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ABSTRACT T 

Miniaturee inhibitory postsynaptic currents (mlPSCs) were measured in CA1 

pyramidall  neurons from long-term kindled rats (>6 weeks after they reached the 

stagee of generalized seizures) and compared with controls. A large reduction in the 

numberr of mlPSCs was observed in a special group of large mlPSCs (amplitude 

>755 pA). The frequency of mlPSCs in this group was reduced from 0.042 Hz in 

controlss to 0.027 Hz in the kindled animals. The reduction in this group resulted in 

aa highly significant difference in the amplitude distributions. 

AA distinction was made between fast mlPSCs (rise time < 2.8 ms) and slow 

mlPSCs.. Fast mlPSCs, which could originate from synapses onto the soma and 

proximall  dendrites, had significantly larger amplitudes than slow mlPSCs, which 

couldd originate from more distal synapses 1 pA versus 4 pA in the 

kindledd group; means  SE). The difference in the value of the mean of all 

amplitudess and frequency of fast and slow mlPSCs did not reach significance when 

thee kindled group was compared with controls. The mlPSC kinetics were not 

differentt after kindling, from which we conclude that the receptor properties had 

nott changed. Nonstationary noise analysis of the largest mlPSCs suggested that the 

single-channell  conductance and the number of postsynaptic receptors was similar 

inn the kindled and control groups. 

Ourr results suggest a 40-50% reduction in a small fraction of (peri-) somatic 

synapsess with large or complex postsynaptic structure after kindling. This 

functionallyy relevant reduction may be related to previously observed loss of a 

specificc class of interneurons. Our findings are consistent with a reduction in 

inhibitoryy drive in the CA1 area. Such a reduction could underlie the enhanced 

seizuree susceptibility after kindling epileptogenesis. 
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INTRODUCTIO N N 

Alterationn of the strength of synapses between cells is an important mechanism for 

plasticityy in the brain. This plasticity provides the nervous system the possibility to 

storee (new) information, but if not adequately controlled, it can also lead to changes 

inn the dynamics of neuronal networks that underlie pathological states such as 

epilepsyy (Goddard et al. 1969; Racine 1972). In the kindling model of epilepsy, daily 

tetanicc stimulations of specific afferents result in an epileptic focus and the 

generationn of afterdischarges in the neuronal assemblies in the projection area. 

Behaviorall  convulsions appear and gradually increase in severity and duration. The 

changess in the network seem to be persistent: months after the last stimulation was 

given,, a short tetanus wil l still induce a generalized convulsion. This altered state of 

thee network is usually called the kindled state. A characterization of the kindled 

statee is important for gaining insight into the pathology of epilepsy. 

Duringg epileptogenesis the balance between excitation and inhibition, which is 

essentiall  to maintain stability in a neuronal network, shifts in favor of excitation. 

Severall  of the factors that determine glutamatergic and GABAergic synaptic 

transmissionn in the CA1 area are changed after kindling epileptogenesis. Previous 

workk demonstrated that the binding of the GABA agonist muscimol is decreased 

(Titulaerr et al. 1994) and that a specific change in GABAA receptor subunit mRNA 

occurss (Kamphuis et al. 1995). After kindling epileptogenesis the effective 

inhibitionn in the hippocampal CA1 network as judged from paired pulse inhibition 

iss reduced (Kamphuis et al. 1988; Zhao and Leung 1993) and 50% of the 

GABAergicc interneurons that do not contain parvalbumin are lost (Kamphuis et al. 

1989).. The precise consequences of this reorganization are not known, but the 

functionall  effect is a reduced level of inhibition. 

Thee strength of functional inhibition is determined by many factors. In a central 

synapse,, the receptors opposite each bouton are thought to be largely saturated by 

thee release of a single vesicle of transmitter, so that the number of available 

receptorss rather than the amount of transmitter released determines the quantal 

amplitudee (Edwards et al. 1990; Jonas et al. 1993; Nusser et al. 1997). The number 

off  active zones per synapse is also important for determining synaptic strength. The 

timee course of the inhibitory postsynaptic current (IPSC) is largely determined by 

thee receptor kinetics and the release process (Borst et al. 1994; de Koninck and 

Modyy 1994; Glavinovic and Rabie 1998). 

Thee change in network excitability induced by the kindling protocol is persistent 

andd leads to the kindled state. We used long-term kindled rats (the last stimulation 

thatt resulted in a generalized seizure was given >6 weeks before the slice 
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experiments)) in order to prevent interference with phenomena that are a direct 

resultt from the seizures. We investigated in this study the long-term change in 

inhibitionn at the synapse level by measuring miniature IPSCs (mlPSCs) in CA1 

pyramidall  neurons in hippocampal slices. The mlPSCs are small currents that occur 

duee to the spontaneous release (without a presynaptic action potential) of one (or 

more)) GABA containing transmitter vesicle(s) by presynaptic terminals. 

Thee mlPSCs reflect properties of the underlying GABAergic synapses (Faber et 

al.. 1998). Edwards presented a model of plasticity of central synaptic transmission 

inn which an altered synapse morphology leads to a change in miniature amplitude 

distributionn (Edwards 1995). Changes in the number of postsynaptic receptors after 

kindlingg should show up in mlPSC amplitude, while changes in receptor kinetics 

(forr example due to a change in subunit composition) wil l be reflected in mlPSC 

kinetics.. A change in the number of spontaneous active synapses should be 

reflectedd in the mlPSC frequency. 

Wee used the in—situ patch clamp technique to record mlPSCs in CA1 pyramidal 

neuronss in slices from kindled and control rats and analyzed their amplitudes, 

kineticss and frequency to study possible long-term changes in the inhibitory 

synapsess after kindling epileptogenesis. 

METHOD S S 

Kindlin g g 

Underr electrophysiological control and pentobarbital anesthesia (65 mg/kg) 

electrodess were implanted in the dorsal hippocampus of adult male Wistar rats 

(200-3000 g), as described previously in detail (Kamphuis et al. 1988). In total 19 

ratss were used for this study of which 11 were implanted. Of these animals, eight 

receivedd twice daily a tetanic stimulation (200-300 (lA at 50 Hz for 2 seconds) onto 

thee Schaffer collaterals to induce epileptogenesis. Evoked potentials were 

monitoredd and EEG recordings were made to follow the gradual increase in length 

andd severity of the afterdischarges. Behavioral seizures of class V (Racine 1972) 

weree obtained after 2 kindling tetani . The animals were 

decapitatedd without anesthesia 6—8 weeks after they had reached the fully kindled 

statee (5—6 class V seizures). The control group consisted of eight age-matched and 

threee implanted rats, which had not received tetanic stimulations. Significant 

differencess between the implanted and non-implanted controls were not observed, 
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thereforee they wil l be pooled and referred to as controls. Al l animals (control and 

kindled)) were handled similarly during the time of the experiments. 

Slicee preparation 

Afterr decapitation the brain was rapidly removed and the hippocampus was 

dissected.. With a tissue chopper 300 (Am thick transverse slices were cut, which 

weree incubated at 32 °C in artificial cerebrospinal fluid (ACSF) for one hour. The 

ACSFF contained (in mM): 125 NaCl, 2.4 KC1, 1 MgCl2, 2 CaCl2, 1.1 NaH2P04, 26 

N a H C 033 and 25 D-glucose and was continuously gassed with 95% 02-5% C 02 to 

sett pH at 7.3. During experiments slices were perfused with ACSF which contained 

77 mM KC1 and 120.4 mM NaCl to increase mlPSC frequency. All chemicals were 

obtainedd from Sigma (St. Louis, U.S.A.). To block action potentials 1 [iM 

tetrodotoxinn (Tl'X ; obtained from Latoxan Rosans, France) was added and 

glutamatergicc transmission was blocked by 10 (iM 6-cyano-7-nitroquinoxaline-2,3-

dionee (CNQX) and 5 pM 7-chlorothiokynurenk acid (both chemicals from Tocris 

Bristol,, U.K.). 

Recordings s 

Ann upright microscope with a 40x water immersion objective and a CCD camera 

withh a high-pass 700-nm filter were used to locate CA1 pyramidal neurons in the 

hippocampall  slice. The overlying tissue was first gently cleared by a large pipette, 

afterr which the cells could be patched. Whole-cell voltage clamp recordings were 

madee at room temperature at a membrane potential of -70 mV. Series resistance 

andd whole cell capacitance were monitored during the experiments. Series 

resistancee compensation was not used, because it introduced unnecessary noise to 

thee signal and currents were too small to produce significant voltage errors over the 

pipettee resistance (4—6 MQ). The pipettes were filled with intracellular solution 

containingg (in mM): 140 CsCl, 10 EGTA, 5 HEPES, 2 CaCl2 and 2 MgATP (pH 

adjustedd with CsOH to 7.3; 280-290 mOsm). Recordings were made using an 

Axopatchh 200 amplifier (Axon Instruments, U.S.A.) and started 5-10 minutes after 

aa stable whole—cell access was obtained. Recordings were low-pass filtered at 2 kHz 

withh an 8-pole Bessel filter and sampled at 4 kHz on an ATARI TT030 computer 

usingg custom made interface and software. 
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Evokedd IPSCs 

Inn four slices (from 1 control and 3 kindled animals) also IPSCs evoked by 

electricall  stimulation were recorded. In these experiments a second pipette (3-4 

M£l)M£l) was placed onto the surface of a pyramidal cell close to the cell of which 

recordingss were made. A short current pulse (200 (is of 200-500 \iA) was injected 

throughh the second pipette. With this pipette we searched to stimulate an 

interneuronn that evoked an IPSC in the recorded pyramidal cell. Extracellular 

mediumm used in these latter experiments contained no TTX, only CNQX and 7— 

chlorothiokynurenicc acid. In two of the four cells (both kindled) we succeeded in 

washingg in the TTX-containing medium after the evoked experiment and also 

recordedd mlPSCs from the same cells. 

Detectionn of mlPSCs 

Customm made software was used to detect events off-line by comparing their 

waveformm with that of a template. The template was constructed by averaging 100 

largee mlPSCs that were selected by eye. After removing the DC level just before 

thee event, the precise timing of the events was determined by calculating the least 

squaree error of the fit  of the scaled template to the signal for each successive time 

point.. Within a time window in which the error was below a threshold and the 

amplitudee above 13 pA, the local minimum of this error was taken as the moment 

off  occurrence. In this way detection of events with different amplitudes was 

objective,, automatic and comparable. The same template could be used in all cells, 

becausee templates constructed from different cells resulted in the same set of 

detectedd events. This detection method based on the combination of amplitude 

andd mlPSC waveform rather than on amplitude alone proved to be less dependent 

off  the noise level and quite robust. Hardly any improvement was seen after using 

additionall  filtering. 

Inn both the kindled and the control group less than 1% of the total number of 

eventss were overlapping (time between two succeeding events <15 ms). Because 

thee properties of these events wil l be distorted by the overlap, we only selected the 

eventt that had the best match with the template, the other was disregarded. 

Analysiss of mlPSCs 

Inn the template matching described above we purposely used a low detection level. 

Inn the second phase of the analysis an additional set of criteria was used to select 

thosee events that could reasonably be called mlPSCs. In this phase about 50% of 

thee initially detected events were rejected, most of which had very low amplitudes. 
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Thee amplitude, rise time and decay time constants were calculated for all events 

thatt matched the template. The sampling of the signal at 4 kHz and the noise level 

madee it difficult to calculate fast rise times (<1 ms) with high accuracy. The rise 

timee was defined as the time interval between the last data point with a value 

smallerr than 20% and the first that was larger than 80% of the peak value. The (20-

80%)) rise time determined in this way was overestimated by 0.5 ms at most. 

Thee decay phase of each event was fitted with an exponential function 

characterizedd by a single time constant. Events were only considered to be mlPSCs 

andd accepted for further analysis if the fitted decay time constant was between 5 

andd 250 ms and if the coefficient of determination (r2) of the least squares fit  was 

largerr than 0.33. Fitting the decay of the current with a biexponential function 

hardlyy improved the fit, indicating that these mlPSCs have a mono-exponential 

decay. . 

Forr the largest mlPSCs (> 75 pA) we also used nonstationary noise analysis. We 

scaledd the mlPSCs to the mean mlPSC of the same cell and then plotted the 

variancee (J2 of the current against the mean current I, both calculated in bins of 2 

ms.. The relation between a2 and I could be fitted with the following equation (de 

Koninckk and Mody 1994; Sigworth 1980): 
I2 2 

a2 = i l -- —, 
N N 

resultingg in an estimate of the number of postsynaptic receptors N and the unitary 

currentt i, which can be translated to the single channel conductance y if the driving 

forcee is known. 

Statistics s 

Differencess in the mean values of mlPSC properties between the kindled and 

controll  groups were statistically tested using the Student's t-test and the non-

parametricc Mann—Whitney test. Differences in variance were tested using the F 

test.. Al l data were tested per rat (n=8 and n = l l for kindled and control group) as 

welll  as per cell (n=22 for both kindled and controls). Differences were accepted if 

bothh approaches lead to a similar conclusion and p < 0.05 was used to indicate a 

significantt difference. 

Distributionss were compared between groups with Kolmogorov-Smirnov 

statistics.. Possible correlations were tested with the Spearman rank-order test and 

withh Pearson's correlation coefficient. The first gave a good estimation of the 

significancee of the correlation while the latter gave an estimation of the strength of 

thee correlation. 
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RESULTS S 

Kindlin g g 

Duringg the kindling procedure field potentials in the stratum radiatum of the 

CA11 area were recorded in each rat. Paired pulse stimuli were given at the same 

stimulationn electrodes on the Schaffer collaterals through which the kindling tetani 

weree applied. The response was quantified as the mean ratio between the minimum 

amplitudee of the first and the second negative field potential recorded in stratum 

radiatumm (fig. 2.1). The paired pulse ratio gradually increased from 1 

(inhibition;; n=8) before kindling to a value of 1 (facilitation) after the rats 

hadd received 22 tetani. Also the shape of the field potential changed: over the same 

periodd the amplitude measured at 17 ms after the first stimulus changed from a 

positivee overshoot 8 mV) to a negative amplitude 1 mV; see fig. 

2.1).. This reduction in paired pulse inhibition and broadening of the field potential 

afterr kindling epileptogenesis confirmed previous observations and has been 

interpretedd as a reduced inhibitory drive (Kamphuis et al. 1988; Zhao and Leung 

1993). . 

sessionn 26 

Figur ee 2.1. Change in field potentials durin g kindlin g epileptogenesis 

Twoo stimuli with an intensity of 200 \lA were given at the Schaffer collaterals and field 
potentialss recorded in stratum radiatum of CA1 area in vivo. A: before kindling and B: 
afterr the rat had experienced 26 tetani and several generalized convulsions. During the 
kindlingg procedure the field potentials broaden (overshoot indicated by the arrowheads 
disappeared)) and the inhibition of the second response by the first decreases (in this case 
fromm 0.52 to 0.96). 
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B B 

^ V ^ / W 1 || JV̂ *****̂ ^ 
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5000 ms 
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1 22 3 4 
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r w i T T T T 
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Figur ee 2.2. Exper imental recording of fast and s low m l P S Cs fro m a CA1 
pyramida ll  cel l. 

A:: Recordings were made at -70 mV in the presence of TTX, CNQX and 7-
chlorothiokynurenicc acid. Events detected with the template matching which were 
acceptedd as mlPSCs for further analysis are indicated with asterisks (*). C: Rise time 
distributionn of all mlPSCs from one cell recorded over a period of 30 minutes (n=3083) 
showedd a large peak at fast rise times (peak value at 1.8 ms) and a long tail with mlPSCs 
withh slow rise times. The dashed lines represent two Gaussians used to fit the populations 
off  fast (peak) and slow (tail) mlPSCs (solid line is the sum of these two Gaussians). A 
thresholdd of 2.8 ms (vertical line) was used to separate the two overlapping populations. 
C:: Mean fast and slow mlPSC of the cell from fig. 2.2B. Both currents are the means of 
3000 individual mlPSCs. The vertical lines correspond to the standard deviation calculated 
forr each data point (only one in four displayed). 

Miniatur ee IPSCs 

Al ll  currents were recorded at room temperature from CA1 pyramidal cells, which 

weree clamped at a membrane potential of -70 mV. Dur ing experiments slices were 

perfusedd with ACSF which contained 7 mM KC1 to increase m lPSC frequency. 

T hee input resistance of the cells of kindled and control rats were not different and 
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inn the range of 70-100 MQ. Recordings were accepted for analysis if they were 

stable,, that is if the amplitude and frequency of the mlPSCs did not significandy 

differr during the first and the second half of the recording period. In total 

recordingss of 22 cells from 8 kindled rats and of 22 cells from 11 control rats were 

performedd over a time period of about 20 minutes per cell and contained in each 

groupp in total over 20,000 mlPSCs. In figure 2.2A part of a typical recording is 

shown.. The events accepted as mlPSCs for further analysis are marked with 

asterisks. . 

Thee mlPSCs disappeared when 10 |lM bicuculline was added to the extracellular 

mediumm and reversed at a membrane potential around 0 mV (data not shown), 

indicatingg that they were GABAA receptor mediated CI- currents. 

Fastt  and slow mlPSCs 

Thee most important condition that the detected events had to meet before being 

acceptedd as mlPSCs was that the decay phase was well fitted by an exponential 

functionn with a time constant between 5 and 250 ms. No additional restrictions on 

thee rise time were necessary, since the template matching already emphasized on 

realisticc rise times. Nevertheless, there was a considerable variance in the rise times 

off  mlPSCs. The rise time distribution of each cell showed a large peak at fast rise 

timess and a broad tail of slower rising mlPSCs (fig. 2.2B). On the basis of this rise 

timee distribution we distinguished two groups of mlPSCs with rise times smaller 

andd larger than 2.8 ms, which we wil l in the following refer to as fast and slow 

mlPSCs.. The precise threshold of 2.8 ms for the distinction is not critical for the 

analysiss to follow. It was an optimal separation based on a fit  of the distribution 

withh 2 Gaussians. Fast mlPSCs had significantly larger amplitudes than slow 

mlPSCss of the same cell. The decay time constants of slow rising mlPSCs tended 

too be somewhat larger than that of fast mlPSCs, but this difference did not reach 

significancee (details are given below). 

Inn fig. 2.2C the means constructed by averaging 300 fast and 300 slow mlPSCs 

off  the cell in fig. 2.2B are shown. The mlPSCs were aligned (during the detection 

procedure)) at the time point halfway the rising phase. Of all analyzed mlPSCs 

aboutt 70% were fast and 30% were slow mlPSCs. The mean rise time of slow 

mlPSCss was in agreement with the rise time of the mean of the same slow mlPSCs, 

indicatingg that the slow kinetics are not due to a large jitter in the detection of the 

mlPSCs.. This was confirmed by the fact that the mean amplitude also came close 

too the amplitude of the mean, implying that the shapes of the mean currents as 

givenn in fig. 2.2C are good representations of the types of mlPSCs. The mean 

decayy time constant of the mlPSCs (both fast and slow) was larger than the decay 
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timetime constant of the mean mlPSC. This was because mlPSCs were not normalized 

too the peak amplitude before averaging and small mlPSCs tended to have a slower 

decayy than larger mlPSCs. 

A.. Fast mlPSCs Control l Kindle d d 

amplitudee (pA) 

risee time (ms) 

decayy time constant (ms) 

frequencyy (Hz) 

meann  SEM CV 

34.88  1.1 15% 

1.800  0.01 4% 

24.88 9 18% 

0.633 7 51% 

meann  SEM CV 

35.44  1.1 15% 

1.799 2 3% 

25.88  0.7 13% 

0.655 0 67% 

B.. Slow mlPSCs Control l Kindle d d 

amplitudee (pA) 
risee time (ms) 
decayy time constant (ms) 
frequencyy (Hz) 

meann  SEM 

26.22  0.7 
5.99  0.2 

26.44  0.7 
0.377  0.04 

CV V 

12% % 
12% % 
12% % 
48% % 

meann  SEM 

26.22  0.4 
5.66  0.1 

26.88  0.8 
0.355  0.04 

CV V 

7% % 
10% % 
14% % 
49% % 

1 1 
**\ \ 

TABL EE 2.1. Parameters of fast and slow mlPSCs in kindled and control cells 
Alll  values are given as mean  S.E.M. followed by the coefficient of variation 
(CV=100%*standardd deviation/mean) between parentheses. Differences in mean 
betweenn the kindled and control groups were tested with Student's t-test and Mann-
Whitneyy test, differences in variance were tested with the F test. None of the differences 
weree significant whether they were calculated per cell or per animal. N=22 cells for both 
thee kindled and control group. 
*)) F test: p<0.05; due to one control cell. **) Student's t- and MW-test: p<0.05 only when 
calculatedd per animal, not per cell. 

Amplitudes,, rise times and decay tim e constants of mlPSCs 

Al ll  mlPSCs were characterized by their amplitude, (20-80%) rise time and their 

decayy time constant. A summary of the parameters for both fast and slow mlPSCs 

inn kindled and control cells is listed in Table 1. None of the differences between 

thee kindled and control groups reached significance irrespective of whether they 

weree determined per cell or per animal. Many of the distributions are not Gaussian, 

butt for ease of comparison, the data is quoted as mean  S.E.M. detemiined by 
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averagingg over all cells. The significance of the shape of the distributions and the 

changess in those distributions, which are not evident in the calculated means, are 

discussedd later. 

Fromm Table 1 it is clear that slow mlPSCs had significandy smaller amplitudes 

thann fast mlPSCs. Fast mlPSCs had a significandy larger variance in amplitude and 

aa smaller variance in rise time compared to slow mlPSCs. These variances were not 

differentt in the control and kindled groups (F test). Decay time constants were 

similarr for both mlPSC types in kindled and controls and showed a large variance 

inn all groups. The fraction of fast and slow mlPSCs per cell was not different in the 

kindledd and control groups: from the total number of mlPSCs % (kindled) or 

%% (control) were slow. The amplitude and kinetics of the mlPSCs in this study 

aree in good agreement with previous reports (Hajos and Mody 1997; Jarolimek and 

Misgeldd 1997; Katchman et al. 1994; Lupica 1995). 

ANOV AA of the animal data showed that within the kindled and control groups 

thee variance between and within the data per animal was not different for all 

parameterss of Table 2.1. This indicates that the observed variance in mlPSC 

parameterss originates from cellular processes and can not be explained as the 

influencee of specific animals. 

y=Aoexp(-0.87t ) ) 

10000 2000 3000 4000 

interr event interval (ms) 
5000 0 

Figur ee 2.3. Distributio n of mlPSC 
interval s s 

Thee histogram of time intervals between 
successivee mlPSCs could be fitted with a 
mono-exponentiall  function A0 exp(-rt) , 
indicatingg that the mlPSCs are 
independentlyy occurring events (n=250; 
frequencyy = 0.87 Hz). 

Miniatur ee IPSC frequency 

Inn all cells the time intervals between succeeding mlPSCs (fast and slow separately) 

weree determined. For every 250 mlPSCs a histogram (bin width 200 ms) of these 

timetime intervals was made. The interval distribution could be well fitted by a single 

exponentiall  function A0 exp(-rt) with r the mean frequency at which the mlPSCs 

occurredd (fig. 2.3). This is the expected distribution for independendy occurring 

34 4 



Miniatur ee IPSCs after  kindlin g 

eventss generated by a Poisson process. The mean frequency of mlPSCs in a cell 

wass determined as the mean of all frequencies determined per 250 mlPSCs from 

thatt cell. 

Wee also calculated the mlPSC frequency by determining the number of mlPSCs 

observedd during every 100 seconds of recording. Both methods gave similar results. 

Thee mean mlPSC frequency (determined by the first method) in the kindled and 

controll  groups were (mean  S.E.M. from averaging over all cells): 0 Hz 

versuss 7 Hz for fast and 4 Hz versus 0.3710.04 Hz for slow 

mlPSCss respectively (Table 1). Differences between kindled and control did not 

reachh significance. The probability of occurrence of a fast or a slow mlPSCs did 

nott depend on the type of mlPSC preceding it, indicating that fast and slow 

mlPSCss occurred independendy. 

KINDLED D 

CD D 
. O O 

E E 

0.6--

04 4 

0.2--

0.0--

fastt mlPSCs 
n=2279 9 

IpjiyjIpjiyj n i | i i' i i | i 

255 50 75 100 125 150 

amplitudee (pA) 

sloww mlPSCs 
n=875 5 

WQffri --T-p-I I 
75 5 50 0 

amplitudee (pA) 

i-r-i-r-
100 0 500 75 100 

amplitudee (pA) 

Figur ee 2.4. Amplitud e distribution s 
Amplitudee distributions of fast (upper panel) and slow mlPSCs (lower panel) from a 
kindledd (A) and control (B) cell (bin width = 3 pA). The peaks are normalized to one to 
alloww a good comparison. All distributions are skewed towards higher values. Notice the 
largerr variance in amplitude of the fast mlPSCs compared to the slow mlPSCs. 
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T hee mean frequency varied much between individual cells of the same group. 

T hee coefficients of variation (100%*standard deviat ion/mean) were 67% and 4 9% 

inn the kindled group and 5 1% and 4 8% in the control group for fast and slow 

m lPSCC frequency. Analysis of variance of m lPSC frequencies (ANOVA ) showed 

thatt this variance originated from differences between cells rather than from the 

variancee of the individual cells. 

B B 

i nn i i i i i i i i M i n i 

255 50 75 100 125 

decayy time constant (ms) 

150 0 

1.22 -n 

O O 
^^ 0.8 

II  0.6 -3 
** 0.4
o o 
'raa 0.2 -

0.00 | i i i i  | i i i i  | i i i i | i i i i | i i i i | i i i i | 

00 25 50 75 100 125 150 
decayy time constant (ms) 

1 . 2 i i 

-i—i—i—[—i—i—r-|— ii  i i—[—i—r-

22 4 
risee time (ms) 

Figur ee 2.5. D e c ay t im e constants 

A:: Cumulative distributions of decay time constants of mlPSCs from the pooled kindled 
(dashed)) and control (solid lines) groups were not significantly different. Distributions of 
fastt mlPSCs are plotted with thick lines, those of the slow mlPSCs with thin lines. B: 
Ratioo of the number of mlPSCs with decay time constants larger than a certain value 
(ordinate)) in the kindled and control group illustrating no difference in the distributions 
off  the decay time constants. C: Ratio of the number of mlPSCs with rise times larger than 
aa certain value (ordinate) in the kindled and control group illustrating a small significant 
differencee in the slow rise time region (compare fig. 2.5B and 2.5C with fig. 2.6B). 
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Distribution ss of amplitude, rise tim e and decay tim e constant 

Ass mentioned above equal mean values for variables describing the mlPSC for the 

kindledd and control groups do not exclude different distributions of the individual 

values.. The types of morphological changes of the underlying synapses which have 

beenn suggested (Edwards 1995) indeed predict only subtle effects on such 

distributions.. They could even be partially masked if not all interneurons and their 

synapsess are affected. Such changes could nevertheless have important 

consequencess for the efficacy of the inhibitory input. Therefore, distributions of 

thee individual mlPSC amplitudes, of the rise times and of the decay time constants 

weree constructed for each cell. 

Inn fig. 2.4 typical examples of the amplitude distribution of fast and slow 

mlPSCss of a kindled and a control cell are shown. Al l distributions show a peak at 

aa value smaller than the mean amplitude and are skewed towards larger values as 

wass reported previously (Edwards 1995; Edwards et al. 1990). Notice the broader 

amplitudee distribution of the fast mlPSCs compared to that of the slow mlPSCs. 

Alsoo the distributions of the rise time (fig. 2.2B) and of the decay time constant 

(dataa not shown) were skewed towards the right. 

I tt was possible to fit  the amplitude distributions with functions previously derived 

byy Jonas (Jonas et al. 1993) and Bekkers (Bekkers et al. 1990). However, the quality 

off  the fit  was not very high and the functions did not add sufficient explanatory 

powerr to justify further evaluation. 

Larg ee mlPSCs 

Thee cumulative amplitude distribution gives the fraction of mlPSCs with 

amplitudess below a certain value. In fig. 2.6A the cumulative amplitude 

distributionss for the kindled and control mlPSCs (pooled from all cells) are shown. 

Thee cumulative amplitude distributions show a small but highly significant 

differencee between the kindled and the control group (Kolmogorov-Smirnov test, 

p<0.0001).. Notice the crossing of the two curves in fig. 2.6A at - 40 pA. In the 

kindledd group only 3% of all mlPSC have amplitudes larger than 75 pA, which is a 

significantlyy smaller fraction than in the control group (5%). For every given 

amplitudee the number of mlPSCs in both experimental groups that have larger 

amplitudess can be calculated. The ratio of these numbers is plotted as a function of 

amplitudee in fig. 2.6B. This graph shows that the reduction in the kindled group is 

systematicc for all mlPSCs with amplitudes larger than 60 pA. The reduction in large 

amplitudee mlPSCs can also be expressed in the frequency of occurrence. For 

example,, mlPSCs with amplitudes larger than 75 pA occurred with a frequency of 
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0.0422 Hz in the control group, while this was only 0.027 Hz in the kindled group. 

Thee frequencies were calculated by dividing the total number of observed large 

mlPSCss (1094 for the controls and 727 for the kindled) by the total recording time 

forr both groups. The tails of the amplitude distributions are shown in detail in fig. 

2.6C.. The high significance of the difference in amplitude distribution did not 

dependd on the part of the distribution in the small amplitude range, which was the 

partt most affected by our detection method. Hence, the precise separation between 

smalll  and large mlPSCs did not influence this conclusion. 
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Figur ee 2.6. Cumulative amplitud e distributio n 

Amplitudee distributions of kindled and control mlPSCs are significandy different. A: 
Cumulativee amplitude distributions of pooled mlPSCs for kindled (dashed) and control 
(solidd lines). Distributions of fast mlPSCs are plotted with thick lines, those of the slow 
mlPSCss with thin lines. B: Ratio of the number of mlPSCs with amplitudes larger than a 
certainn value (ordinate) in the kindled and control group illustrating the consistency of the 
reductionn in large mlPSCs in the kindled group. The difference between the kindled and 
controll  amplitude distribution was highly significant, independent of the lower cut-off 
amplitude.. C: Tail of the pooled kindled (white) and control (black bars) amplitude 
distributionss of fast mlPSCs (magnification of the tail of fig. 2.4). The total recording 
timee was similar in the kindled and the control group. 
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Thee distributions of mlPSC rise times in the kindled and control group showed 

aa small significant difference in the slow rise time region (rise time > 5 ms; fig 

2.5C).. The distributions of the decay time constants were not different in the 

kindledd and control groups (fig. 2.5A and 2.5B). The slow mlPSCs showed a higher 

percentagee of large decay time constants compared to the fast mlPSCs. 
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Figur ee 2.7. No linear  correlation 
Theree was no linear correlation between amplitudes, rise times and decay time constants 
off  the mlPSCs from the same cell for both fast (n=2289) and slow (n=875) mlPSCs. A -
C:: Closed symbols represent individual fast mlPSCs, open symbols represent the slow 
mlPSCs.. The large variance in amplitude (A) and decay time constant (C) apparent in the 
fastestt mlPSCs group might obscure correlations. A distinct class of fast high amplitude 
eventsevents can be observed. 

Relationss between amplitude, rise tim e and decay tim e constants 

Thee different properties of the mlPSCs within one cell are to some extent related 

(fig.. 2.7). No significant correlations were found between amplitudes, rise times and 

decayy time constants of individual mlPSCs, neither in kindled nor in control cells. 

However,, the graphs clearly illustrate that the mlPSCs are not drawn from a 

homogeneouss group with normally distributed parameter values. The mlPSCs with 
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thee largest amplitude (> 75 pA) form a group with significantly faster rise and 

decayy times than the mean. The very slow mlPSCs (rise time > 5 ms) have 

significantlyy smaller amplitudes. The mlPSCs with the fastest rise times most likely 

originatee from sites with the least effect of dendritic filtering. In this group of 

mlPSCs,, however, a large variation in amplitude (fig. 2.7'A) and decay time constant 

(fig.. 2.7B) was observed even within the same recording. This indicates that the 

variationn is intrinsic. 
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Figur ee 2.8. Noise analysis 

Noisee analysis was applied to the largest mlPSCs (amplitude > 75 pA). A: The mean 
mlPSCC (thin line) of the same cell was scaled to the peak of the mlPSC (thick line) and 
subtracted,, yielding in the deviation a of the current (lower trace). B: The relation 
betweenn the variance O"2 and the mean current I could be fitted with a2 = i I - I 2 / N 
(Sigworthh 1980), resulting in an estimate of the number of postsynaptic receptors N and 
thee unitary current i, which for a given driving force, can be translated to the single 
channell  conductance y. 

Noisee analysis 

Wee applied nonstationary noise analysis to the group of the largest mlPSCs 

(amplitudee > 75 pA) to estimate the single channel conductance and the number of 

postsynapticc GABAA receptors that contributed to the event (fig. 2.8). There were 

7277 large mlPSCs from kindled and 1094 from controls. The mean single channel 

conductancee was 30+9 pS in the kindled and 5 pS in the control group, which is 

inn good agreement with other reports about the GABA-mediated chloride 

channelss (de Koninck and Mody 1994; Edwards et al. 1990; Grudt and Henderson 

1998;; Puopolo and Belluzzi 1998). The estimated mean number of postsynaptic 

receptorss was 87+8 and 4 for kindled and controls respectively. None of these 

differencess reached significance. 

40 0 



Miniatur ee IPSCs after  kindling 

Evokedd IPSCs 

Inn four cells we recorded IPSCs that were evoked by a current injection from a 

largee tip glass electrode, filled with ACSF and positioned on the surface of a nearby 

pyramidall  neuron. The stimulation most likely activated axons from inhibitory 

neuronss that project to the recorded cell (no extracellular TTX). Stimulus intensity 

variedd between 200 and 500 uA. The evoked IPSCs show a small delay after the 

stimuluss (fig. 2.9). Failures were observed at all stimulus intensities, but as expected 

mostt occurred at low intensity. The amplitudes, rise time and decay time constants 

weree determined of all evoked IPSCs in the same way as was done for the mlPSCs. 

Meann rise time and decay time constant were 1 ms and 0 ms (n=104). 

Thee small number of successful evoked IPSC recordings did not allow a conclusive 

comparisonn between kindled and controls. Recordings of evoked and miniature 

IPSCss obtained from the same cell were however useful to indicate the good 

agreementt between the kinetics of the evoked IPSCs and the scaled mean of the 

fastt mlPSCs (fig. 2.9B). The mean amplitude of evoked IPSCs was larger than that 

off  the mlPSCs: 2 pA at a low stimulus intensity of 200 LiA (n=19, excluding 

failures). . 

B B 

100 ms 

Figur ee 2.9. Evoked IPSCs 

A:: IPSCs were evoked by current injection (300-500 UA) onto the surface of an adjacent 
pyramidall  cell. Some stimuli failed to induce an IPSC (not further quantified). B: The 
meann of 100 fast mlPSCs (thin line) recorded from the same cell is scaled to the peak of 
ann evoked IPSC and aligned, illustrating very similar kinetics of evoked and miniature 
IPSCs. . 
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DISCUSSION N 

Thee enhanced excitability characteristic for epilepsy is brought about by a shift in 

balancee from inhibitory to excitatory drive. A multitude of mechanisms can be 

involvedd starting from a direct enhancement of excitatory transmission (Köhr et al. 

1993;; Kraus et al. 1994) or reduction in inhibition (Kamphuis et al. 1988; Zhao and 

Leungg 1993) up to quite specific changes in the excitability of specific cells (Faas et 

al.. 1996; Vreugdenhil et al. 1998; Vreugdenhil and Wadman 1992) or the functional 

losss of strategically important cell classes (Kamphuis et al. 1989; Sloviter 1991). 

Previouss field potential recordings (confirmed in the present study) showed a 

graduall  reduction in functional inhibition in the CA1 network during kindling 

epileptogenesiss (Kamphuis et al. 1988). This effect is maximal immediately after the 

kindlingg stimulations, but partial recovery has been observed in the long-term 

animalss (Zhao and Leung 1993). 

AA special group of large mlPSCs was distinguished in the total population of 

mlPSCss recorded in CA1 pyramidal cells. This group was distinct in amplitude and 

itt showed significandy faster kinetics than the mean population event. In long-term 

kindledd animals a 40-50% reduction in the number of mlPSCs in this group was 

found.. Although these large mlPSCs were only a small fraction of the total number 

off  mlPSCs, the specific reduction seen in this group was responsible for a highly 

significantt difference in the amplitude distribution of mlPSCs after kindling. 

Thee mean mlPSC amplitude and frequency and the total number of fast and 

sloww mlPSCs were not different in the kindled and the control group. The 

characteristicc properties of the individual mlPSCs (kinetics for all mlPSCs, single 

channell  conductance and number of postsynaptic channels for only mlPSCs with 

amplitudess larger than 75 pA) reflect the properties of the GABAA receptors 

involved.. These were not different in the two experimental groups. 

Fastt  and slow mlPSCs 

Wee found fast and slow mlPSCs in the CA1 pyramidal neurons. The fast mlPSCs 

couldd represent currents originating from synapses on the soma and proximal 

dendritess while the slow mlPSCs could be generated in synapses located more 

distallyy on the dendrites. Linear correlations between kinetics and amplitudes of 

mlPSCss might be obscured by the large intrinsic variance in amplitude and decay 

timee constants. Different interneuron classes could evoke IPSCs with specific 

kineticss (Ouardouz and Lacaille 1997) and differences in pharmacological 

propertiess between fast and slow mlPSCs can not be ruled out (Banks et al. 1998; 

Pearcee 1993). The properties of fast and slow mlPSCs overlap, but the precise 
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thresholdd level used for qualification hardly affected the conclusions drawn here. 

Severall  factors could underestimate the ratio between slow and fast mlPSCs. Small 

mlPSCss from dendritic synapses are filtered and may not be detected in the soma. 

Thee noise level wil l also bias against the small amplitude mlPSCs. As a 

consequence,, the observed ratio should not be quantitatively translated to the 

distributionn of synapses over the cell surface. 

Postsynapticc GABA A receptors 

Kindlingg epileptogenesis in CA1 is associated with a decrease in binding density of 

thee GABA agonist muscimol (Titulaer et al. 1994). This decrease could reflect a 

changee in receptor affinity, it could indicate a reduction in GABA receptor density 

perr synapse or a reduction in the absolute number of GABAergic synapses. The 

latterr two possibilities should lead to differences in mlPSC amplitude and 

frequencyy after kindling, none of which were found. If GABA receptors operate in 

aa saturated mode (Edwards et al. 1990; Faber et al. 1992; Jonas et al. 1993), changes 

inn receptor affinity wil l not be reflected in mlPSC properties. However, reduced 

affinityy should decrease the amplitude of mlPSCs that are mediated by unsaturated 

receptorss as has been suggested for the large amplitude mlPSCs (Nusser et al. 

1997). . 

Thee noise in the decay of a mlPSC reflects gating of the postsynaptic GABAA 

receptorss (Borst et al. 1994; de Koninck and Mody 1994; Sigworth 1980). The 

numberr of receptors and their single channel conductance can be estimated if 

channell  noise dominates. For the largest mlPSCs we obtained numbers in 

agreementt with previously reported values for GABAA receptors (de Koninck and 

Modyy 1994; Edwards et al. 1990; Grudt and Henderson 1998; Puopolo and 

Bellu2zii  1998). We found no indications for a change at the molecular level in 

GABAAA receptors after kindling. 

Synapsee morphology 

AA hypothesis proposed by Edwards predicted that plasticity of synapses induces 

morphologicall  changes reflected in the skewness of the amplitude distribution 

(Edwardss 1995). Large amplitude miniature postsynaptic currents can either 

originatee from synapses with a large number of receptors or they reflect the 

synchronouss release of vesicles from several active zones (Edwards 1995). 

Consequendy,, the reduction in large amplitude mlPSCs in kindled animals should 

morphologicallyy show up as a reduction in the number of synapses with a large 

postsynapticc grid or multiple active zones. GABAergic synapses with several 
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separatee active zones within one synapse have been reported (Nusser et al. 1997; 

Peterss et al. 1990). An increase in the number of perforated synapses and an 

increasee in synaptic area of GABAergic synapses were shown previously in dentate 

gyruss after kindling epileptogenesis (Geinisman et al. 1990; Nusser et al. 1998). 

Networkk function 

Thee consequences of kindling induced changes at the synapse level also have to be 

consideredd at the network level. The relation between the mlPSCs caused by 

spontaneouss release of vesicles and functional inhibitory synapses in the intact 

networkk is not evident (Faber et al. 1998). In the cells in which we were able to 

recordd both miniature and evoked IPSCs we observed a striking similarity between 

theirr kinetics. This at least suggests that the evoked IPSCs consisted of the 

synchronouss activation of synapses from the same type that produced the mlPSCs. 

Iff  linked to functional synapses, the reduction in mlPSCs reflects a loss of 

inhibitoryy innervation. The group of mlPSCs with high amplitudes and fast kinetics 

mostt likely originates from the soma. Because the somatic inhibitory synapses are 

thee most effective, even a relative small reduction in their number could lead to a 

noticeablee impairment of inhibition. The fact that also the fraction of very slow 

mlPSCss (rise time > 5 ms) is smaller after kindling could indicate that the loss of 

synapsess is not restricted to the soma. Previous immunocytochemical work 

(Kamphuiss et al. 1989) has shown that 50% of the GABAergic interneurons that 

doo not contain parvalbumin have disappeared after kindling epileptogenesis. 

Whetherr the synapses of these interneurons are responsible for the large amplitude 

mlPSCss needs to be determined. 

Functionall  rewiring of the local circuit with a change in function of specific 

neuronss has been observed after epileptogenesis and other challenging conditions. 

Braginn reported a reduced activity of the interneurons in the CA1 area during an 

epilepticc seizure, indicative of specific participation of different classes of neurons 

inn epileptic activity (Bragin et al. 1997). Long-term stimulation that induces 

epilepsyy leads to the loss of hilar neurons in the dentate gyrus and so removes the 

excitatoryy input from interneurons which then become dormant (Sloviter 1991). 

Thiss phenomenon was not observed in the Self-Sustained Limbic Status 

Epilepticuss model (Rempe et al. 1997), but after anoxia functionally disconnected 

interneuronss have also been reported (Khazipov et al. 1995). Denervated 

interneuronss result in normal GABAergic innervation of the principal neurons, 

whichh due to the lack of excitatory input on the interneurons will never function. 

Butt the opposite situation also exists. Unchanged GABAergic innervation of 

principall  neurons will be more effective if the interneurons that drive it are 
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innervatedd more effectively or highly synchronized. Sprouting which occurs heavily 

inn the dentate gyrus (Cavazos et aL 1994) could compensate for the loss of cells and 

reductionn in connectivity, but such compensation would most likely result in a 

higherr degree of synchronization. In the CA1 area sprouting is more disputed 

(Perezz et al. 1996), but also much harder to detect. 

Comparisonn wit h dentate gyrus 

Thee observations in the dentate gyrus after kindling epileptogenesis are almost 

oppositee to the ones that we report for the CA1 area. In the dentate gyrus the mean 

mlPSCC amplitude was increased (Otis et al. 1994) and this change was recently 

foundd to be linked to an increase in the number of postsynaptic GABAA receptors 

(Nusserr et al. 1998). These findings are consistent with an overall enhancement of 

thee GABAergic inhibition in the dentate gyrus as has been reported (Kamphuis et 

al.. 1992; Oliver and Miller 1985). They are however hard to link causally to the 

emergencee of epileptic activity (but see Buhl et al. 1996a). In the CA1 area the 

changess in mlPSCs and field potential inhibition are also consistent, but in the 

oppositee direction. Here they could underlie the emergence of epilepsy. These 

findingss indicate that different brain areas can react differendy on the establishment 

off  an epileptic focus. 

AA reduction in inhibitory drive in the CA1 network after kindling epileptogenesis 

wil ll  involve changes in cell properties and in their functional connectivity. Because 

thee epileptic network is properly functioning most of the time, the changes 

observedd after kindling are expected to be subtle. At the cell membrane level many 

changess in properties or abundance of calcium and sodium channels have been 

reportedd (Vreugdenhil et al. 1998; Vreugdenhil and Wadman 1992), but these 

changess need not be the same in all cells of the network. The transfer of a local 

networkk can be changed in even more ways, because it comprises the changes in all 

cellss and their connectivity. Synapses can adapt their strength depending on the 

activityy in pre- and postsynaptic cells (Davis and Goodman 1998; Turrigiano et al. 

1998). . 

Inn the CA1 region, kindling epileptogenesis induces a shift in the balance between 

inhibitionn and excitation. In pyramidal cells membrane excitability is enhanced, 

whilee in the network inhibition is reduced. Our new data suggest that the loss of 

specificc somatic synapses or of the projecting interneurons could be an important 

factor.. The net result of all mechanisms is a lower threshold for seizure activity. In 

particularr in the kindling model the network is stable for most of the time, which 

suggestss that the changes are at least partly compensated. The most intriguing 
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mechanism,, the one that defines the long-term balance between excitation and 
inhibition,, still needs to be determined. 
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