic drugs VPA, LTG 
and LEV has not been fully clarified, and this was the rationale for this study. The 
experiments intended to study the rapid effects on excitability and firing properties as 
seen during drug perfusion for 10 min. All effects were compared with those in control 
cells in order to distinguish the normal changes over time in perfused CA1 cells. The 
excitability, the action potential shape and amplitude, and the firing properties of CA1 
cells were affected by LTG consistent with a block of Na channels, which may explain 
its antiepileptic mode of action. VPA and LEV did not show these effects and the 
mechanism of their antiepileptic action need to be different. Our findings differ in some 
respects from reported effects of VPA and LEV in cultured or dissociated neurons, and 
it is likely that the effects in the hippocampal slice, where the cells are relatively intact, 
are more similar to the therapeutic action. 
 
Key words: antiepileptic drug, brain slice, epilepsy, hippocampus, hypoxia, patch-
clamp, rat 
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1 INTRODUCTION  
 
1.1 CLINICAL BACKGROUND 

Hypoxia plays a central role in the process of several brain injuries, for example 
those following stroke, cardiac arrest and perinatal asphyxia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stroke is a dominant cause of mortality and morbidity throughout the world and 
about 15 million people worldwide will have a stroke each year, of whom 
approximately 5 million will die and another 5 million will be permanently 
disabled (Mackay and Mensah, 2004). In Sweden approximately 30 000 persons 
per year suffer a stroke and approximately 85 % of the cases are ischemic 
strokes (Socialstyrelsen, 2005). Cardiac arrest may cause hypoxic-ischemic 
encephalopathy (HIE), often followed by long-term neurological dysfunction. 
Perinatal asphyxia may also lead to HIE, which is a prominent contributor to 
neonatal death and morbidity. In full-term infants the incidence of asphyxia is  
2-4/1000 and in small premature newborns the corresponding number 
approaches 60 % (see Vannucci, 1990; Vannucci and Perlman, 1997). In a 
Swedish study the incidence of birth asphyxia with HIE was 1.8/1000 live-born 
term infants (Thornberg et al., 1995). Of the 4 million neonatal deaths 
throughout the world each year an estimated 23 % are associated with asphyxia 
at birth (Ambalavanan et al., 2006). Perinatal hypoxic-ischemic cerebral injury is 
the most clearly recognized cause of cerebral palsy as well as the most common 
cause of early-onset neonatal seizures (see Perlman, 1997; Volpe, 2001b). The 
time course of hypoxic/ischemic effects includes different phases, and improved 
treatment early in the injury process, before irreversible brain damage is 
established, might improve the prognosis (see Perlman, 1997; Vannucci and 
Perlman, 1997; Perlman, 2006). In study I and II the initial effect of hypoxia was 
investigated on CA1 neurons, which are known to be particularly vulnerable to 
hypoxia. 
 
 
 

Terms and definitions 
Hypoxia and anoxia: a partial or total lack of oxygen, respectively, in one or  
several organs; the corresponding term used if this occurs in the bloodstream 
is hypoxemia/anoxemia. 
 
Ischemia: a reduction in or cessation of blood flow, which leads to lack of 
oxygen as well as other nutrients. 
 
Asphyxia: impairment in the exchange of respiratory gases, oxygen and 
carbon dioxide, thus leading to both hypoxemia and hypercapnia. 
 
(Guyton, 1986; Volpe, 2001a) 
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Epilepsy is characterized by a tendency to recurrent epileptic seizures. A single 
seizure is not sufficient for the diagnosis of epilepsy and up to 5% of the world’s 
population may have a single seizure during their lifetime (WHO, 2001). The 
diagnosis of epilepsy requires that a seizure is combined with an enduring 
predisposition to generate epileptic seizures (Fisher et al., 2005) and this affects 
at least 0.8 % of the people all over the world (WHO, 2001). In Sweden the 
prevalence of epilepsy is 0.7 %, corresponding to about 60 000 individuals. 
Approximately 4 400 new cases are added each year, with the highest age-
specific incidence in childhood during the first year and in adults among the 
oldest (Forsgren, 1998; Socialstyrelsen, 2002). An important diagnostic tool is 
EEG, which may show interictal epileptiform discharges between seizures 
and/or ictal activity during seizures as well as postictal abnormalities. The term 
epileptic seizure is used to describe a variety of paroxysmal signs and symptoms 
resulting from a large number of different underlying pathological processes 
(Engel, 1996). Hence, the seizures can be partial or generalized and, depending 
on which part of the brain they involve, show great variation in their clinical 
expression (semiology). 
 

Terms and definitions 
Epileptic seizure: a transient occurrence of signs and/or symptoms due to 
abnormal excessive or synchronous neuronal activity in the brain. 
 
Partial (focal) seizure: seizure with a local onset. 
 
Generalized seizure: seizure starting synchronously and widespread in both 
brain hemispheres. 
 
Epilepsy: a disorder of the brain characterized by an enduring predisposition to 
generate epileptic seizures and by the neurobiologic, cognitive, psychological, 
and social consequence of this condition. The definition of epilepsy requires the 
occurrence of at least one epileptic seizure. 
 
Symptomatic epilepsy: a syndrome in which the epileptic seizures are the result 
of one or more identifiable structural lesions of the brain. 
 
Idiopathic epilepsy: a syndrome that is only epilepsy, with no underlying 
structural brain lesion or other neurological signs or symptoms. It is presumed 
to be genetic and is usually age-dependent. 
 
Cryptogenic epilepsy: a syndrome with epileptic seizures in which no factor 
associated with increased risk of seizures has been identified, including cases 
who do not confirm to the criteria for the symptomatic or idiopathic categories. 
 
(ILAE, 1993; Fisher et al., 2005; Engel, 2006) 
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In spite of medical treatment, an estimated portion of 17-31 % of persons with 
epilepsy will continue to have seizures (see Leppik, 1992). Prevalence studies of 
epilepsy in adults have shown that only around 40 % were seizure-free during 
the preceding year and 10 % had one or more seizures every week (Forsgren, 
1995). Even if seizure freedom cannot be achieved most people with epilepsy 
experience a reduction in seizure frequency with antiepileptic drug (AED) 
treatment, however, sometimes to the cost of side effects. Old, established drugs 
are low in cost, show well-documented clinical effects and their side effects are 
well known. Newer AEDs may improve an unsatisfying seizure control and/or 
reduce the adverse effects, but are more expensive. During the 1990s there was a 
radical change in the AED treatment arsenal due to the introduction of several 
new compounds, the so called new (or second) generation drugs, and in Sweden 
seven new AEDs were registered. Although the prescription of AEDs increased 
by only 25 % from 1991 to 2002 the cost was nearly six times higher 
(Socialstyrelsen, 2002; Persson et al., 2003). The seizure generating process may 
vary in different epileptic disorders, which can make an AED more or less 
suitable, depending on its mode of action. However, many effects on the cellular 
level are not completely clarified. Although the cost/benefit has not been proven 
favourable (Persson et al., 2003), the presence of a larger arsenal of AEDs 
increases the possibility to individualize the treatment, which often must be 
based on trial and error, since the underlying pathophysiology as well as the 
pharmacological mode of action is unknown or uncertain. The mode of action of 
three AEDs is investigated in study III. 
 
There is a clinical connection between hypoxic damage and epileptic seizures. 
Any type of brain disease can cause epilepsy, but stroke and cerebral 
hypoxia/ischemia are among the most common causes of symptomatic epilepsy. 
In a Swedish incidence study of adults with one or more unprovoked seizures, 
epilepsy was secondary to stroke in 30 % (Forsgren et al., 1996). Seizures due to 
HIE in neonates accounts for approximately 50 to 60 % of all neonatal seizures 
(Volpe, 2001b), and Bergamasco et al. (1984) found that the risk of developing 
epilepsy was five times higher in children affected at birth by hypoxia-related 
acute neurological syndrome than in controls. Symptomatic seizures increase the 
risk for further seizures, decrease the chance for long-term remission and are 
often resistant to pharmacological treatment (see Leppik, 1992; Alving, 1995; 
Forsgren, 1995). Epileptic seizures due to hypoxic/ischemic cell damage can 
occur either in the acute phase or later, after an initial seizure-free period. 
According to ILAE definitions (1993) acute symptomatic seizures related to a 
cerebrovascular accident are those occurring within seven days after the insult. 
Labovitz et al (2001) found acute symptomatic seizures in 4.1 % of first stroke 
patients, and 27 % of those seizures were status epilepticus. Post-stroke epilepsy 
can develop also in patients not suffering from acute symptomatic seizures. 
Using somewhat different definitions (2 or several seizures more than 1 week 
after the stroke, or 2 or several seizures after a stroke requiring AED treatment, 
respectively) two prospective scandinavian studies show a prevalence of post-
stroke epilepsy of 3.1-3.2 % (Kammersgaard and Olsen, 2005; Lossius et al., 
2005). Epileptic seizures may also develop in the acute phase of cerebral 
ischemia due to cardiac arrest; with an incidence ranging from 15 to 44 % (see 
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Khot and Tirschwell, 2006). In acutely asphyxiated newborn infants convulsive 
activity occurs in 50 to 70 % (see Vannucci, 1990) and a majority of these 
infants develops seizures within 24 h after birth (see Vannucci, 1990; Thornberg 
et al., 1995; Volpe, 2001b). 
 
 
1.2 ACTION POTENTIAL AND RESTING MEMBRANE POTENTIAL 

The pioneering works by Hodgkin, Huxley and others proved that the nerve 
action potential (AP) is caused by the flow of ions across the cell membrane. It 
consists principally of a rapid inward Na current, creating the upstroke of the 
AP, and a variety of slower outward K currents, which together with the 
inactivation of Na channels cause the AP repolarization (Hodgkin and Katz, 
1949; Hodgkin and Huxley, 1952a, b; Frankenhaeuser and Huxley, 1964; Hille, 
1992). Thus, to elicit an AP, which is an all-or-none-phenomenon, there need to 
be an initial increase in Na permeability which is large enough to depolarize the 
cell membrane above the threshold for excitation. In the squid axon, AP 
repolarization is known to be dependent upon the delayed rectifier K 
conductance in combination with Na conductance inactivation (Hodgkin and 
Huxley, 1952b). In vertebrate neurons, however, the mechanism of AP 
repolarization may be somewhat different and according to Storm (1987) it 
depends on a combination of two other K currents, a fast Ca-dependent outward 
K current (IKCaF) and a transient K current. IKCaF is involved also in the fast 
afterhyperpolarization, whereas the slow afterhyperpolarization depends on a 
noradrenaline-sensitive K current (Storm, 1987).  
 
The resting membrane potential (V0) in a cell is the consequence of inward and 
outward ion flow across the cell membrane according to those ions equilibrium 
potential (E). As the resting membrane is primarily K-selective but also slightly 
permeable to some other ions with more positive E, in axons V0 is a bit less 
negative than EK (Hodgkin and Katz, 1949; Hille, 1992). For instance, under 
normal conditions in neurons V0 is about -60 mV, EK is approximately -80 mV 
and ENa about +60 mV. In addition an unspecified ionic leak current (with E ~ 0 
mV) contributes to decrease the potential difference over the membrane.  
 
 
1.3 VOLTAGE-DEPENDENT CATION CHANNELS AND THEIR 

CURRENTS 

What Hodgkin, Huxley and colleagues referred to as ionic conductance or 
permeability in the cell membrane was later discovered to consist of more or less 
ion-specific protein pores, the ion channels. An important step in understanding 
the constitution and function of ion channels was the introduction of the patch-
clamp technique by Neher and Sakmann (see below Material and Methods). 
Voltage-gated ion channels play a fundamental role in the generation and 
propagation of APs, as stated above, and also in the synaptic transmitter release. 
Molecularly they are composed of an α-subunit consisting of four similar 
subunits, each with six transmembrane segments (S1-S6), apart from some 
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exceptions, notably some of the K channels. The main part of the channel 
consists of this α-subunit which includes the gating machinery, the ion-selective 
pore, the voltage-sensing part and drug-binding sites. Additionally, some 
channels have auxiliary subunits which may serve to promote channel 
expression or to modify channel function. Voltage-gated ion channels have three 
conformational states: a resting closed state from which the channel can be 
activated/opened, an open and ion conducting state, and a second closed state 
(the inactivated state) from which the channels have to recover before they can 
be opened again (Aidley and Stanfield, 1996; Wuttke and Lerche, 2006). 
 
1.3.1 Sodium channels and currents 

In addition to the α-subunit, the voltage-gated Na channels (VGSC) have one or 
more β-subunits, the latter modifying the Na current, e.g. enhancing its 
amplitude and inactivation. VGSCs have very marked voltage sensitivity. At V0 
the channels are mainly in the resting closed state. Depolarization quickly and 
dramatically increases the open probability and usually causes a fast and large 
flow of Na+ ions into the cell; then, within about one millisecond the channels 
inactivate and this state persists until re-/hyperpolarization (Ashcroft, 2000). 
This is the basis of the fast inactivating, or transient, Na current (INa) which 
comprises the main part of the Na current. A minor part of the Na current is 
slowly inactivating (for seconds or minutes) and this current fraction is often 
called the persistent Na current (INaP), which is important for regulating firing 
properties of neocortical neurons (Franceschetti et al., 1995; Fleidervish et al., 
1996; Astman et al., 2006). There are different subtypes of VGSCs, of which at 
least four are expressed in the mammalian CNS. Mutations in their genes are 
sometimes correlated with specific diseases, e.g. some familial epilepsies (see 
below Ion channels and epileptogenesis). 
 
1.3.2 Potassium channels and currents 

K channels comprise a huge amount of variable channels, structurally divided 
into two main families: those with six transmembrane domains and those with 
only two. The former can be further subdivided into e.g. voltage-gated 
potassium channels (VGPC), KCNQ channels and Ca-activated K channels. 
Both VGPC and KCNQ channels are typically closed at V0 and open on 
membrane depolarization, i.e. both types are voltage sensitive. Their currents are 
mainly outward and slower than the Na currents, although variations occur in 
different subtypes. Mutations in genes encoding the K channels lead to a variety 
of human diseases, including a form of hereditary epilepsy (see below Ion 
channels and epileptogenesis). The class of two-domain K channels includes the 
so called inwardly rectifying channel, which mainly opens at potentials near or 
more negative than EK. Although their function is not fully known their 
properties can stabilize V0 near EK in a manner that does not hold back a large 
and long lasting depolarization (Hille, 1992). 
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1.3.3 Calcium channels and currents 

Calcium ions play a crucial role in the regulation of cellular functions including 
triggering of neurotransmitter release and induction of cell death (Kristian and 
Siesjo, 1998). A transient rise in the intracellular Ca2+ ion concentration acts as a 
second messenger coupling receptor activation to many cellular processes. This 
Ca2+ increase is mediated by voltage- or ligand-gated Ca channels, Na/Ca 
exchange and/or release from intracellular Ca2+ stores (Stys et al., 1992; 
Grondahl and Langmoen, 1996). Similar to the Na channels, the opening of the 
voltage-gated Ca channels (VGCC) is strongly voltage-dependent. On the basis 
of their voltage dependence of activation, VGCC are divided into low or high 
threshold-activated channels, the former classified as T type and the latter as L, 
N, P, Q and R types. Structurally they are composed of a big α1-unit and four 
smaller subunits (α2, β, γ, δ). All Ca channel types can be found in brain tissue 
and mutations are correlated with e.g. juvenile myoclonic epilepsy, JME (see 
below Ion channels and epileptogenesis). 
 
 
1.4 HYPOXIA 

The electrical activity of the central nervous system (CNS) neurons is highly 
sensitive to hypoxia. Reduced oxygen supply to the brain leads within seconds 
to loss of consciousness. With longer duration of the hypoxic state, the risk for 
irreversible brain damage increases (see Siesjo, 1988b, a). Many different 
mechanisms are involved in the injury process, and among several things the 
acute effect depends on changes in neuronal ion channels, affecting V0 and 
thereby the excitability of brain neurons (Hansen et al., 1982; Jensen et al., 1998; 
Mazza et al., 2000). Neurons from different parts of the brain react differently on 
hypoxia/ischemia. Particularly sensitive to hypoxia are the hippocampal neurons 
and among those the neurons within in the CA1 region (Smith et al., 1984; 
Kirino et al., 1985), which is a structure that has been extensively studied with 
regard to this effect (Hansen et al., 1982; Fujiwara et al., 1987; Cummins et al., 
1991; Zhang and Krnjevic, 1993; Fujimura et al., 1997; Hyllienmark and 
Brismar, 1999). In the present thesis only the rapid effects on the membrane 
function are treated, other cytotoxic effects were not studied. 
 
1.4.1 Membrane potential effects 

Exactly how the hippocampal cells are injured in hypoxia/ischemia is not fully 
clarified. The rationale for study I was the presence of conflicting findings 
regarding the initial effect on excitability, which has been attributed to either a 
hyperpolarization or a depolarization of V0 (for references see paper I). The 
direction and amplitude of this initial response are consequently of decisive 
importance for the effect on excitability. Increased as well as decreased 
excitability after hypoxia or metabolic inhibition have been reported. Cyanide-
induced hypoxia in acute experiments of rat rostral ventral medulla cells causes 
depolarization and hyperexcitability in a majority of the cells whereas 
hyperpolarization and decreased excitability are seen in the remaining cells 
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(Mazza et al., 2000), and according to findings by Gu and Haddad (2001) 
repeated periods of hypoxia decrease the excitability in hippocampal cells. 
 
1.4.2 Na channel effects 

The rationale for study II was to elucidate the possibility that hypoxia has a 
direct blocking effect on the Na channel and that the excitability changes are not 
only secondary to changes in V0. There is earlier evidence that hypoxia or 
metabolic inhibition can have various effects on Na channels.  Hypoxia has been 
described to induce an increase in INa as well as in INaP in rat hypothalamic 
neurons (Horn and Waldrop, 2000). In dissociated CA1 neurons hypoxia has 
been reported to increase INaP and decrease INa, whereas cyanide treatment was 
found to affect only INaP (Hammarstrom and Gage, 1998, 2000). A decreased 
neuronal excitability in mouse hippocampal neurons induced by repeated 
hypoxia was correlated to several effects that may be due to an inhibition of the 
Na current, e.g. a decreased AP amplitude and a decreased firing  rate (Gu and 
Haddad, 2001). Similarly, the anoxia-induced decrease in excitability in human 
neocortical neurons was related to an inhibition of Na currents due to increased 
inactivation (Cummins et al., 1993) and in CA1 cells brief exposures to cyanide 
or hypoxia decreased an inward current identified as INa (Cummins et al., 1991). 
 
 
1.5 ION CHANNELS AND EPILEPTOGENESIS 

An underlying mechanism for epileptic discharges is the activation of VGSC 
(see Mody, 1998). The importance of VGSC in epileptic bursting was shown by 
localized injections of the Na-channel blocker tetrodotoxin (TTX) in rat 
hippocampal slices which blocked stimulus-train evoked electrographic seizures 
for several hours (Burack et al., 1995). Mutations of VGSC are the substrate for 
generalised epilepsy with febrile seizures plus (GEFS +) (Wallace et al., 1998) 
and benign familial neonatal infantile seizures (BFNIC) (Heron et al., 2002). 
VGCC are involved in the sustained depolarisation-phase of the postsynaptic 
depolarizing shift, which constitutes a large and sustained neuronal 
depolarization associated with a rapid burst of APs and is the single cell 
correlate of the interictal spike seen in EEG (Prince, 1968; see Armijo et al., 
2005). They are also concerned in the generation of absence seizures (see 
Crunelli and Leresche, 2002). Mutations of VGCC are substrates for JME 
(Escayg et al., 2000) and an absence-like pattern seen in some mouse models for 
absences and ataxia (Fletcher et al., 1996; Burgess et al., 1997).  
Mutations in other channels (K and Cl) have been linked to specific types of 
hereditary epilepsies, but it should be observed that to date only a small part of 
all epilepsies are explained by channel mutations. 
 
Abnormal synchronization of thalamocortical networks is suggested for the 
generation of generalized seizures according to both animal and human data. 
Enhanced burst firing in those neurons may increase γ-aminobutyric acid-B 
(GABAB) receptor activation in the thalamus, leading to the slower, more 
synchronous oscillations seen in spike-and-wave seizures (see Blumenfeld, 
2003). 
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1.6 HYPOXIA AND EPILEPTOGENESIS 

Studies on the basic mechanisms of stroke have elucidated some of the 
pathological events underlying ischemia-induced epilepsy. During a stroke, 
ischemia and anoxia cause massive release of glutamate, resulting in excessive 
activation of postsynaptic glutamate receptors. Epileptogenesis has been 
associated with glutamate receptor activation, and overproduction of glutamate 
is recognized to be the major cause of the neuronal injury (see Delorenzo et al., 
2007). Seizures in the acute stroke phase can be attributed to a hypoxia-induced 
release of excitatory neurotransmitters (e.g. glutamate) (Sun et al., 2001; see 
Camilo and Goldstein, 2004), which may be Ca dependent and requiring N-
methyl-D-aspartate (NMDA)-receptor activation (Sun et al., 2002). The late 
seizures and post-stroke epilepsy are probably due to gliosis and selective 
neuronal loss causing persistent changes in cellular networks or permanent 
functional modifications such as alterations in the phosphorylation of GABA- or 
NMDA-receptors; changes that eventually lead to increased neuronal excitability 
(Luhmann et al., 1995; see Camilo and Goldstein, 2004). Axonal sprouting and 
synaptic reorganization can account for secondary epileptogenesis as seen in 
temporal lobe epilepsy (TLE) (see Dudek and Spitz, 1997). 
 
 
1.7 ANTIEPILEPTIC DRUGS 
1.7.1 Clinical use of valproate, lamotrigine and levetiracetam  

Valproate (VPA) was introduced already in the late sixties, belongs to the so 
called older generation AEDs, and has become one of the most widely 
prescribed AEDs worldwide (Perucca, 2002). Lamotrigine (LTG) is one of the 
newer generation AEDs, even if it today has been in clinical use for more than 
15 years and is well-established in many countries. Both VPA and LTG are 
regarded as broad-spectrum drugs with documented clinical efficacy on partial 
and generalized seizures in adults as well as in children (Pellock, 1994; Perucca, 
2002, 2005; Wheless et al., 2005). Levetiracetam (LEV) is a more novel newer 
generation AED, approved by the U.S. Food and Drug Administration (FDA) in 
1999 and the European Medicines Evaluation Agency (EMEA) in 2000 
(Margineanu and Klitgaard, 2002) with proven efficacy as adjunctive therapy for 
the treatment of refractory partial epilepsy in adults and children (Shorvon et al., 
2000; Glauser et al., 2006) and later also as monotherapy for partial seizures in 
adults (Brodie et al., 2007). Clinical and preclinical data have implicated 
efficacy of LEV also in generalized seizures (Gower et al., 1995; Bergey, 2005; 
D'Arcangelo et al., 2006; Rocamora et al., 2006), and accordingly LEV was just 
recently approved by the EMEA for the treatment of myoclonic seizures in JME 
and primarily generalized seizures in idiopathic generalized epilepsy, i.e. LEV 
also seems to be a broad-spectrum drug. 
 
VPA and LTG have shown efficacy also in other CNS disorders. For example 
both are used in treating migraine and neuropathic pain, with more specific 
evidence from controlled, randomized studies regarding VPA and migraine and 
for LTG and neuropathic pain, respectively (Ross, 2000; Rogawski and Loscher, 
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2004b). Proposed mechanisms of action are essentially the same as for the 
antiepileptic effect (see below). Within the psychiatric field VPA and LTG have 
proven efficacy in treating bipolar disorders (Emilien et al., 1996; Calabrese et 
al., 1999; Hahn et al., 2004) and VPA also as add-on treatment in schizophrenia 
(Citrome, 2003). LEV has not yet been studied in a large, controlled study 
concerning the use in other CNS disorders. Several case reports and pilot studies 
report improvements, often concerning movement related problems, for example 
dyskinesia, restless legs syndrome and essential tremor (Bushara et al., 2005; 
Della Marca et al., 2006; Konitsiotis et al., 2006), but there is also one report of 
worsening of dyskinesia (Lyons and Pahwa, 2006). Regarding psychiatric 
illnesses there are some open-label add-on studies describing effects in acute 
mania and bipolar disorders (Grunze et al., 2003; Post et al., 2005). 
 
1.7.2 Mechanisms of action 

Effects on voltage gated ion channels, and particularly inhibition of VGSC and 
VGCC, are regarded as the main mechanism of action of several commonly used 
AEDs. Many studies have been performed within this field and some with 
conflicting results which makes the interpretation of the antiepileptic effect 
complicated. Clarifications could aid in creating more effective 
pharmacotherapy strategies. The antiseizure action of the established AEDs can 
be categorized into two main mechanisms: (1) modulation of voltage-dependent 
ion channels, mainly inhibition of Na- and Ca-channels, and (2) synaptic 
modulation, either enhancement of synaptic inhibition (mainly via the 
GABAergic system) or reduction of the synaptic excitatory processes (mainly 
via glutamate-receptors, NMDA and alpha-amino-3-hydroxy-5-
methylisoxazole-propionic acid (AMPA)) (Macdonald and Kelly, 1995; 
Meldrum, 1996; Rogawski and Loscher, 2004a). Also for AEDs targeting 
VGSC and VGCC the resulting inhibition of glutamate release is likely to be a 
significant downstream action for seizure prevention (Rogawski and Loscher, 
2004a). In order to tailor the AED treatment to each individual patient several 
drug properties are important, including efficacy in different seizure types, 
adverse effects profile and pharmacokinetic properties. The knowledge of 
mechanisms of action offers useful clues in predicting the AED profile and 
spectrum of potential adverse effects (Perucca, 2005). For instance, Na channel-
blocking AEDs are described mainly to be effective against partial seizures and 
generalized tonic-clonic seizures, and some (e.g. carbamazepine (CBZ) and 
phenytoin (PHT)) even to exacerbate generalized spike-and-wave discharges, 
whereas some (e.g. LTG) are also effective against absence and atonic seizures 
(Meldrum, 1996; Rogawski and Loscher, 2004a). AEDs targeting T-type Ca 
channels are of special interest in absence seizures as these channels are critical 
for the generation of thalamocortical oscillations underlying this seizure type 
(Crunelli and Leresche, 2002). Regarding CNS adverse effects AEDs with 
traditional GABAergic mechanisms have the most detrimental effects on 
cognitive function, possibly because they impair attention. Conversely, drugs 
with predominant effects on Na channels appear to have minimal impact on 
cognition (Sankar and Holmes, 2004). 
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1.7.2.1 Valproate 

During the years several different mechanisms of action have been suggested for 
VPA, such as potentiation of GABA effects, a reduction of the NMDA response 
or possibly an altered K or Ca conductance. Some of these effects are still under 
debate and VPA is supposed to act through more than one mechanism providing 
its broad anticonvulsant effect (Loscher, 2002a, b). Conflicting results exist 
regarding effect of VPA on VGSC. Several studies, mainly on cultured or 
dissociated mammal (including human) neurons and some on non-vertebrate 
preparations, imply an inhibitory effect on INa (McLean and Macdonald, 1986; 
VanDongen et al., 1986; Zona and Avoli, 1990; Van den Berg et al., 1993; 
Vreugdenhil et al., 1998; Vreugdenhil and Wadman, 1999). In contrast to these 
investigations Albus and Williamson (1998) found no such effect in a 
hippocampal slice preparation study. Neither was there an effect on INaP in 
hippocampal slice neurons (Niespodziany et al., 2004) although a selective 
blocking of INaP was seen in dissociated neocortical neurons (Taverna et al., 
1998). 
 
1.7.2.2 Lamotrigine 

LTG has been shown to inhibit the Na channel, mainly through a prolongation of 
the inactivated state, in cultured and dissociated CNS neurons, peripheral nerve 
and other cell types (Cheung et al., 1992; Lang et al., 1993; Kuo and Lu, 1997; 
Zona and Avoli, 1997; Liu et al., 2003; Guven et al., 2006). Similarly, one study 
in the rat hippocampal slice has shown that LTG affects the firing properties in a 
way consistent with Na channel block (Xie et al., 1995). This effect is similar to 
that produced by CBZ and PHT and is regarded as the main antiepileptic 
mechanism of LTG. However, other modes of action are likely to contribute to 
the clinical effect, especially in absence epilepsy (see above). In addition to the 
Na channel effects, LTG blocks Ca currents (Stefani et al., 1996; Wang et al., 
1996; Hainsworth et al., 2003), potentiates the transient outward K current 
(Grunze et al., 1998; Zona et al., 2002), up-regulates the gene for GABAA 
receptor-subunit (Wang et al., 2002) and activates hyperpolarization-activated 
cation channels (h-channels) in dendrites (Poolos et al., 2002). 
 
1.7.2.3 Levetiracetam 

In classical rodent seizure and kindling models LEV has shown different 
features as compared to other antiepileptic agents (Gower et al., 1992; Loscher 
and Honack, 1993; Klitgaard et al., 1998) and may have a unique mechanism of 
action, which is, however, not yet fully clarified (Margineanu and Klitgaard, 
2002). An early finding of a specific binding site in the brain (Noyer et al., 1995) 
has later been identified as the synaptic vesicle protein SV2A (Lynch et al., 
2004). This has been proposed as the main mechanism of action of LEV, 
although there are reports of other effects such as inhibition of high threshold Ca 
channels and delayed rectifier K currents, reversal of inhibition of GABA- and 
glycine-gated currents, modulation of AMPA receptors (for references see paper 
III), and decreased action of GABAA-antagonists (Poulain and Margineanu, 
2002). LEV has not been found to block the Na current, neither the fast 
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inactivating (INa) nor the persistent (INaP) (Zona et al., 2001; Madeja et al., 2003; 
Niespodziany et al., 2004). These previous studies on INa were performed on 
cultured and dissociated neurons, and the action may differ in intact neurons of 
the brain slice model. Interestingly, brivaracetam, a new LEV derivative which 
presently is undergoing clinical trials, has been reported to have an inhibitory 
effect on VGSC in addition to the expected binding to the SV2A protein (Zona 
et al., 2004). 
 
1.7.2.4 Other sodium channel acting AEDs 

The old generation AEDs PHT and CBZ are well-known examples of Na-
channel blocking drugs, and their antiepileptic action is ascribed to this effect. 
The same pertain to the later developed AED oxcarbazepine. These AEDs block 
VGSC in a use- or frequency- dependent manner (Ragsdale et al., 1991; 
Ragsdale et al., 1996; Rogawski and Loscher, 2004a; Tao et al., 2006), meaning 
that the channel block becomes more effective when there is repeated activation, 
e.g. during trains of APs in bursting epileptic activity, due to higher drug affinity 
to the inactivated state of the Na channel. Accordingly the drug has only small 
effects on Na channels in their resting closed state and therefore the first AP is 
minimally affected, and hence, they should interfere less with the normal 
neuronal activity (Ragsdale et al., 1991). It should be noted that burst firing of 
APs is also a normal phenomenon and a mechanism for increasing the neural 
synchrony which is thought to enhance cortical and thalamic rhythmic network 
activity (see Steriade et al., 1993). Other AEDs with reported Na-channel 
blocking effects are zonisamide (Schauf, 1987; Rock et al., 1989) and felbamate 
(Taglialatela et al., 1996). Topiramate has been shown to modulate INa as well as 
INaP, the latter being the most evident effect (Taverna et al., 1999; Sun et al., 
2007). 
 
 
1.8 HIPPOCAMPUS 

The hippocampus has attracted the interest of pathologists for more than a 
century and the earliest description of a change in the hippocampus is credited to 
Bouchét and Cazauvieilh (1825) who found changes in the consistency of the 
hippocampus in epileptic patients. The neuronal architecture of hippocampus is 
very similar in mammals from lower species to humans and its susceptibility to 
ischemic injury is known in various species (see Kirino et al., 1985). Its shape 
has been resembled to a sea horse and hence the name hippocampus (Latin for 
sea horse). 
 
1.8.1 The hippocampal formation – anatomical and functional aspects 

The hippocampus is a cashew nut-formed cortical structure which together with 
the neighbouring regions of the parahippocampal gyrus forms a functional-
anatomic unit referred to as the hippocampal formation (see Heimer, 1995). In 
humans it is located medially in the temporal lobes just beneath and medially of 
the lateral ventricles and behind the amygdaloid body. In rodents the 
hippocampus takes up a proportionally bigger part of the brain and it extends 
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beneath the corpus callosum. The hippocampal formation is regarded as an 
evolutionary old part of the cortex consisting of six cytoarchitectonically distinct 
regions, including the dentate gyrus, the hippocampus proper, the subicular 
complex (subiculum, presubiculum and parasubiculum) and the entorhinal 
cortex. The hippocampus proper can be subdivided into three areas: CA1, CA2 
and CA3 (CA=Cornu Ammonis=Ammon´s Horn) where the CA1 and CA3 
areas are the major functional parts. A region within the concavity of the dentate 
gyrus formerly termed CA4 is now commonly called the dentate hilus (see 
Kirino et al., 1985; Knowles, 1992; Amaral and Witter, 1995). 
 
The most conspicuous cells are the pyramidal cells, with basal dendrites directed 
outward toward the ventricular surface and apical dendrites toward the centre of 
the structure. The hippocampus receives inputs from limbic, cortical, and 
subcortical areas. The primary neuronal pathway, the so called trisynaptic 
pathway, enters the hippocampus from the entorhinal cortex via the perforant 
path to the dentate granule cells (with collaterals to CA1 and CA3 pyramidal 
cells). Mossy fibres from the granule cells excite CA3 pyramidal cells and hilar 
interneurons. The CA3 neurons, via the Schaffer collaterals, excite the CA1 
pyramidal neurons, which project from the hippocampus to cortical or 
subcortical areas via the subiculum. The major excitatory neurotransmitter is 
glutamate and there are two important postsynaptic receptor types, AMPA and 
NMDA. GABA is the primary inhibitory transmitter, with two postsynaptic 
receptors, GABAA and GABAB (see Knowles, 1992; Amaral and Witter, 1995). 

Fig. 1. Schematic drawing of hippocampus in a transversal section showing its most important 
functional parts, CA1, CA3 and the dentate gyrus (DG). The trisynaptic pathway is indicated, 
with afferents coming from the entorhinal cortex via the perforant path (pp) to the granule cells 
in DG. Via the mossy fibers (mf) the granule cells excite the pyramidal cells in CA3, which 
excite the CA1 pyramidal cells via the Schaffer collaterals (sc), and from there efferents lead 
out to cortical and subcortical areas via the subiculum. 
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1.8.2 Selective vulnerability and epileptogenesis 

Within the hippocampus the pyramidal cells in Sommer´s sector (which 
constitutes CA1 and, according to some authors, subiculum) are especially 
sensitive to anoxia and other metabolic disturbances (Siesjo, 1988a; Kawasaki et 
al., 1990; see Heimer, 1995). In a rat model of ischemia those cells were 
damaged already after 2 to 4 min (Smith et al., 1984). Kawasaki et al. (1990) 
found a more selective vulnerability to brief hypoxia in the CA1 region 
compared to CA3, and proposed that high NMDA-receptor density, low 
extracellular volume fraction and, possibly, a decreased ability to regulate 
extracellular K+ ion concentration could account for the CA1 selective 
vulnerability to hypoxia/ischemia-induced cell death. An excitotoxic cyanide 
metabolite was shown to induce seizures and selective CA1 hippocampal lesions 
(Bitner et al., 1995). 
 
William Sommer, after whom the Sommer sector is named, was the first to 
report a hippocampal lesion microscopically, including an extensive neuronal 
loss, which he found in one third of epileptic patients (Sommer, 1880; see Kirino 
et al., 1985). Later histological studies have revealed that the hippocampal or 
mesial temporal sclerosis, the typical pattern of brain damage in a majority of 
patients with refractory TLE as well as in rat models of TLE, is due to a rather 
selective neuronal loss in CA1, CA3, the dentate hilus and a specific layer in the 
entorhinal cortex, while cells in CA2, the dentate gyrus and the subiculum are 
relatively spared (Du et al., 1993; Du et al., 1995). The etiologic significance of 
hippocampal sclerosis remains unclear, and it is still debated weather it is the 
cause and/or the consequence of seizures (Kalviainen and Salmenpera, 2002; 
Mathern et al., 2002; see Lewis, 2005). An up-regulation of a type of glutamate 
receptor was found in the hippocampus of pharmacoresistant TLE patients 
regardless of hippocampal sclerosis, which may contribute to their hippocampal 
hyperexcitability (Notenboom et al., 2006). 
 
Electrophysiological studies have shown that the hippocampal slice can be made 
epileptogenic, with events similar to both interictal and ictal patterns, suggesting 
that the circuitry in the hippocampus is sufficient for generating seizure activity 
(Anderson et al., 1986). 
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2 AIMS OF THE THESIS 
 
 
2.1 GENERAL AIM 

To contribute to the understanding of the early, acute processes in hypoxic brain 
injury, with emphasis on membrane properties and excitability, and to the 
understanding of the therapeutic mode of action of the commonly used 
antiepileptic drugs VPA, LTG and LEV. 
 
 
2.2 SPECIFIC AIMS 

1. To evaluate the effect of hypoxia on the resting membrane potential in 
hippocampal neurons and more specifically to elucidate the reason for 
previously reported differences in the reaction to hypoxia in hippocampal 
CA1 cells (study I). 

2. To study how hypoxia affects excitability and voltage-dependent Na 

channels in hippocampal neurons and more specifically to distinguish if 
the rapid changes in excitability during hypoxia are related to a decrease 
in the Na conductance or if the changes in excitability are secondary to 
changes in the resting membrane potential (study II). 

3. To study the effect of three important antiepileptic drugs (VPA, LTG and 
LEV) on resting membrane potential, excitability and repetitive firing in 
hippocampal neurons, with emphasis on Na-channel dependent 
excitability properties (study III). 

4. To elucidate possible differences in antiepileptic drug effects (VPA, LTG 
and LEV) on the above mentioned properties in neurons in the brain slice 
as compared to previously reported findings in dissociated or cultured 
neurons (study III). 
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3 MATERIAL AND METHODS 
A detailed methodological description, including the standard solutions used, is 
given in each of the studies (I-III). This section serves as a general background 
to the methods. 
 
 
3.1 MATERIAL 

The experiments were performed mainly on brain slices prepared from 8-19 
days old female and male Sprague-Dawley rats. The few exceptions were that in 
paper I also Lewis rats were used and in paper II two cells were from rats older 
than 19 days (maximum 33 days) and the cell properties in those cases did not 
differ significantly from the rest. 
Healthy neurons with largely preserved connections can be studied in the brain 
slice preparation (Yamamoto and McIlwain, 1966; Dingledine et al., 1980). 
Immediately following rapid decapitation of the rat sagittal 300-350 µm thick 
brain slices were cut and then left to recover for at least 60 min in an oxygenated 
solution with a composition similar to cerebral spinal fluid at 32-33 °C. One 
slice at a time was transferred to a dissecting chamber and tissue surrounding 
hippocampus was removed before transferral to the recording chamber. During 
the experiment the slice was continuously superfused with oxygenated standard 
or experimental solution and CA1 (in paper I also CA3) pyramidal cells were 
identified with infrared differential interference contrast (IR-DIC) video 
microscopy (Dodt and Zieglgansberger, 1990; Stuart et al., 1993). 
 
 
3.2 PATCH CLAMP TECHNIQUE 

Studies were performed with the patch-clamp technique which allows the 
recording of currents or potential in a small part of the cell membrane (patch) or 
in the whole-cell configuration (see below) (Neher and Sakmann, 1976; Hamill 
et al., 1981; Sakmann and Neher, 1995). The “blow and seal” technique for 
patch-pipette recordings in brain slices were used (Stuart et al., 1993). It means 
that the membrane of the cell is cleaned from the surrounding neuropile by the 
application of a positive pressure to the pipette which is positioned under visual 
control. This technique makes it possible to obtain a mechanically stable seal of 
high resistance (in the order of gigaohms, hence called gigaseal) between a 
recording glass pipette and the plasma membrane of an intact cell. The cell-
attached or on-cell configuration can be used to record single-channel activity 
or, as used in study II, to avoid space-clamp problems in current recordings from 
a large cell. Alternatively, the patch can be broken, thereby creating a hole in the 
plasma membrane to gain access to the interior of the cell. This manoeuvre can 
often be done without compromising the tightness of the gigaseal, and thereby 
leak currents between the pipette and the reference electrode are prevented. A 
low-resistance access to the cell interior is thus created through the tip of the 
pipette, by which the ion currents or potential of the entire cell are recorded. This 
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is called the whole-cell configuration and was the configuration used in studies I 
and III and in most of the experiments in study II. 
 
The essence of ´clamp’ recording is to control the voltage or current changes in 
the cell by means of the feed-back amplifier. In large cells the internal resistance 
of the cell makes it difficult to control the membrane potential of the entire 
membrane area at large and rapid membrane currents (which already was 
recognized by Hodgkin and Huxley, 1952), and for this reason the voltage-
clamp recordings in study II were made in cell attached patches. Current-clamp 
recordings, the method used in studies I and III and in most of the experiments 
in study II, makes it possible to follow the spontaneous membrane potential 
changes (resting potential, action potential) in the cell soma similar to 
intracellular microelectrode recordings, and to study threshold and firing 
properties during controlled current pulses. 
 
The experiments were performed at 22-25 °C and not at body temperature, in 
order to prevent a more rapid run down of the cellular properties and thereby 
improve the reproducibility in studies of time dependent effects. The effect of 
temperature has been elucidated quantitatively on the voltage gated ion channel 
function and for example in the rat nerve a decrease from 30 to 20 °C prolongs 
the time constant for Na activation and inactivation by 2.2 and 2.9, respectively 
(Schwarz and Eikhof, 1987). A decrease in temperature has the net effect of an 
increase in AP amplitude and duration (Hodgkin and Katz, 1949). Although 
other temperature effects may be stronger, such as on synaptic mechanisms 
(Andersen and Moser, 1995), the temperature effects on resting potential and 
excitability are predictable and should not alter the conclusions in the present 
studies based on comparison with controls at the same temperature. 
 
 
3.3 PHARMACOLOGICAL COMPOUNDS 

 
3.3.1 Cyanide 

Central neurons, as well as peripheral, require a continuous supply of nutrients 
and oxygen to function properly. Chemical hypoxia can be achieved by applying 
cyanide to the external solution bathing the cells. In study I and II cyanide (0.1-2 
mM) was added to the external solution and perfused during about 10 min, 
followed by a 5 min wash-out period. Cyanide causes inhibition of oxidative 
metabolism by inhibiting the enzyme cytochrome oxidase in the electron 
transport chain, thereby blocking the mitochondrial ATP production (Isom and 
Way, 1984; Reiner et al., 1990). It has been used in several studies within this 
field and is shown to have similar effects on cortical neurons as hypoxia, causing 
a fall in electrical excitability (Cummins et al., 1991; Hammarstrom and Gage, 
1998; Zhu and Krnjevic, 1999). 
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3.3.2 Antiepileptic drugs 

The three AEDs used in study III were dissolved directly in the external 
physiological solution and hence easily applied by continuous perfusion. LTG is 
relatively unsolvable in water, but can be solved in the concentrations here used, 
and thus no solvent were needed, but it had to be made freshly and could not be 
kept as a higher concentrated stock solution, which was possible for VPA and 
LEV. VPA was used in the form of its sodium salt which is quickly and easily 
dissolved in water, as is LEV. The concentrations used, 1-2 mM VPA, 0.1 mM 
LTG and 0.1 mM LEV, were near the considered therapeutic range for each 
drug (for references see below, Results and Discussion, Paper III). All drugs 
were tested during 10 min perfusion, followed by 5-10 min wash out. 
 
 
3.4 ETHICS 

The experiments were performed in accordance with the institutional guidelines 
and ethical approvals from the Laboratory animal ethics committee, Stockholm, 
Sweden, as specified in each paper (I-III), respectively. All efforts were made to 
minimize animal suffering, and only the number of animals necessary to produce 
reliable scientific data was used. 
 
 
3.5 STATISTICS 

Paper I and II: Data are presented as mean ±S.D., except for the error bars in the 
Figures which show ±S.E.M. Differences between mean values were analysed 
using the two-tailed Mann-Whitney U-test, and in paper II also Wilcoxon signed 
rank test, and were considered significant when P< 0.05. Linear regression 
analysis was used to study the correlation between parameters. 
 
Paper III: Data are presented as mean ±S.D., except for the error bars in the 
Figures which show ±S.E.M. Differences between mean values were analysed 
using both parametric and non-parametric paired or unpaired tests (t-tests and 
Wilcoxon signed rank test or two-tailed Mann-Whitney U test, respectively) and 
were considered significant when P<0.05. For data that were normally 
distributed the use of parametric tests did not significantly change the result of 
the statistical analysis. All p-values given in the text were obtained from the 
non-parametric tests. As some AP parameter values before drug perfusion were 
different between the studied subgroups the comparison between groups were 
made using the relative changes. 
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4 RESULTS AND DISCUSSION 
 
 
4.1 CHEMICAL HYPOXIA IN HIPPOCAMPAL PYRAMIDAL CELLS 

AFFECTS MEMBRANE POTENTIAL DIFFERENTIALLY DEPENDING 
ON RESTING POTENTIAL (PAPER I) 

 
4.1.1 Hypoxic effects 

The effect of chemical hypoxia (cyanide) on V0 was investigated with current-
clamp recordings on whole cells (n=97). The most important finding was that 
hypoxia alters V0 in a direction that depends on the original V0 of the neurons. 
A hyperpolarization (or in some cells a short initial depolarization followed by 
hyperpolarization) (64%) was generally seen in cells with less negative initial 
V0, whereas a depolarization (26%) was seen in cells with more negative resting 
potential. The changes were rapid, initiated within 1-2 min of cyanide perfusion. 
In the remainder of the cells (10%) the change in V0 was less than 1 mV. These 
findings may explain earlier reported contradictory results, e.g. a depolarizing 
effect of anoxia or metabolic inhibition in cells with V0 -64 mV (Fung and 
Haddad, 1997) and -61 mV (Zhang and Krnjevic, 1993), and a hyperpolarizing 
effect in cells with V0 -57 (Belousov et al., 1995) and -55 mV (Hyllienmark and 
Brismar, 1996). An underlying cause may be that different neurons possess 
different membrane properties, for instance various compositions of K-channel 
subtypes and leak- or Na-channels. The findings imply that more than one type 
of ion current causes the initial V0 change; probably both a K current and a 
current with a more positive E, for example a Na or leak current. Changes in the 
Na/K specificity of the K channels could also be involved. Ouabain, a blocker of 
the active Na/K-transport, potentiated the depolarizing action during cyanide, 
similarly to the effect found by Fujiwara et al. (1987), suggesting a suppression 
of the Na/K-pump in this part of the response. 
 
4.1.2 Post-hypoxic effects 

During wash out of cyanide the majority of the cells (70 %) hyperpolarized, 
similarly to the post-cyanide (Zhu and Krnjevic, 1999) or post-hypoxic (Hansen 
et al., 1982; Fujiwara et al., 1987; Fujimura et al., 1997; Hyllienmark and 
Brismar, 1999) effects previously described in CA1 cells. Ouabain did not 
inhibit this effect, indicating that it is not dependent on a reactivation of the 
Na/K pump, which was previously suggested (Fujiwara et al., 1987; Nieber et 
al., 1995). Other mechanisms for the post-hypoxic hyperpolarization have been 
implicated from findings of inhibitory effects by the adenosine A1-receptor 
antagonist 8-cyclopentyl-1, 3-dipropylxanthine (DPCPX), tolbutamide, a 
blocker of the ATP activated K-channel (Nieber et al., 1995), and the K-channel 
blockers 3- and 4-aminopyridine (Hansen et al., 1982). 
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4.2 HYPOXIC EXCITABILITY CHANGES AND SODIUM CURRENTS IN 
HIPPOCAMPUS CA1 NEURONS (PAPER II) 

This study examined if hypoxia has a direct effect on the Na channels which 
could contribute to the excitability changes. The effect of chemical hypoxia was 
examined in CA1 cells (n=31) with the same technique as in study I. In addition 
to current-clamp recordings on whole cells a smaller series (n=13) of voltage-
clamp recordings were performed in cell-attached patches of the cell membrane. 
Results from the whole-cell recordings showed that cyanide perfusion during 10 
min increased the threshold for excitation (ITHRESH) by 73±79 pA (p<0.001), an 
effect that was partly reversible during wash out and significantly different from 
the effect in control cells. The change in ITHRESH was correlated to a change in 
membrane potential (r=-0.88, p<0.0001). AP rate of rise (APSLOPE) and AP peak 
amplitude (APPEAK) are (among other factors) dependent on the sodium 
conductance (gNa) (Hodgkin and Huxley, 1952a, b), hence, changes in these 
properties can be used as indirect indications of gNa changes. Cyanide had no 
significant effect on APSLOPE in whole-cell recordings and caused no decrease in 
gNa in cell-attached patches. Neither was there any change in APPEAK or AP 
duration (APDUR), which had previously been described to occur during chronic 
intermittent hypoxia in hippocampal neurons (Gu and Haddad, 2001). 
 
To sum up, our findings showed that hypoxia mediated by cyanide caused a 
decrease in the excitability measurable as an increased ITHRESH, which was 
correlated to a change in the resting potential. The decreased excitability was not 
related to a decrease in gNa, as measured by both direct and indirect methods. 
The findings essentially agree with those of Hammarström and Gage (1998) in 
acutely dissociated CA1 cells and findings in slices of mouse somatosensory 
cortex (Fleidervish et al., 2001). Deviant results are those reported in acutely 
dissociated hippocampal cells by Cummins et al. (1991) and O´Reilly et al. 
(1997). It is conceivable that the conditions during hypoxia are different in brain 
slice neurons than in dissociated cells, and that this may contribute to the 
conflicting results. 
 
 
4.3 EFFECT OF VALPROATE, LAMOTRIGINE AND LEVETIRACETAM 

ON EXCITABILITY AND FIRING PROPERTIES OF CA1 NEURONS IN 
RAT BRAIN SLICES (PAPER III) 

The purpose of this study was to analyze the rapid effects of the antiepileptic 
drugs VPA, LTG and LEV on the excitability and firing properties of 
hippocampal neurons. Whole-cell current-clamp recordings were performed in 
rat CA1 hippocampal slice neurons (n=124). The drug effects were studied on 
V0, excitability, AP and repetitive firing properties and compared to the 
spontaneous changes in control cells. The main findings were that LTG affected 
several gNa dependent parameters. LTG decreased APSLOPE (13±17%), APPEAK 
(10±7.2 %) as well as the maximum firing frequency (FREQMAX) (60±13 %), 
and thereto increased the voltage threshold (9.3 ±10%) and augmented the 
normal decline in APPEAK during repetitive firing (432±251%). All these effects 
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were significant (p<0.005) as compared to control cells. The LTG effects were 
rapid, often clearly notable within a few minutes, and were more or less 
completely reversible within 5 min wash out. Similar effects on FREQMAX were 
seen in presence of bicuculline, which means that they could not be explained by 
synaptic GABA-effects. VPA and LEV had no significant effects on these 
parameters and none of the tested drugs had a significant effect on V0. 
 
The LTG effects on excitability and firing properties are consistent with a block 
of Na channels, which may explain its antiepileptic mode of action, and this is in 
agreement with earlier findings (Pellock, 1994; Xie et al., 1995; Zona and Avoli, 
1997; Choi and Morrell, 2003; Perucca, 2005). The effect of LTG was studied 
with a concentration within the range of the IC50 values of Na channel effects in 
vitro (91-145 µM), which are considered to be near the therapeutic range (Lang 
et al., 1993; Xie et al., 1995; Zona and Avoli, 1997). 
 
The action of VPA was studied in a concentration close to the therapeutic 
interval in the rat (Loscher et al., 1991) and in humans (Davis et al., 1994). Our 
results showed no evidence that VPA causes inhibition of Na channels. It seems 
safe to conclude that a Na-channel block cannot explain the rapid antiseizure-
effects reported on status epilepticus in rats (Martin and Pozo, 2003) and 
children (Uberall et al., 2000). Slow intracellular actions of VPA has earlier been 
discussed based on findings in invertebrates (Altrup et al., 1992) and cultured 
mouse central neurons (Wamil et al., 1997), but the possibility of such effects 
was not evaluated in the present study. Our findings are in agreement with those 
in a previous study in the hippocampal slice (Albus and Williamson, 1998), but 
they differ from reports in cultured or dissociated hippocampal neurons implying 
an inhibition of INa (Van den Berg et al., 1993; Vreugdenhil and Wadman, 
1999). It is likely that the cellular properties are better preserved in the slice 
preparation than in cultured or dissociated neurons, and that the effect of VPA in 
the hippocampal slice is more similar to the therapeutic action. 
 
LEV, studied with a concentration within the therapeutic interval in rats and 
humans (Margineanu and Klitgaard, 2000; Patsalos, 2004), had no effects on the 
studied parameters related to Na-channel function. This is in accordance with a 
previous report of absence of INa effect in cultured neocortical neurons (Zona et 
al., 2001). Thus, our findings agree with available data that the antiepileptic 
action of LEV is not mediated by a rapid block of Na channels. 
 
Both VPA and LEV had transient effects on AP duration (APDUR), and VPA also 
on FREQMAX and the after potential. This could possibly be related to an 
increase in K conductance due to release of intracellular Ca2+ (Storm, 1987), but 
this was not further elucidated in the present study. Besides, the nature of these 
effects was not a decreased excitability and hence difficult to relate to an 
antiepileptogenic property. Again, our results contrast to findings in dissociated 
CA1 neurons where LEV is reported to lengthen APDUR (Madeja et al., 2003). 



 

  21 

5 CONCLUSIONS 
 
From study I and II it is concluded that  

• chemical hypoxia with cyanide causes a rapid change of the resting 
membrane potential in CA1 neurons, with magnitude and direction 
depending on the original resting potential of the cells 

• the membrane potential change during hypoxia may be caused by 
activation of K channels in combination with an ionic current with a more 
positive equilibrium potential, presumably Na  

• chemical hypoxia induces a post-cyanide or post-hypoxic 
hyperpolarization, which is not dependent on a reactivation of the Na/K 
pump 

• chemical hypoxia causes a decrease in the excitability of CA1 cells, 
which is not explained by a decrease in Na conductance, but secondary to 
the effect on the resting membrane potential  

 
From study III it is concluded that 

• LTG affects excitability and firing properties in CA1 neurons consistent 
with a block of Na channels, which may explain its antiepileptic mode of 
action 

• VPA and LEV do not show these effects and the mechanism of their 
antiepileptic action need to be different 

• VPA (and in some respects LEV) has a different effect in the 
hippocampal slice as compared to cultured or dissociated neurons, and 
the effect on neurons in a slice is likely to be more similar to the 
therapeutic action 
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