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Chapterr 3 

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. . 
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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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[LTGJ(nM) ) 

100 30 100 300 1000 

HI I 

-700 mV 

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) ) 
(nS/pF) ) 

(mV) ) 
(mV) ) 

(mV) ) 
(mV) ) 

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

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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