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Introduction n 

Thee mammalian central nervous system consists of millions of neurons with even 

moree connections between them. About 90% of the neurons in the brain are 

excitatoryy neurons, the rest are inhibitory interneurons. Neurons have highly 

complexx dendritic trees at which thousands of synaptic inputs arrive. Individual 

neuronss can perform complicated computations, but the essential computational 

unitss in the brain are small networks of neurons. Synaptic connections between 

neuronss in these networks are not static, but their strength depends on the 

activationn history of the connection. The identity and activity of the pre- and 

postsynapticc neurons determine the precise properties of a synapse, making each 

synapsee in the brain unique. The brain comprises many interconnected small 

networkss of sophisticated neurons with dynamic synaptic connections. This unique 

structuree makes it the wonderful machine that can invent, remember, love, 

appreciatee music and has a sense of humor. 

TH EE HIPPOCAMPA L CA1 NETWORK 

Thee hippocampus is a brain area that is involved in memory processing, probably 

contributingg to the transition from short-term memories to long-lasting memories. 

Itss role in memory is proposed to be most important in episodic memory 

(Eichenbaumm et al. 1999; Wallenstein et al. 1998). 

Thee hippocampal network is usually described as consisting of three main 

networkss that are interconnected: dentate gyrus (DG), CA3 and CA1 (fig. 1.1). The 

mainn information flow is from higher cortical areas, such as the entorhinal cortex, 

too DG and then via CA3 to CA1. The CA1 area projects back to cortical areas. 

Thiss simple loop is a highly simplified picture as precise anatomical and 

physiologicall  studies have shown a much more complicated connectivity (Witter et 

al.. 2000). In this thesis I wil l only consider the CA1 area. 

Thee principal neurons of the CA1 area are pyramidal neurons. This type of 

neuronn is very common in the central nervous system and is the principal neuron in 

mostt cortical areas. The somata of the pyramidal cells in the CA1 area are located 

inn the stratum pyramidale and their vertically oriented apical dendrites run more or 

lesss parallel to each other into stratum radiatum and lacunosum—moleculare (fig. 

1.2).. Their basal dendrites ramify in stratum oriens and alveus. An important input 

off  the pyramidal cells is the input from the CA3 area, via the Schaffer collaterals. 

Thesee collaterals make synapses predominantly on apical dendrites in stratum 

radiatum.. Another important input to pyramidal cells is coming from the perforant 

path.. These fibers come directly from the entorhinal cortex, without the DG—CA3 
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Chapterr  1 

loop.. Perforant path synapses are located at the distal dendrites of the pyramidal 

cellss in stratum lacunosum—moleculare. 

Figur ee 1.1. The hippocampal network 

Transversee slice of the rat hippocampus. Input from the entorhinal cortex or other 
corticall  areas arrives at the granule cells in the dentate gyrus (DG). These cells transmit 
thee information to the pyramidal cells in the CA3 area (CA3), which project to the CA1 
areaa (CA1). The axons of the CA1 pyramidal cells project back to entorhinal cortex and 
otherr brain areas. 

Manyy other input pathways to the CA1 area exist, for instance from the 

contralaterall  hippocampus and from the septum. Furthermore, the CA1 network is 

innervatedd by fibers from other brain areas containing neurotransmitters such as 

serotonin,, dopamine, noradrenaline or acetylcholine. Many of these modulatory 

inputss have a differential effect on Schaffer and perforant path inputs and can 

providee a mechanism by which one specific input pathway can be selected over the 

otherr (Otmakhova and Lisman 1998). This might be important for the role of the 

hippocampuss in memory processes (see chapter 5). 

Inn the CA1 area about 10% of the cells are inhibitory interneurons. Their somata 

aree located in all layers of the CA1 area and their dendritic trees show a large 

variationn in size and shape. Inhibitory synapses are located all over the pyramidal 

celll  surface and originate from many different interneurons. With respect to a 

specificc input pathway to the CA1 pyramidal population interneurons can be 

coupledd in a feedforward or a feedback manner. In figure 1.2 these two couplings 

aree shown for Schaffer collateral activation of the CA1 network. Feedforward input 

too the interneurons is input coming directly (monosynaptically) from the Schaffer 

collateralss (Buzsaki and Eidelberg 1982; Lacaille 1991; Sah et al. 1990). 
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Interneuronss receiving feedback input get input from CA1 pyramidal cells that are 

activatedd by the Schaffer collaterals (Andersen et al. 1963; Andersen et al. 1964; 

Kandeletal.. 1961). 

INTERNEURON S S 

Interneuronss form a highly heterogeneous group of cells and many attempts have 

beenn undertaken to distinguish different groups of intemeurons with specific 

propertiess (for review see Freund and Buzsaki 1996). However, this turned out to 

bee complicated, as different classifications are not in agreement with each other 

(Parraa et al. 1998). I wil l not try to give a complete overview of the different 

intemeuronss and their possible classifications, but I wil l briefly describe the two 

mostt commonly used classifications and some of their merits. Other classifications 

aree made on the basis of the firing properties of intemeurons (fast spiking, regular 

spiking,, burst spiking, etc.) (Gupta et al. 2000) or the presence of specific 

neurotransmitterr receptors and/or subunits (metabotropic glutamate receptors, 

acetylcholinee receptors, opiate receptors, etc.) (Hajos et al. 1998; Poneer et al. 2000; 

vann Hooft et al. 2000). 

Classificationn of intemeurons 

Thee most common classification is based on axon projection. The main 

interneuronn types of this classification are basket cells, bistratified and axo—axonic 

cells.. Basket cells make synapses preferentially on the soma and proximal dendrites 

off  their target cells, bistratified cells make synapses onto dendrites slighdy more 

distall  and axo—axonic cells innervate the axon hillock (Buhl et al. 1994a). Al l these 

intemeuronss innervate mosdy pyramidal cells, but intemeurons are not avoided as 

targets.. This classification is physiologically meaningful since somatic inhibition 

(providedd by basket and axo-axonic cells) can block action potential firing by the 

postsynapticc cell, whereas dendritic inhibition (provided by bistratified cells) may 

functionn to prevent dendritic calcium spikes (Miles et al. 1996). Many 

subclassificationss exist in which different interneuron subtypes are distinguished 

basedd on dendritic morphology or firing patterns. However, for these 

subclassificationss it is hard to obtain stringent definitions of the specific subtypes. 
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Feedforwardd input * 

Feedbackk input 

Schaffer r 
collaterals s 

perforant t 
path h 

Figur ee 1.2. Schematic view of the CA1 network 

CA11 pyramidal cells (P) have somata in stratum pyramidale (pyr). They receive input from 
thee Schaffer collaterals in stratum radiatum (rad). Perforant path afferents make synapses 
inn stratum lacunosum-moleculare (LM). Upon activation of the Schaffer collaterals, 
interneuronss (In) can receive monosynaptic input (feedforward input). Alternatively, 
Schafferr inputs activate pyramidal cells, which evoke synaptic input in the interneurons 
(feedbackk input) via their axons running in the Alveus (Alv) and stratum oriens (or). The 
wayy an interneuron is coupled to the CA1 network determines when it gets activated 
relativee to the pyramidal cell population. This has important functional consequences. For 
clarityy only the excitatory synapses made by the Schaffer collaterals and subsequent 
feedbackk synapses are indicated (black circles). Arrows indicate the information flow. 

Anotherr commonly used classification is based on the protein content of the 

interneurons.. CAI interneurons are classified based on their immunoreactivity for 

calcium-bindingg proteins such as parvalbumin (PV), calbindin D28k (CB) and 

calretininn (CR), or for neuropeptides such as somatostatin (SS), vasoactive intestinal 

polypeptidee (VIP), cholecystokinin (CCK) or for a combination of these (Freund 

andd Buzsaki 1996). The main advantage of this classification is that it is relatively 

easyy to study connections between the different groups by double-staining brain 

slices.. An interesting finding from such a study is that there are interneurons 

(containingg CR) that are specialized to inhibit other interneurons and that avoid 

makingg contact with pyramidal cells (Gulyas et al. 1996). The big disadvantage of 

thiss classification is that the functional significance of the differences in expression 

patternss between interneurons is not clear. An interesting recent development is 

thatt genetically altered mice can be bred that express GFP (Green Fluorescent 

Protein)) in cells expressing specific peptides or calcium-binding proteins (Caputi et 

al.. 2000; Meyer et al. 2000; Meyer and Monyer 1999). In brain slices of these 
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animalss interneurons expressing for instance PV are easily identified (as they are 

greenn fluorescent) and this provides a unique opportunity to unravel possible 

physiologicall  and functional differences between the different types of interneurons 

inn the near future. 

I tt would be a great leap forward and a lot of discussions would be ended if one 

unambiguouss classification of interneurons based on functional meaningful 

parameterss could be made. However, the main problem remains that we do not 

knoww whether the differences between interneurons are a consequence or an 

indicationn of their function. Therefore, the big challenge is not to make the ultimate 

classification,, but to unravel the different functions of interneurons in the brain. 

Functionn of interneurons 

Interneuronss in the CA1 area of the rat hippocampus are thought to have several 

functions.. The most important function of interneurons is to provide inhibition 

thatt restricts and shapes the activity in the pyramidal cell population. Furthermore, 

inhibitionn may modulate information processing in individual pyramidal cells in the 

network. . 

Interneuronss are densely connected among themselves, forming interneuron 

networks.. Coupled inhibitory neurons that can fire at high frequencies may lead to 

oscillationss in these networks (Banks et al. 2000; Galarreta and Hestrin 2001; 

Gibsonn et al. 1999). Another intriguing finding is that a single interneuron is able to 

synchronizee pyramidal cells by diverging inhibitory synaptic contacts (Cobb et al. 

1995).. A substantial number of pyramidal cells synchronously fired an action 

potentiall  at the end of the inhibitory synaptic current (rebound excitation). 

Networkk oscillations and synchronization have been proposed to provide the 

precisee temporal structure or context for the pyramidal neurons that is necessary 

forr memory processing or sensory binding (Buzsaki 1997; Castelo-Branco et al. 

2000;; Jensen and Iisman 1996; Lisman 1999). 

Inhibitoryy synaptic input, when overlapping with excitatory input, may veto 

specificc excitatory inputs or parts of the dendritic tree (Staley and Mody 1992). 

Modell  studies have suggested that inhibitory synapses are most effective at 

dendriticc shafts and their efficacy increases with proximity to the soma (Qian and 

Sejnowskii  1990). Indeed, inhibitory synapses are largely found on dendritic shafts, 

inn contrast to excitatory synapses, which are often present on dendritic spines 

(Megiass et al. 2001). Inhibitory synapses are also more abundant at the soma and 

proximall  dendrites compared to excitatory synapses (Gulyas et al. 1999; Megias et 

al.. 2001). It was recendy found that somatic inhibition on CA1 pyramidal cells 

shortenss the integration window of these cells and therefore increases their ability 
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ass coincidence detector (Pouille and Scanziani 2001). Inhibitory synapses thus have 

aa direct influence on the integration of synaptic signals in pyramidal cells. 

Inn this thesis I focus on how interneurons participate in the CA1 network with 

respectt to the pyramidal cells and how the specific connectivity of the interneurons 

andd the dynamic properties of their synaptic connections influence their function in 

thee network. 

DYNAMIC SS OF THE CA1 NETWORK 

Thee hippocampal CA1 network is not a static entity. In vivo, the neurons are 

activatedd in ever changing patterns by a varying number of afferent fibers 

(Dobrunzz and Stevens 1999). The strengths of synapses between the neurons are 

continuouslyy changing as a function of previous activity. New synapses are being 

formedd and others disappear (Goldin et al. 2001; Maletic-Savatic et al. 1999; 

McKinneyy et al. 1999). To some extent, the network is even resistant to the loss of 

neurons.. Its resistance against degradation and its dynamic structure are very 

importantt features of a neuronal network. 

Thee strength of synaptic connections can change. Hebbian plasticity depends on 

thee correlation between pre- and postsynaptic activity and is thought to be crucial 

forr memory storage (Bliss and Collingridge 1993). Much research has been done to 

unravell  the mechanisms underlying the Hebbian forms of plasticity long-term 

potentiationn (LTP) and its counterpart long-term depression (LTD) (Bliss and 

Lomoo 1973). Recendy, another correlation-based type of plasticity, spike-timing 

dependentt plasticity (Bi and Poo 1998; Markram et al. 1997; Zhang et al. 1998), has 

receivedd much attention since its properties make it even more suitable to provide a 

cellularr basis for learning and memory processes (Song et al. 2000; van Rossum et 

al.. 2000). Hebbian plasticity can be induced at a time scale of several minutes. It 

lastss for hours or even longer. Recently it became clear that besides Hebbian 

plasticity,, the dynamic properties of synapses (i.e. changes in synaptic strength at 

muchh shorter time scales) may also be very important in information processing 

(Abbottt et al. 1997; Buonomano et al. 1997; Markram et al. 1998). In this thesis I 

focuss on changes in the CA1 network on two different time scales, e.g. days and 

hundredss of milliseconds. 
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Epilepsy y 

Att a time scale of days or longer, pathologies can develop that permanently change 

partss of the brain. Epilepsy is an example of such a disease. It is a very common 

neurologicall  disorder that has many different causes, such as stroke, brain tumors 

orr genetic predisposition. The induction of epilepsy probably takes several years in 

humans.. In an epileptic brain subtle changes in neuronal networks have occurred 

thatt hardly interfere with normal brain function (McNamara 1994; McNamara 

1999).. Characteristic of the disease is the re-occurrence of seizures during which 

thee patient loses consciousness and all muscles contract heavily. The hippocampus 

iss often used for studies in epilepsy research, since this brain area is specifically 

pronee for developing seizures. Many animal models for epilepsy or epileptogenesis 

havee been developed to study several aspects of the disease. In the kainate and 

pilocarpinee model, epilepsy is evoked by injection in the brain of that chemical 

substancee (Ben-Ari 1985; Cossart et al. 2001; Fisher 1989). Epilepsy can also be 

evokedd by electrical stimulation, which is done in the Status Epilepticus (SE) model 

(Gorterr et al. 2001; Lothman et al. 1989). In these chronic models, the animals get 

spontaneouss (and sometimes progressive) seizures and the brain damage, such as 

massivee cell death and axonal sprouting, is comparable to human patients with 

temporall  lobe epilepsy. The kindling model is a model for epileptogenesis. In this 

modell  normally no spontaneous seizures occur, but seizure susceptibility is 

permanentlyy enhanced (Goddard et al. 1969). 

Inn the hippocampal kindling model, epilepsy is evoked by repetitive high 

frequencyy stimulations (typically 50 Hz for 2 seconds), in our experiments at the 

Schafferr collaterals in rats. These stimulations initially evoke a small epileptic 

seizure,, which can be measured by recording field potentials. By repeating the 

stimulationss twice a day, convulsions develop that progressively increase in 

durationn and severity. After 3-4 weeks of these stimulations, a stimulus that evokes 

littl ee reaction in the naive rat wil l evoke a generalized seizure with tonic-clonic 

convulsionss in the kindled rat. When the kindled rats are not stimulated they 

behavee normally and do not appear different from normal rats. Without interfering 

muchh with normal functioning of the brain, the threshold for inducing an epileptic 

seizuree is permanently decreased. Kindling induces several changes in the CA1 

network,, all resulting in a shift of the balance between the excitation produced by 

thee many principal cells and the inhibition provided by the interneurons. The 

excitabilityy of the pyramidal cells is enhanced by a small, but effective shift in the 

voltagee dependence of its sodium current (Vreugdenhil et al. 1998) and an increase 

inn its calcium current (Faas et al. 1996). The loss of a specific group of GABAergic 

interneuronss (Kamphuis et al. 1989) and a subtle change in the GABAergic 
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innervationn of CA1 pyramidal cells (chapter 2 of this thesis) lead to a reduction of 

thee inhibition in the network. The shift in the balance between excitation and 

inhibitionn permanently enhances seizure susceptibility in this area. 

SYNAPTICC DYNAMIC S 

Thee second time scale of focus in this thesis is much shorter. In tens to hundreds 

off  milliseconds use—dependent changes in synaptic strength occur in the CA1 

network.. As pointed out above, the computational power of a neuronal network is 

nott only determined by the different types of neurons in the network. Their mutual 

connectionss and especially the dynamic properties of these connections are highly 

importantt (Maass and Zador 1999), as they determine how the network translates 

ann incoming spike train into a series of action potentials fired by the CA1 pyramidal 

cells. . 

Underlyin gg mechanisms 

Thee strength of the synapse between two neurons can change rapidly depending on 

itss recent activity. The probability of releasing a vesicle from the presynaptic 

terminall  upon the arrival of an action potential is highly dependent on the (local) 

presynapticc calcium concentration. Short—term facilitation of release probability is 

thoughtt to be mainly due to a build—up of free calcium ions in the presynaptic 

terminall  during repetitive arrivals of action potentials (Fisher et al. 1997; Zucker 

1989;; Zucker 1999). This build—up depends on several factors such as the presence 

off  presynaptic calcium channels, calcium buffers and calcium pumps (Dittman et al. 

2000;; Rozov et al. 2001) and the release of calcium from or the uptake of calcium 

byy internal stores and mitochondria (Emptage et al. 2001; Rose and Konnerth 

2001). . 

Depressionn of release probability may result from a restriction of the number of 

vesicless that can be released. Only a small percentage (~5%) of the total number of 

presynapticc vesicles is normally available for release (often referred to as the readily 

releasablee pool). During repetitive activation of a synapse this vesicle pool can be 

depletedd and the probability for releasing a vesicle upon arrival of an action 

potentiall  decreases. The rates at which this pool of vesicles is depleted and can be 

replenishedd are important factors for determining the depression rate at an 

individuall  synapse. These rates might depend on presynaptic calcium concentration 

(Dittmann et al. 2000). Other factors contributing to the depression of synaptic 

strengthh during repetitive activity can be desensitization of the postsynaptic 
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receptorss (Hunter and Milton 2001; Jones and Westbrook 1996) or calcium 

depletionn from the synaptic cleft (Borst and Sakmann 1999). 

Receptorss that are present in the presynaptic membrane may modulate release 

probabilityy by inhibiting presynaptic calcium channels, by activating potassium 

channelss or by directly interfering with the release machinery, often through G-

proteinn mediated pathways (Wu and Saggau 1997). Examples of such receptors are 

GABABB (Brenowitz et al. 1998; Wu and Saggau 1995), kainate (Schmitz et al. 2001), 

metabotropicc glutamate (Poneer et al. 2000; Tóth et al. 2000), muscarinic 

acetylcholinee and adenosine A l receptors. Metabotropic glutamate and GABAB 

receptorss can be activated by a spill-over of neurotransmitter from the synaptic 

cleftt (providing a feedback signal). Activation of presynaptic receptors can occur 

throughh the activity of other neurons in the local network (indirect local 

modulation)) or through the release of hormones or other neuromodulatory 

substancess from long-range axons originating from other brain areas. 

Possiblee functions 

Thee dynamic properties of the synapses between neurons strongly influence 

networkk activity. This type of synaptic plasticity was shown to be essential in the 

cellularr basis for learning of simple behavior in Aplysia (Fisher et al. 1997). In the 

mammaliann central nervous system only recently more attention is given to the 

functionall  implications of dynamic synapses. For instance, depression of excitatory 

synapsess between neocortical pyramidal cells is proposed to function as a gain 

controll  mechanism, enabling the postsynaptic neuron to detect a change in the 

presynapticc firing rates of an input irrespective of the activity levels of other inputs 

(Abbottt et al. 1997; Markram et al. 1998). The dynamic properties of both 

inhibitoryy and excitatory synapses in the hippocampus are proposed to increase the 

abilityy of pyramidal cells to detect specific intervals in presynaptic spike trains. In 

thiss way, populations of neurons can be generated that code for specific spike 

intervals.. This may be important in transforming temporal information into a 

spatiall  code segregated over different populations of neurons (Buonomano 2000; 

Buonomanoo et al. 1997). Furthermore, differences in synaptic dynamics of 

inhibitoryy and excitatory connections result in a dynamic balance between 

inhibitionn and excitation in neuronal networks (Galarreta and Hestrin 2000; Varela 

etal.. 1999). 
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OVERVIEWW OF THIS THESIS 

Thee CA1 network translates spike trains that arrive via afferent fibers into a series 

off  action potentials fired by the CA1 pyramidal cells. Interneurons participate in 

thiss network and they shape the output of the CA1 network. The central question 

inn this thesis is how individual interneurons interact with the pyramidal cell 

populationn in the CA1 network. We have split this central question into three 

subquestionss that are considered in chapter 2, 3 and 4: 

A.. Are inhibitory synapses different in the epileptic and normal hippocampus? 

B.. What is the relation between the input to individual interneurons and the 

populationn activity? 

C.. And what are the dynamic properties of the input to interneurons? 

Inn the epileptic brain the balance between excitation and inhibition is permanendy 

distorted.. Inhibition is provided by interneurons that make synapses all over the 

membranee surface of the CA1 pyramidal cells. In chapter  2 of this thesis we have 

examinedd possible changes in these inhibitory synapses after kindling 

epileptogenesiss by studying miniature inhibitory postsynaptic currents (mlPSCs) in 

CA11 pyramidal cells. Miniature IPSCs are small synaptic currents that can be 

measuredd in the postsynaptic cell. These currents are due to the spontaneous fusion 

off  vesicles at the presynaptic inhibitory terminals in the absence of an action 

potential.. Studying mlPSCs provides information about the number and strengths 

off  the inhibitory synapses that are present (from mlPSC frequency and amplitude 

respectively).. Changes in the inhibitory synapses can have important consequences 

forr the stability of the CA1 network. 

Inn the next chapters we focused on the role of interneurons in the CA1 network in 

thee normal brain. I have investigated how interneurons participate in the local 

networkk and how their participation depends on their specific connectivity with 

respectt to the pyramidal cells. In chapter  3 the input to interneurons in the CA1 

networkk is examined after stimulation of the Schaffer collaterals. This stimulation 

evokedd monosynaptic Schaffer input (feedforward input) in some interneurons, 

whilee in other interneurons bisynaptic input originating from axons of CA1 

pyramidall  cells (feedback input) was evoked. The way interneurons are coupled 

withh respect to the pyramidal cell population in the CA1 network has important 

consequencess for their contribution to the network activity. 
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Synapsess have dynamic properties. The response of a synapse depends on its 

previouss activity. The dynamic properties of synapses are important for 

determiningg the signal transfer of the CA1 network. I have examined the dynamics 

off  excitatory input to CAI interneurons and pyramidal cells in chapter  4. by 

measuringg synaptic responses during repetitive activation. With dynamic synapses, 

thee connections between neurons change as a function of input frequency. 

Knowledgee of the dynamic properties of the synapses is therefore essential for 

understandingg the computations performed by the CA1 network. 

Inn the last chapter, chapter  5. a summary is given of the main findings of this 

thesis.. These findings are discussed with respect to the present knowledge of 

informationn processing in the hippocampal CA1 network. 
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Miniatur ee inhibitor y postsynaptic currents 

inn CA1 pyramidal cells after  kindlin g 

epileptogenesis s 

Corettee J. Wierenga and Wytse J. Wadman 

Journall  of Neurophysiology (1999) 82:1352-1362 
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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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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 
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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. 
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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. . 

41 1 



Chapterr  2 

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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ABSTRACT T 

Inhibitoryy interneurons are important components of the CA1 network, as they are 

strategicallyy positioned to control network information transfer. We investigated 

thee synaptic input that individual interneurons received after the local circuit was 

activatedd by stimulating the Schaffer—Commissural pathway and we related the 

interneuronn input to the population activity of the pyramidal cells. Synaptic 

responsess were measured using whole—cell voltage clamp recordings and 

populationn activity was determined from local field potentials. 

Thee synaptic input that was evoked in CAI interneurons by the stimulus fell into 

twoo distinct groups. Long-latency synaptic input always started after the population 

spikee with a mean latency of 3.0+0.3 ms (n=22) measured from the peak of the 

populationn spike. This type of synaptic input to the interneurons was causally 

linkedd to the occurrence of the population spike in the field potential recording. 

Short—latencyy input occurred 2 ms (n=18) before the peak of the population 

spikee and showed significandy less jitter in its timing than long-latency input. Only 

short-latencyy input could be observed in the absence of a population spike. 

Thee relation between the amplitude of the synaptic input to the interneurons and 

thee population activity was different for the two types of input. Short-latency input 

showedd large sensitivity to input changes at stimulus intensities that evoked litde 

activityy in the pyramidal cell population. The amplitude of the long-latency input to 

thee interneurons increased gradually with stimulus intensity and reflected the 

populationn activity, as measured from the population spike. 

Thee timing and amplitude of the two input types were different in relation to the 

populationn activity. This indicates an important difference in the way interneurons 

receivingg one of the two types of input participate in the local network and suggests 

distinctt functions for the corresponding inhibitory interneurons in the CA1 

network. . 

50 0 



Feedforwardd and feedback input 

INTRODUCTIO N N 

Informationn processing in neuronal networks depends both on functional 

connectivityy in the network and on the cellular properties of the various types of 

neuronss that are connected. The latter have been extensively investigated since the 

introductionn of the in^situ patch clamp technique, combined with advanced 

morphologicall  reconstructions. The circuit of the CA1 hippocampal region 

translatess activity of the afferent fibers into pyramidal cell activity. The function of 

thee principal cells in this process is straightforward, but the function of the 

interneuronss needs to be determined. This requires knowledge about how 

interneuronss participate in network activity. We need to know under what 

conditionss they are activated, how the interneuron input relates to input parameters 

off  the fiber activity, what the temporal relation is between their activity and that of 

thee other neurons and how their activity contributes to the network output. 

Answeringg these questions is limited by experimental constraints. Here, we set out 

too examine the role of interneurons during activation of the CA1 network after 

Schafferr collateral stimulation. 

Inn the CA1 region interneurons receive inputs from many principal pyramidal 

cellss and they project to a large fraction of the principal cells (Buhl et al. 1994a). 

Stimulationn of the Schaffer collaterals monosynaptically activates the pyramidal 

cellss and also a fraction of the interneurons (Buzsaki and Eidelberg 1982; Lacaille 

1991;; Sah et al. 1990). Indirectly, interneurons are activated as a result of action 

potentialss evoked in the pyramidal cells (Andersen et al. 1963; Andersen et al. 1964; 

Kandell  et al. 1961). The possibility for feedback control is apparent, since single 

interneuronss exert strong control over the activity of a large number of pyramidal 

cellss (Buzsaki and Chrobak 1995; Cobb et al. 1995; Dvorak-Carbone and Schuman 

1999;; Yanovsky et al. 1997). 

Interneuronss in the hippocampus show a large variety in morphology, in 

electrophysiology,, in protein content and in other cellular properties. These 

propertiess led to classifications that have extensively been described elsewhere 

(Buhll  et al. 1994a; Freund and Buzsaki 1996; Gupta et al. 2000; Parra et al. 1998; 

Somogyii  et al. 1998; van Hooft et al. 2000). Attempts to relate these different 

classess to specific roles that the interneurons play in the network were only partially 

successfull  (Blasco-Ibanez and Freund 1995; Gulyas et al. 1996; Miles et al. 1996; 

Yanovskyy et al. 1997). The properties of synaptic connections have been 

characterizedd using paired intracellular recordings from connected neurons (Ali et 

al.. 1998; Al i and Thomson 1998; Buhl et al. 1995; Miles et al. 1996), but 

extrapolationn of these findings to the role of individual interneurons in the local 

51 1 



Chapterr  3 

circuitt is difficult (Buzsaki and Eidelberg 1982; Karnup and Stelzer 1999; 

Maccaferrii  and McBain 1995; Maccaferri and McBain 1996; Somogyi et al. 1998). 

Inn this study we activated pyramidal cells in the CA1 region by electrical 

stimulationn of the Schaffer collaterals, one of the main input pathways. This 

resultedd directly or indirecdy in synaptic input to interneurons in the same region. 

Thee synaptic input to individual interneurons was obtained using the in situ whole-

celll  patch-clamp technique. We related the timing and the amplitude of this input 

too the population activity, which was simultaneously recorded using extracellular 

fieldfield potentials. We selected our interneurons based on location, morphology and 

firingfiring pattern and determined the functional connectivity of a rather heterogeneous 

groupp in terms of the classifications mentioned above. The stimulus—response 

curvess and the timing of synaptic events relative to the population activity provided 

informationn about the participation of the interneurons in the local network. Two 

distinctt types of input to CAI interneurons could be evoked by the Schaffer 

collaterall  stimulation and we speculate about the possible functional implications. 

METHODS S 

Slicee preparation 

Wistarr rats of 14—28 days old were used for this study (mean age was 21 days; rats 

weree obtained from Harlan, Zeist, the Netherlands). After decapitation the brain 

wass rapidly removed and the hippocampus was dissected. Slices (-300 ujxi thick) 

weree cut with a tissue chopper under an angle of —20° with respect to the direction 

off  the Alvear fibers. This direction was chosen to keep as many Schaffer collaterals 

intactt in the slice as possible (Ishizuka et al. 1990). Slices were incubated at 32 °C in 

artificiall  cerebrospinal fluid (ACSF) for one hour. The ACSF contained (in mM): 

1255 NaCl, 2.4 KC1, 1 MgCl2, 2 CaCl2, 1.1 NaH2P04, 26 NaHC03 and 25 D-glucose 

andd was continuously gassed with 95% 02 - 5% C 02 to set pH at 7.3. All chemicals 

weree obtained from Sigma (St. Louis, U.S.A.). The hippocampal slices were kept at 

roomm temperature in ACSF until they were transported to the recording chamber. 

Extracellularr  recordings and stimulation 

Al ll  recordings were done at room temperature with ACSF as the perfusion 

medium.. Extracellular recordings were performed with borosilicate glass 

micropipettess (2-4 MQ) filled with ACSF. Signals were amplified (lOOOx) with a 
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customm designed amplifier and sampled at 4 kHz. Stimulations were applied as a 

biphasicc current pulse of 200 us through a bipolar stimulation electrode (straight 

cut,, isolated stainless steel 60 urn thick wire; 50-100 urn tip separation) that was 

placedd over the Schaffer-Commissural afferent fibers in stratum radiatum at the 

CA1-CA33 border. Stimulation current was between 0 and 700 uA. The 

extracellularr recording electrode was placed in the CA1 stratum pyramidale within 

3000 um from the patch electrode. The locations of the recording and of the 

stimulationn electrodes in the hippocampal slice are illustrated in fig. 3.1 A. In our 

slicess stimulation of the Schaffer collaterals activated pyramidal cells in the entire 

CA11 region, as a population spike could be recorded in stratum pyramidale from 

thee CA2 to the subiculum border (data not shown). In some experiments a high 

Ca2+// high Mg2+ solution was used to reduce the population spike. This solution 

containedd (in mM): 117.5 NaCl, 2.4 KC1, 4 MgCl2, 4 CaCl2, 1.1 NaH2P04, 26 

N a H C 033 and 25 D-glucose. 

Stimulationn in stratum radiatum at the CA3/CA1 border might directly activate 

pyramidall  cells in that area, but extracellular recordings in stratum pyramidale at the 

CA3/CA11 border did not reveal any sign of a population spike. This indicates that 

thee number of direcdy activated pyramidal cells was small, even at the highest 

stimuluss intensities. 

Thee stimulation electrode was placed in the stratum radiatum over the Schaffer 

collaterals.. At high stimulus intensities the electrical stimulation may have spread 

andd activated some axons from the perforant path in stratum lacunosum-

moleculare.. Under our conditions, we could not determine whether occasionally 

observedd additional input components in interneurons at high stimulus intensities 

weree due to activation of perforant path fibers. 

Patchh clamp recordings 

Ann upright microscope (Nikon Optiphot) with a 40x water immersion objective 

andd a CCD camera with a high-pass 700 nm filter were used to locate the 

interneuronss in the CA1 area. Patch clamp recordings were made using an 

Axopatchh 200B amplifier (Axon Instruments, U.S.A.). The patch pipettes (3-5 

Mft )) were filled with intracellular solution containing (in mM): 140 K-gluconate, 

100 HEPES, 1 EGTA, 2.5 CaCl2 and 2 MgATP (pH adjusted with KOH to 7.3; 

280-2900 mOsm). Some recordings were made with (in mM): 140 KF, 10 HEPES, 

11 EGTA, 1 CaCl2, 2 MgCl2 and 2 MgATP. We did not observe differences between 

recordingss with solutions containing KF or K-gluconate. Intracellular solution 

containedd 0.5-1% biocytin or Lucifer Yellow. 
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Immediatelyy after the establishment of the whole-cell configuration the 

amplifierr was switched to current clamp mode to record action potentials in the 

cell,, which were induced by a depolarizing current injection. Whole—cell voltage 

clampp recordings were made at a membrane potential of -70 mV. We checked the 

stabilityy of the series resistance (4—7 M£2) and whole cell capacitance (15-30 pF) 

duringg the experiments. Voltage clamp recordings were low-pass filtered at 2 kHz 

withh an 8-pole Bessel filter and sampled at 4 kHz. Current clamp recordings were 

sampledd at 4 kHz. Recordings were done with an ATARI TT030 computer, using 

custom—madee interface and software. 

Morphology y 

Duringg the recordings, cells were loaded with biocytin or Lucifer Yellow via the 

patchh pipette. After the recordings the hippocampal slice was kept in phosphate 

bufferedd saline with 4% paraformaldehyde for fixation (>1 hour for Lucifer Yellow 

andd overnight for biocytin) and then stored at 4 °C in the phosphate buffer until 

furtherr use. Injected biocytin was visualized by using an avidin-HRP reaction (ABC 

elitee peroxidase kit; Vector laboratories, Burlingame, CA) incubated with 0.1% 

Triton,, according to the instructions of the manufacturer. Slices were not 

resectionedd for this procedure. After biocytin was visualized using 3 ' , 3-

diaminobenzidinee (DAB, Vector Laboratories, Burlingame, CA) slices were 

embeddedd in mowiol on slides. Interneurons were reconstructed using a drawing 

tubee under a 20x or 40 x objective lens. Slices with Lucifer Yellow-filled cells were 

mountedd between two glass cover slips with Vectashield mounting medium for 

fluorescencefluorescence (Vector laboratories, Burlingame, CA) and placed under a 

fluorescencefluorescence microscope. Photographs were taken (10x or 20x objectives) using 

thee appropriate filters. The cell shape was reconstructed using composite 

photographs.. These methods yield the rough dendritic (and sometimes also axonal) 

morphologyy of the recorded cells. It confirmed that the recorded cells were 

interneuronss and that they had dendrites in stratum oriens and radiatum. No 

furtherr attempts to classify the interneurons were made. 

Analysis s 

Thee latency of the synaptic current in the interneuron recorded under voltage 

clampp was determined as the time interval between the stimulus and the time point 

att which the postsynaptic current exceeded the noise level. The threshold was set at 

55 times the standard deviation of the signal during a 10 ms period before the 

stimulus.. The time of occurrence of the extracellular population spike after the 
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stimuluss was determined as the time between the stimulus and the negative peak of 

thee population spike. We took the peak as the reference point, as it can be 

unambiguouslyy determined. The latency of the peak is the mean latency at which 

pyramidall  cells fire an action potential (Andersen et al. 1971; Varona et al. 2000). 

Takingg the onset of the population spike as the reference point did not change any 

off  the conclusions drawn here. The amplitude of the field postsynaptic potential 

(fieldd PSP) was measured as the maximum (positive) amplitude of the extracellular 

potential.. The amplitude of the population spike was measured between its 

(negative)) peak and the (positive) slope of the field PSP. 

Thee distance between the extracellular recording electrode and the patch clamp 

electrodee was maximally 300 p.m. Stimulating Schaffer collaterals evokes 

synchronouss activity in the CA1 area, reflected in the population spike. Small 

variationss in the precise time of occurrence of the population spike can be 

observedd in stratum pyramidale, because the synchronous activity spreads from the 

stimulationn site towards the subiculum. The time difference between the 

occurrencee of the population spike at the location of the extracellular recording 

electrodee and the location of the patch electrode never exceeded 0.5 ms. 

Thee amplitudes R(I) of the synaptic current, the population spike and field PSP 

ass functions of stimulus intensity I were fitted with a sigmoid: 

R(DD = ~n—r  W 
ll  + e x P ( ! ^ ) 

inn which R,,̂  is the maximal response, I^f is the stimulus intensity for which the 

responsee is half maximal and S is a slope factor. A smaller slope factor indicates a 

steeperr response curve. The threshold for evoking a response was defined as the 

stimuluss intensity at which the response reached 10% of its maximal value: 

II  threshold = ^half ~ SX l l l 9 . 
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RESULTS S 

Characterizationn of the interneurons 

Interneuronss were selected based on the location of their somata and their visual 

appearancee under the microscope. We selected cells located in stratum oriens, 

pyramidalee and radiatum with cell bodies with a different shape or orientation than 

thee cells in the pyramidal layer. As a second criterion we demanded that the cells 

firedd repetitively (>5 action potentials) during 1 second of 200 pA depolarizing 

currentt injection. During the recordings, the cells were filled with biocytin or 

Luciferr Yellow for a post-hoc inspection of the dendritic tree and, if possible, 

axonall  arborization. If the cell resembled a pyramidal neuron it was excluded from 

furtherr analysis. It is important to emphasize that all reconstructed interneurons 

(n=155 with biocytin and n=13 with Lucifer Yellow) had dendrites in stratum 

oriens/Alveuss (i.e. the projection site for CA1 pyramidal cells) and in stratum 

radiatumm (i.e. the projection area for the Schaffer collaterals; fig. 3.1C) and 

sometimess in stratum lacunosum—moleculare. From 13 of the 15 interneurons that 

weree filled with biocytin we got an indication of the projection area from the 

(pardy)) stained axonal arborization. The axon of the interneurons branched into 

stratumm oriens, pyramidale and/or radiatum (hatched boxes in fig. 3.1 C). 

Immediatelyy after establishing the whole-cell configuration, the firing pattern of 

thee interneurons during injection of depolarizing current was recorded. At this time 

washoutt of intracellular factors that influence the firing behavior did not yet play a 

role.. Interneurons fired multiple action potentials, sometimes up to 50 during 1 

secondd of 200 pA current injection (table 3.1). In fig. 3.2 three examples are shown 

off  interneurons that fired non-accommodating, accommodating and irregular 

trainss of action potentials. Despite the large variation in firing rate between cells, 

thee number of action potentials fired by the interneurons increased almost linearly 

withh injected depolarizing current once the threshold was crossed (fig. 3.2D-F, but 

notee the difference in the y—axis scaling). 

Inn a different set of experiments in which we recorded from both interneurons and 

pyramidall  cells under the same conditions and used the same morphological criteria 

too distinguish them, we showed that interneurons fired significandy more action 

potentialss during the current injection than pyramidal cells. Action potentials of 

interneuronss had a significandy smaller width (Wierenga and Wadman 2002a). This 

confirmss our description of the recorded cells as interneurons. 
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Figur ee 3.1. Location of the electrodes and interneuron morphology 
A,, Location of the stimulation and recording electrodes. The extracellular recording 
electrodee was always located between the stimulation and the patch clamp electrode. B, 
Simplifiedd scheme of the CA1 network. The pyramidal cell population (P) receives input 
fromm the Schaffer collaterals (Sch). Interneurons can receive monosynaptic input from the 
Schafferr collaterals (II) and/or recurrent input from the CA1 pyramidal cells (12). C, Five 
reconstructionss of biocytin-filled interneurons are shown with the axonal projection area 
indicatedd by the hatched boxes. All reconstructed interneurons included in this study had 
dendritess in stratum oriens as well as in stratum radiatum. Interneurons 1, 2 and 4 
receivedd short-latency input; 3 and 5 received long-latency input. 

Synapticc currents in the interneurons 

Inn 44 of the 47 recorded intemeurons, stimulation of the Schaffer-Commissural 

pathwayy evoked a synaptic current at a membrane potential of -70 mV. This 

indicatess that the vast majority of intemeurons in this region received input 

associatedd with the stimulus. The synaptic current was excitatory as it reversed 

aroundd 0 mV. In most intemeurons (20 of 24 tested) a second current component 

followedd this current with a delay of 0-4 ms. This probably was a GABA A -
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mediatedd inhibitory current carried by CF, as the reversal potential (~ -80 mV) was 

closee to that of CI under our conditions (EC1 = -83 mV). In the following, all 

recordingss were done at a membrane potential of -70 mV, where most of the 

observedd synaptic current is excitatory. Activation of synaptic inhibition may affect 

thee decay phase of the excitatory current by shunting. However, it can not distort 

thee latency of the excitatory input, because the inhibitory current always followed 

thee excitatory input. In some cells the voltage clamp was not strong enough to 

preventt the firing of an action potential by the interneuron, resulting in a large 

inwardd current after the stimulus. These cells were excluded from further analysis. 
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Figur ee 3.2. Interneurons display various firing  patterns 

A-C,, Examples of trains of action potentials fired by the interneurons during 
depolarizingg current injection for 1 second. A, Example of a non-accommodating train of 
actionn potentials fired by an interneuron. This intemeuron fired up to 33 action 
potentials.. B, Example of an accommodating train of 14 action potentials. C, Example of 
ann irregular firing intemeuron. D-F, The number of action potentials fired by the 
intemeuronn increased almost linearly with the injected current. Note the difference in y-
axiss scaling. Same cells as in A—C. 
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celll  characterist ics Short-latency input long-latency input 

inputt resistance (Mil ) 139  12 (18) 143  11 (22) 

firingg rate at 200 pA (APs/s) 24 5 (18) 17+3 (22) 

SFAA 2.1 3 (18) 2 (22) 

NACC-ACC-IRRR 7 - 9 -2 7 - 1 1 -4 

membranee time constant (ms) 16.0  2.4 (18) 15.3  1.6 (22) 

extentt of dendrites in SO flim) 300 + 30 (14) 290 0 (14) 

extentt of dendrites in SR (^m) 830  60 (14) 720 0 (14) 

characteristicss of synaptic currents 

maximall  amplitude (pA) 181 4 (18) 142 5 (22) 

10-90%% rise time (ms) 5.9  0.8 (18) 7.4 6 (22) 

decayy time constant 53 0 (18) 50+10 (22) 

timee difference after PS (ms) -0.8 2 (18) 3.0  0.3 (22) p<0.01 

AI half0iA)) 1 (16) 9 (15) P<0.01 

Tablee 3.1. Characteristics of interneurons wit h two types of input 
Thee firing rate was taken as the number of action potentials fired by the interneuron 
duringg a 1-second injection of +200 pA. SFA: Spike frequency adaptation rate = (last 
interval)/(firstt interval). NACC-ACC-IRR: Number of cells with non-accommodating 
(NACC),, accommodating (ACQ and irregular (IRR) firing patterns. As a rough 
estimation,, the extent of the dendrites was measured as the distance from the center of 
stratumm pyramidale to the tip of the longest dendrite in stratum oriens (SO) or stratum 
radiatumm (SR), perpendicular to the pyramidal layer. The difference between the groups in 
thee latency of the synaptic currents in the interneuron with respect to the occurrence of 
thee population spike (latency after PS) and the difference between the half maximal 
stimulationn intensities (Alhaif, see fig. 3.7 and table 3.2) of input and population spike were 
highlyy significant (p<0.01, Mann-Whitney U test). All values are . calculated 
overr all interneurons per group; numbers between brackets indicate the number of 
interneuronss in the group. 

Characterizationn of synaptic input 

Afterr stimulation of the Schaffer-Commissural pathway, the extracellular recording 

inn the stratum pyramidale of the CA1 region showed the well—known field 

postsynapticc potential (field PSP) on which the population spike was superimposed 

(fig.. 3.3A and B, upper traces, marked FP). The field PSP results from current 

flowingg into the active synaptic region in stratum radiatum. The population spike is 

thee extracellular reflection of all action potentials of many (near—) synchronously 
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firingg pyramidal cells. Simultaneously, we made whole—cell voltage clamp 

recordingss of individual interneurons in the same region. We determined the timing 

off  the synaptic current in individual interneurons relative to the population spike in 

thee CA1 area after Schaffer—Commissural stimulation. Al l stimulations at different 

intensitiess were used to calculate for each interneuron the mean synaptic latency to 

thee stimulus and the mean time difference with the peak of the population spike. 

Figur ee 3.3. Examples of two interneurons wit h the two types of input 
A,, Simultaneous extracellular recordings (upper traces; FP — field potentials) and patch 
clampp recordings (lower traces; VC — voltage clamp) from an interneuron that received 
short—latencyy input after the stimulus. Darker traces indicate higher stimulus intensities. 
Thee dashed vertical lines indicate the peak of the population spike in the darkest traces 
andd the asterisks indicate the time of the stimulus. B, Short—latency input was observed at 
aa stimulus intensity that was too low to evoke a population spike. C, The latency of the 
synapticc current in the interneuron was plotted against the latency of the peak of the 
populationn spike in the extracellular recording for all stimulus intensities. Each dot 
representss a single stimulation and the line represents the case when population spike and 
synapticc current would have occurred simultaneously. D—F, Same as A—C for an 
interneuronn in which the stimulus evoked long—latency input. In contrast to short-latency 
input,, long—latency input was never observed in the absence of a population spike (E). All 
tracess are single traces. 
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Thee distribution of time differences between the onset of the synaptic current 

andd the peak of the population spike for all interneurons is shown in fig. 3.4A. 

Statisticall  reasoning alone does not reject a single Gaussian fit of the distribution, 

butt for reasons given below we preferred the description as a bimodal distribution. 

Thiss was supported by a significant decrease in the reduced %2 (p<0.05; F test (de 

Koninckk and Mody 1994)). The two normal distributions had means that were 3.7 

mss apart and they intersect at a time difference of 1.2 ms. The latter time point was 

usedd to separate the two types of input. In one group of interneurons the stimulus 

evokedd short-latency input (example in fig. 3.3A) and in another it evoked long-

latencyy input (example in fig. 3.3B). Figure 3.4B shows the relation between the 

latencyy of the synaptic current and the population spike for all interneurons. 

tim ee differenc e (ms ) 
00 2 4 6 8 10 12 14 

latenc yy of populatio n spik e (ms) 

Figur ee 3.4. Timin g of synaptic input s 
A,, Distribution of the mean time differences of the synaptic input to the intemeurons 
afterr the peak of the extracellular population spike. The peak of the population spike 
occurredd at 2 ms after the stimulus (n=40). The distribution could be well fitted 
withh the sum of two Gaussian curves (thick lines) with the two means as indicated. The 
curvess cross at a time difference of 1.2 ms. The thick horizontal bar at 0 ms represents 
thee width at half-maximal amplitude of the mean population spike determined from all 
recordingss 1 ms). B, Relation between the latency of the synaptic current and the 
peakk of the simultaneously recorded population spike for all intemeurons. Each dot 
representss a single interneuron and error bars represent standard errors. The solid line 
representss y=x; the dotted line reflects the best separation between the two groups 
(y=x+1.2). . 

Long-latencyy input had larger variance in absolute latency to the stimulus than 

short-latencyy input (F-test; p<0.05). For the short-latency group it made no 

differencee whether their timing was calculated relative to the stimulus or to the 
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populationn spike and its variance was not different from that calculated for the 

populationn spike. When the timing of the long-latency group was determined in 

respectt to the population spike (as in fig. 3.4A) the difference in variance between 

thee two groups vanished. This suggests that the timing of the long-latency input is 

linkedd to the occurrence of the population spike, while the short-latency input and 

thee population spike are linked to the stimulus. This relation was supported by the 

observationn that long-latency input was never observed in the absence of a 

populationn spike (fig. 3.3D). Short-latency input could be evoked even at stimulus 

intensitiess that were too low to evoke a population spike (fig. 3.3C). The 6 

interneuronss receiving inputs with a timing that could statistically belong to either 

groupp were classified according to their dependence on the occurrence of the 

populationn spike. 

Wee preferred to use the time of the peak of the population spike as the reference 

pointt over the onset, because it can be unambiguously defined. When the 

distributionn of fig. 3.4A was aligned with respect to the onset of the population 

spike,, it remained bimodal, but the two peaks had slightly larger variation. 

However,, all cells would have been classified in the same two input groups. 

Wee repeated these experiments in hippocampal slices of which the CA3 was 

removedd with a cut. Schaffer collateral stimulation again evoked short—latency 

inputt in some interneurons (n=4) and long-latency input in others (n=4), with 

timingtiming falling within the ranges determined above. This excluded that antidromic 

activationn of the CA3 and subsequent synaptic activation of other CA3 pyramidal 

cellss does not contribute to the difference in input latency. 

Variatio nn in timin g 

Inn addition to the difference in latency relative to the population spike, the two 

typess of input also differed in the temporal jitter observed in repeated 

measurementss from the same cell (compare the variance in the vertical direction of 

fig.fig. 3.3C and 3.3F). To quantify this, we determined for each individual cell the 

standardd deviation of the latency of the synaptic current over all stimulus 

intensities.. We subsequently determined the mean jitter of all cells in the two 

groups.. The jitter was significantly larger for long-latency input compared to 

short-latencyy input 2 ms versus 1.2+0.1 ms; p<0.01). This difference in jitter 

cann also be appreciated from the vertical error bars in fig. 3.4B (number of 

observationss were similar in both groups). The timing of the peak of the 

populationn spike was robust and had a temporal jitter of 1.0+0.1 ms, comparable to 

thee short-latency input. 
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Figur ee 3.5. High Ca2 +/ high Mg2+ solution 
Whenn the superfusion medium of the slices was switched from ACSF to a solution that 
containedd 4 mM Ca2+ and 4 mM Mg2+, the population spike in the extracellular recording 
disappeared,, while the field PSP decreased in amplitude. Short-latency input to an 
intemeuronn (A) decreased in amplitude, but remained, while long-latency input (B) 
disappeared.. The lower traces show the field potentials (FP) and voltage clamp (VC) 
recordingss in normal ACSF (1) and in the high Ca2+/high Mg2+ solution (2). Traces are 
averagess of 3—5 traces. 

Relationn between amplitud e of population spike and synaptic current 

Inn order to examine a possible causal relation between population spike and 

intemeuronn input (as suggested by fig. 3.3B and 3.3E), the slices were supervised 

withh a solution that contained 4 mM Ca2+ and 4 mM Mg2+. Such high 

concentrationss of divalent ions stabilize the membrane, differentially affecting the 

thresholdd for synaptic current and for action potential firing (Berry and Pentreath 

1976;; Mies et al. 1988). The high Mg2+ concentration decreases the presynaptic 

releasee probability, thus reducing the postsynaptic amplitude and field PSP (Berry 

andd Pentreath 1976). Superfusion of the slices with the high Ca2+/ high Mg2+ 

solutionn resulted in a decrease in the amplitude of the field PSP, while the 

populationn spike disappeared completely. In a typical intemeuron that received 
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short-latencyy input the amplitude of the synaptic current decreased to about 30% 

off  its starting value (fig. 3.5A). The mean value of all interneurons with short-

latencyy input was % (n=5). In all interneurons with long-latency input (n=4) 

thee synaptic current completely disappeared (fig. 3.5B). The time course of the 

changess also supported a causal relation between population spike and long-latency 

current.. Switching to the high Ca2+/ high Mg2+ solution did not significandy change 

thee latency of the short-latency synaptic input. The decay time constant of the 

short-latencyy input was smaller in the high Ca2+/ high Mg2+ solution in most cells 

(thee mean reduction in the decay time constant was 35+16% (n=5)). This could 

indicatee the disappearance of a long-latency input component that was hidden in 

thee decay of the current in the normal ACSF (see also below). During the switch of 

thee superfusion solution the input resistance of the cell was not affected. When 

switchingg back to normal ACSF the patch clamp recordings often deteriorated, but 

thee population spike in the field potential always reappeared. 

Interneuron ss wit h both types of input 

I tt was surprising that the synaptic input in the interneurons fell into one of two 

well-separatedd groups according to their timing with respect to the population 

spike.. This does not necessarily mean that the interneurons receive exclusively one 

typee of input under all circumstances. Some interneurons were encountered that 

showedd mixed inputs after the Schaffer collateral stimulation. In 3 of the 18 

interneuronss that received short-latency input after the stimulus, a second synaptic 

componentt could occasionally be distinguished (fig. 3.6A). This additional long-

latencyy component was only present at high stimulus intensities. We can not 

excludee that more interneurons with short-latency input received a small long-

latencyy input, but the additional synaptic component was hard to distinguish in the 

(often)) noisy decay phase of the synaptic current. The faster rise times but similar 

decayy kinetics of the short—latency input compared to the long—latency input could 

indicatee this mixture of inputs (Wierenga and Wadman 2002a). 

Inn 16 of the 22 interneurons in which the stimulus evoked long—latency input, 

short-latencyy components were never observed. In the other 6 interneurons, the 

synapticc current sometimes had a small early component (fig. 3.6B) of which the 

timingg fell within the short-latency input as defined above. It was typically very 

smalll  and was not reliably evoked with every stimulus. In only 4 of the 44 

interneuronss the stimulus evoked both types of input consistendy (fig. 3.6C). Also 

inn these neurons the timing of the two components fell within one of the two 

groupss established above. Because of the complicated nature of these signals these 

fourr interneurons were not included in the further analysis. 
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Figur ee 3.6. Additiona l input components 
A,, Example of an interneuron that received predominantly short-latency input, but 
occasionallyy received an additional long-latency component (*). This component only 
appearedd at high stimulus intensities. B, Example of an interneuron that received long-
latencyy input with occasionally an additional short-latency component (arrow). C, 
Examplee of an interneuron in which the stimulation evoked both types of input. Upper 
tracess are field potential recordings (FP), lower traces are voltage clamp recordings from 
interneuronss (VC). All traces are single traces. Darker traces indicate higher stimulus 
intensities.. The dashed vertical lines indicate the peak of the population spike in the 
darkestt traces. 

Responsee curves 

Thee previous paragraphs provide evidence for separation of the interneurons into 

twoo groups with distinct inputs. In addition we show that the amplitude of these 

twoo types of input has a distinct relation with stimulus intensity. The amplitude of 

thee synaptic current in the interneuron, the extracellular field PSP and the 

populationn spike were determined for a range of stimulus intensities. For each cell 

wee constructed the function that relates the mean response of the synaptic current 

andd the simultaneously recorded population parameters to stimulus intensity. The 

amplitudee of the population spike is an indication of the number and synchrony of 

dischargingg pyramidal cells (Andersen et al. 1971; Varona et al. 2000). To allow a 
quantitativee comparison of the response curves, we restricted the number of 

parameterss to describe them. Fitting a sigmoidal function (Eq. 1) was adequate for 

thiss purpose and yielded estimates for  the stimulus intensity at half-maximal 

responsee (Ihalf) and for the slope factor S of the response curves. The latter is 

smallerr for steeper slopes. The threshold and the range of stimulus intensities to 
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whichh the input of an interneuron is sensitive determine its recruitment in the 

network.. The means of the parameters of the response curves were calculated over 

alll  cells in a group. The response curve of the population spike was steeper than 

thatt of the field PSP. This reflects the nonlinear relation between the population 

spikee and the field PSP. 

Thee synaptic response curve for short-latency input was located to the left of 

responsee curve of the population spike for 15 of the 16 interneurons (fig. 3.7A). 

Thee mean threshold intensity for this input was significantly lower than for the 

populationn spike (table 3.2). The low threshold indicates a high sensitivity of 

interneuronss to changes in this type of input at low stimulus intensities, when most 

pyramidall  cells are not yet activated. 

short-latenc y y long-latenc y y 

1000 200 300 400 500 

stimulu ss intensit y (uA ) 

1000 200 300 400 500 

stimulu ss intensit y (uA ) 

1000 200 300 400 500 

stimulu ss intensit y (uA ) 

Figur ee 3.7. Response curves 

A,, The response curve for an interneuron with short—latency input was positioned left of 
thee population spike response curve. The threshold of short—latency input was lower than 
thatt of the population spike. B—C, The long-latency response curves were located to the 
rightt of the population spike response curves, sometimes overlapping (B). The response 
curvess for long-latency input were graded. C, Example of an interneuron with long-
latencyy input that did not saturate at intensities that evoked a maximal population spike. 
Thiss was observed in 5 of 18 interneurons. Symbols are amplitudes of synaptic input 
(filledd diamonds), population spike (filled circles) and field PSP (open circles). Lines are 
fitsfits with equation (3.1). 
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Forr long-latency input the response curve was located to the right of the 

populationn spike response curve (fig. 3.7C and B) for 13 of the 15 interneurons. 

Interestingly,, the response curves of the long—latency synaptic current in 

interneuronss were graded. This indicates that many CA1 pyramidal cells project to 

eachh interneuron. Long-latency input measured in single interneurons could be a 

reliablee indicator of pyramidal cell population activity. The stimulus threshold for 

evokingg long-latency input and for evoking a population spike was similar (table 

3.2)) and higher than for evoking short-latency input. In some interneurons (5/15) 

thatt received long—latency input, a stimulus intensity range existed in which the 

populationn spike amplitude was maximal, but the curve for the synaptic response 

stilll  increased (fig. 3.7C). 

populationn spike (n=31) 
fieldfield PSP (n=31) 
short-latencyy input (n=16) 
long-latencyy input (n=15) 

ïhalff  (MA) 

* * 
1600 ! 

t,* * 1199 1 
2099  29 

S(HA) ) 

355 * 
f f 

8 8 
f f 

thresholdd (\iA) 

1244 * 
600  11 ^ 
211 3 

1099  22 

Tablee 3.2. Parameters of the sigmoidal fi t of the response curves 
Meann  S.E.M. of the half-maximal stimulus intensity I^f , the slope factor S and the 
thresholdd intensity. Note diat the slope of the curve increases with decreasing S. 
Thresholdd was defined as the stimulus intensity at which the response exceeded 10% of 
itss maximal value. Indicated are values that were significandy different from field PSP 
valuess (*) or from population spike values (f; p<0.05, paired Student's t test). 

DISCUSSION N 

Informationn processing in the central nervous system is performed in circuits of 

highlyy interconnected principal neurons and interneurons. In this study we 

recordedd synaptic currents in individual interneurons in the hippocampal CA1 

regionn and related them to local population activity evoked by Schaffer collateral 

stimulation.. Almost all interneurons (44/47) in this region were involved in the 

locall  circuit as was demonstrated by the presence of synaptic responses after the 

Schafferr collateral stimulation. Timing and amplitude of the synaptic currents were 

usedd to characterize the input to the interneurons. We found that two distinct types 

off  synaptic input to the CAI interneurons could be distinguished. The long-latency 

inputt was causally related to the occurrence of the population spike in the field 
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potentiall  recording, while the short-latency input could be observed even in the 

absencee of a population spike. The two types of input also differed in their 

temporall  jitter and in their amplitude relation to stimulus intensity as elucidated by 

thee response curves. 

Al ll  interneurons are incorporated in the circuit that translates Schaffer Collateral 

activationn into pyramidal cell activity. The difference in timing, in causal relation 

withh the population spike and the difference in response curves between the two 

inputt types, indicated a specific participation of the corresponding interneurons in 

thee network activity. This suggests that long—latency and short-latency input could 

welll  represent feedback respectively feedforward input to the interneurons. 

Interneuron s s 

Thee cell bodies of the interneurons in this study were located in stratum oriens, 

pyramidalee or radiatum and their dendritic trees had an orientation perpendicular to 

thee pyramidal cell layer. Based on previous, morphologically detailed reports on 

interneuronss from this area, our group of interneurons probably consisted of 

basket,, bistratified and axo-axonic cells (Ali et al. 1998; Lacaille 1991; Li et al. 1992; 

Pawelzikk et al. 1999). The axons of the interneurons in the present study ramified 

inn stratum oriens, pyramidale and/or radiatum, in agreement with previous reports. 

Physiologicall  properties, such as membrane time constant, input resistance and 

firingg rate were variable among the interneurons, consistent with earlier reports (Ali 

ett al. 1998; Buhl et al. 1996b; Morin et al. 1996). We have no data that permitted 

furtherr sub—classification of the recorded interneurons, but the properties 

measuredd in this study do not give us any indication that interneurons in which the 

stimuluss evoked short—latency input had different cellular properties compared to 

interneuronss that received long-latency input. 

Timin gg of the synaptic response 

Schafferr collateral stimulation can activate the interneurons in the CA1 network in 

aa feedforward and in a feedback way (fig. 3.1 B). In feedback mode, the 

interneuronss receive input from the CA1 principal cell population (Andersen et al. 

1963;; Andersen et al. 1964; Kandel et al. 1961) that is first activated by the Schaffer 

collaterals.. In the feedforward mode the interneurons are monosynaptically 

activatedd by the Schaffer collaterals, which also project to dendrites of the principal 

cellss (Buzsaki and Eidelberg 1982; Lacaille 1991; Sah et al. 1990). The differences 

betweenn short- and long-latency input suggest that the two types of input that we 
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distinguish,, correspond to functional feedforward and feedback input of the 

interneuronss that we measured. 

Forr feedback input to the intemeurons, the stimulus first has to activate the 

pyramidall  cells. Their highly synchronized firing, reflected in the population spike, 

formss the stimulus for the intemeurons. The time between the pyramidal cell firing 

andd feedback input to an interneuron includes one synaptic delay (~1 ms) and an 

unknownn axonal delay. Therefore, feedback input is expected to occur at least 1 ms 

laterr than the onset of the population spike. This is in line with the separation 

obtainedd in figure 3.4A. Input with a shorter latency than feedback is characterized 

ass feedforward. This separation could erroneously classify feedforward input with 

ann exceptionally long latency as feedback, but we never observed such input in our 

recordingss (see arguments below). In addition, the long-latency input showed 

largerr temporal jitter compared to short-latency input. Such a difference in timing 

iss expected between a monosynaptic feedforward and bisynaptic feedback 

connection.. Furthermore, long-latency input was never observed in the absence of 

ann extracellular population spike in normal ACSF as well as high Ca2+/ high Mg + 

solution.. This is expected for feedback input and contrasts with the observations 

forr short-latency input. Finally, the distinct dependence on stimulus intensity of the 

synapticc current in the intemeurons and the population spike further substantiated 

thee functional relevance of our distinction between the two types of input. 

Amplitud ee of the synaptic response 

AA remarkable observation was that long—latency input to CA1 intemeurons 

increasedd gradually with stimulation intensity (fig. 3.7B and C), almost over the full 

stimulationn range. The alternative possibility of a steep all-or-none response was 

neverr observed. A graded response curve for both synaptic current and population 

spikee implies that this type of input to the intemeurons reflects the activity in the 

pyramidall  cell population. This suggests a large functional convergence of CA1 

pyramidall  cells onto the interneuron. This conclusion is the functional 

confirmationn of existing anatomical data (Blasco-Ibanez and Freund 1995; Gulyas 

ett al. 1999). A more realistic activity in the Schaffer collaterals than our highly 

synchronizedd artificial stimulation paradigm would only smooth the graded 

responsee further. Intemeurons that receive input reflecting the activity of the 

populationn that they inhibit, are well suited for normalizing the population activity. 

Inn some intemeurons proposed feedback input saturated at a higher stimulus 

intensityy than the pyramidal cell activity. This will increase stability, because in such 

aa network, normalization by the feedback circuitry can function over the full 

activityy range of the principal cells. 
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Thee response curves also showed that short-latency input was often present at 

stimuluss intensities that were too low to evoke a population spike. This situation is 

impossiblee for feedback input and supports the interpretation as feedforward input. 

Thee similar activation threshold of short-latency input and extracellular field PSP 

suggestss that the afferent fibers that project to the interneurons overlap with the 

fibersfibers evoking the field response. The response curve of the feedforward input was 

locatedd left from the response curve of the population spike, indicating that 

interneuronss with feedforward input are most sensitive to input changes when 

nonee or only a few of the CA1 pyramidal cells are active (Karnup and Stelzer 1999). 

Interneuron ss without short-latency input 

Al ll  reconstructed interneurons in the present study had dendrites in the Schaffer 

collaterall  projection area (i.e. stratum radiatum) and the projection area of CA1 

pyramidall  cells (i.e. stratum oriens). Anatomically these interneurons can receive 

bothh feedforward and feedback input (Buhl et al. 1994b; Buhl et al. 1996b; Lacaille 

etal.. 1987). 

Ourr observations indicate that under our conditions Schaffer collateral 

stimulationn is capable of selectively activating that part of the circuit that evokes 

long—latencyy responses in some interneurons. The presence of short-latency input 

inn an interneuron with long-latency input would have been easily identified as an 

earlyy bump in the recording. The absence of short-latency input in some 

interneuronss was not due to the absence of Schaffer collaterals at the location of 

theirr dendrites, as CA1 pyramidal cells nearby did receive Schaffer collateral input. 

Thiss observation suggests that in addition to the anatomical organization, a 

functionall  organization in the connectivity of the Schaffer collaterals to 

interneuronss in the CA1 exists. Feedback and feedforward input are not mutually 

exclusive,, and we indeed observed interneurons that showed mixed inputs 

(Wierengaa and Wadman 2002a). It is possible that the type of input to the 

interneuronss depends on the specific subpopulation of Schaffer Collateral fibers 

thatt was stimulated. Our findings suggest that either the Schaffer collaterals avoid 

makingg synapses on some interneurons, or that existing synapses are weak. The 

ratioo of interneurons in which the stimulus evoked a particular type of input found 

inn the present study (18 versus 22) could be highly dependent on the experimental 

conditions.. Because excitatory synapses onto interneurons can express forms of 

plasticityy (Cowan et al. 1998; McBain et al. 1999; McMahon and Kauer 1997), we 

mightt even expect that the relative strengths of feedforward and feedback input to 

ann interneuron is not fixed. 
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Functionall  implication s 

Inn most interneurons the stimulus evoked one dominant type of functional synaptic 

input.. This offered the possibility to investigate the response curves for the two 

typess of input. The type of input that an interneuron receives during activation of 

thee local network determines when and how strong it is activated relative to the 

population.. This sets important constraints for its possible function in the local 

circuit.. Interneurons with feedforward input can be activated already at low 

stimuluss intensities when only a few CA1 pyramidal cells are activated. They add an 

inhibitoryy component to the input of the CA1 pyramidal cells and so expand the 

inputt range of the principal neurons (Hausser and Clark 1997; Karnup and Stelzer 

1999;; Paulsen and Moser 1998; Pouille and Scanziani 2001). The graded response 

curvee of the long-latency input provides graded feedback inhibition instead of an 

'emergencyy brake' that limits the maximal network output. Our observation that 

feedbackk input to interneurons reflects the activity of the pyramidal cell population 

suggestss that feedback inhibition can function as normalization or scaling. Such a 

normalizationn function wil l be useful in highly plastic neuronal circuits such as the 

hippocampall  CA1 area. 
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ABSTRACT T 

Thee dynamic properties of synapses between neurons in the CA1 network are 

importantt in determining the frequency-dependent signal transfer of the network. 

Wee have examined the synaptic dynamics of excitatory input to CAI interneurons 

andd pyramidal cells using whole-cell voltage clamp recordings. We used stimulation 

electrodess at the Schaffer collaterals or at the Alveus to activate the CA1 network. 

Thee dynamic properties of the feedforward input from the Schaf fer collaterals 

weree different from the synaptic dynamics of feedback input from the Alveus to 

CAII  interneurons. Synaptic input from the Schaffer collaterals to CA1 

interneuronss showed facilitation for most frequencies. After 10 stimuli the synaptic 

responsee reached a plateau level that was about 150% of the first response in the 

train.. In contrast, the plateau levels of Alveus inputs were not different from the 

firstfirst responses for frequencies up to 40 Hz. Paired-pulse facilitation of Schaffer 

inputt was stronger than for Alveus input to interneurons. Cells in stratum oriens 

withh horizontal dendritic trees appeared to be a special group of interneurons, 

becausee Alveus input to these cells showed strong facilitation, with plateau levels of 

200%% of the reference responses. Schaffer input to CAI interneurons and to 

pyramidall  cells showed similar synaptic dynamics for frequencies up to 80 Hz. The 

synapticc dynamics of Schaffer and Alveus input to interneurons in the CA1 area 

onlyy slighdy depended on the stimulus intensity. 

Thee difference between the dynamics of Alveus and Schaffer input to 

intemeuronss implies that the relative contribution of feedforward and feedback 

inhibitionn to network activity depends on the frequency of the input signal at the 

afferentt fibers. 
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INTRODUCTION N 

Inn the mammalian central nervous system neurons are interconnected in neuronal 

networks.. Neurons in the network are continuously activated by trains of action 

potentialss (Dobrunz and Stevens 1999). The strengths of the synapses between 

neuronss are dynamic parameters that depend on previous synaptic activity 

(Dobrunzz and Stevens 1999; Markram et al. 1998; Varela et al. 1997). Use-

dependentt changes in synaptic efficacy (often referred to as short-term plasticity or 

synapticc dynamics) occur on the time scale of tens to thousands of milliseconds. 

Thee CA1 network contains principal cells that are responsible for the output signals 

too other brain areas and interneurons with local projections. Interneurons receive 

inputss from many principal cells and project to a large fraction of the principal cells 

(Buhll  et al. 1994a). They exert strong control over the signal transfer of the 

networkk (Cobb et al. 1995; Dvorak-Carbone and Schuman 1999; Yanovsky et al. 

1997).. To understand this signal transfer during repetitive activation one needs to 

knoww the firing properties of the cells involved, their connectivity and the dynamic 

propertiess of the synapses that connect them. 

Thee connectivity of an interneuron in the network determines when and how it 

cann participate in population activity (Karnup and Stelzer 1999). After Schaffer 

collaterall  activation, interneurons in the hippocampal CA1 area can receive 

monosynapticc input from the Schaffer collaterals (feedforward input) or input from 

thee CA1 pyramidal cells which are first activated by the Schaffer collaterals 

(feedbackk input) (Andersen et al. 1963; Andersen et al. 1964; Buzsaki and Eidelberg 

1982;; Kandel et al. 1961; Lacaille 1991; Sah et al. 1990). Interneurons receiving 

feedbackk input that reflects the activity of a large population of pyramidal cells are 

well—suitedd for normalizing the pyramidal cell output (Wierenga and Wadman 

2002b),, while interneurons receiving feedforward input play a direct role in 

informationn processing by the CA1 pyramidal cells (Pouille and Scanziani 2001). 

Inn the present study we investigated the synaptic dynamics of excitatory inputs 

too CAI interneurons and pyramidal cells. The dynamics of excitatory and inhibitory 

synapsess have an important function in shaping the temporal aspects of network 

activity.. Depression of excitatory synapses between neocortical pyramidal cells 

functionss as a gain control mechanism, enabling the postsynaptic neuron to detect 

aa change in the presynaptic firing rate of an input irrespective of absolute 

presynapticc activity levels (Abbott et al. 1997; Markram et al. 1998). The dynamic 

propertiess of both inhibitory and excitatory synapses in the hippocampus increase 

thee ability of pyramidal cells to detect specific intervals in presynaptic spike trains. 

Thiss may be important in transforming temporal information into a spatial code 
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segregatedd over different populations of neurons (Buonomano 2000; Buonomano 

ett al. 1997). Furthermore, differences in synaptic dynamics of inhibitory and 

excitatoryy connections may affect the stability of neuronal networks by adding 

dynamicc properties to the balance between inhibition and excitation (Galarreta and 

Hestrinn 1999; Varela et al. 1999). 

Inn this study we examine the three excitatory inputs that are activated in the CA1 

networkk after Schaffer collateral stimulation: direct Schaffer input to the CA1 

interneuronss and to the pyramidal cells and input from the pyramidal cells to the 

interneurons.. The use-dependent synaptic dynamics were revealed in the synaptic 

responsess to trains of extracellular stimuli at the Schaffer collaterals or the Alveus 

fibers.fibers. We characterize the differences in the dynamics of the synaptic inputs and 

discusss the consequences for the frequency-dependent signal transfer in the CA1 

network. . 

METHODS S 

Slicee preparation 

Forr this study Wistar rats of 2-4 weeks old were used (mean age was 19 days; rats 

weree obtained from Harlan, Zeist, the Netherlands). After decapitation the brain 

wass rapidly removed and the hippocampus was dissected. Slices were cut with a 

tissuee chopper under an angle of -20° with respect to the direction of the Alvear 

fibers.fibers. This direction was chosen to keep as many Schaffer collaterals intact as 

possiblee (Ishizuka et al. 1990). Slices were incubated at 32 °C in artificial 

cerebrospinall  fluid (ACSF) for one hour. The ACSF contained (in mM): 125 NaCl, 

2.44 KC1, 1 MgCl2, 2 CaCl2, 1.1 NaH2P04, 26 NaHC03 and 25 D-glucose and was 

continuouslyy gassed with 95% 02 - 5% C 02 to set pH at 7.3. Al l chemicals were 

obtainedd from Sigma (St. Louis, U.S.A.). The hippocampal slices were then kept at 

roomm temperature in ACSF until they were transported to the recording chamber. 

Extracellularr  recordings and stimulation 

Al ll  recordings were done at 30-32 °C with ASCF as the perfusion medium. 

Extracellularr recordings were performed with borosilicate glass micropipettes (2-4 

MQ)) filled with ACSF. Signals were amplified (lOOOx) with a custom designed 

amplifierr and sampled at 4 kHz. Stimulations of 200 (Xs were applied by a biphasic 

currentt source through a bipolar stimulation electrode (straight cut, isolated 
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stainlesss steel 60-flm thick wire; 50-100 flm tip separation). Stimulation current 

wass between 0 and 500 jlA . One stimulation electrode was placed over the 

Schaffer-Commissurall  afferent fibers in stratum radiatum and a second stimulation 

electrodee was placed at the Alveus, both at the CA1-CA3 border. The Alveus 

stimulationn electrode was carefully placed so that an antidromic population spike 

couldd be activated. The extracellular recording electrode was placed in the CA1 

stratumm pyramidale between the stimulation and patch clamp electrode (distance to 

patchh clamp electrode was not more than 300 ^.m). 

Schafferr collaterals project to CA1 stratum radiatum, but also to stratum oriens 

(Ishizukaa et al. 1990; Li et al. 1994). Alveus stimulation incidentally activated fibers 

inn the Alveus other than axons of the pyramidal cells. This showed up as a small 

fieldfield potential following the antidromic population spike. Careful placement of the 

Alveuss stimulus electrode and the use of only half-maximal intensity for most 

stimulationss minimized this activation. Its occasional presence did not affect the 

conclusionss reached in this paper. Activation of fibers that do not originate from 

thee pyramidal cells and that only contact interneurons can not be excluded. 

Synapsess onto interneurons do not generate a field potential because interneuron 

morphologyy is usually not polarized and there are relatively few interneurons. 

Patchh clamp recordings 

Ann upright microscope (Nikon Optiphot) with a 40 x water immersion objective 

andd a CCD camera with a high-pass 700 nm filter were used to locate the cells in 

thee CA1 area. Patch clamp recordings were made using an Axopatch 200B 

amplifierr (Axon Instruments, U.S.A.). The patch pipettes (3-5 MQ) were filled with 

intracellularr solution containing (in mM): 130 K-gluconate, 10 HEPES, 1 EGTA, 

100 KC1, 0.5 CaCl2 and 2 MgATP (pH adjusted to 7.3; 280-290 mOsm). In most 

experimentss the quartenary lidocaine derivative QX314 (3-10 mM) was added to 

blockk sodium action potentials and postsynaptic GABAB receptors. During most 

recordings,, the intracellular solution also contained 0.5-1% biocytin for 

morphologicall  cell identification. 

Thee tip of the patch electrode was filled with intracellular solution without the 

QX3144 and biocytin. Immediately after the establishment of the whole-cell 

configurationn the amplifier was switched to current clamp mode to record action 

potentialss fired by each cell induced by 200 pA depolarizing current injection, from 

aa resting membrane potential of -70 mV. After 5 minutes needed for QX314 to 

diffusee into the cell, the action potentials were blocked. The amplifier was switched 

backk to voltage clamp mode and whole-cell recordings were made at a membrane 

potentiall  of -70 mV. 
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Inn some early recordings K-gluconate was replaced by KF in the tip solution. 

Theree were no differences between recordings with the two tip solutions. Series 

resistancee (4-10 M£2) and whole cell capacitance (15-30 pF) were checked for 

stabilityy during the experiments. Voltage clamp recordings were low-pass filtered at 

22 kHz with an 8-pole Bessel filter and sampled at 4 kHz. Current clamp recordings 

weree sampled at 10 kHz. Recordings were done with an ATARI TT030 computer, 

usingg custom-made interface and software. 

Identificatio nn of the cells 

Wee recorded intemeurons from stratum oriens and stratum radiatum of the 

hippocampall  CA1 area. Under visual control, we selected intemeurons with somata 

withh a shape and/or orientation that was different from the cells in the pyramidal 

layer.. Pyramidal cells were recorded in stratum pyramidale. Furthermore, cells were 

filledd with biocytin during the recording, which allowed posthoc inspection of their 

morphologyy (details given in (Wierenga and Wadman 2002b). A few of the cells 

weree lost before the end of the recordings (probably as a result of the high 

frequencyy stimulations) and could not be reconstructed. The distinction between 

pyramidall  cells and intemeurons was based on the location of their somata and, if 

available,, their morphology. Firing behavior of the cells during current injection 

confirmedd this distinction (table 4.1). Four cells with clear non-pyramidal somata 

inn stratum pyramidale fired with >20 Hz during the current injection and were 

thereforee considered intemeurons. 

Thee distinction between intemeurons that received monosynaptic feedforward 

inputt (directly from the Schaffer collaterals) and intemeurons receiving bisynaptic 

feedbackk input (from CA1 pyramidal cells, stimulated by Schaffer stimulation) was 

basedd on the timing of their synaptic input. In the latter group the synaptic current 

alwayss came later than the population spike in the extracellular recording and was 

causallyy linked to its amplitude. In the first group the synaptic current started 

beforee or during the population spike. The analysis is described in detail in 

(Wierengaa and Wadman 2002b). In the rare cases (<5%) when there was doubt to 

whichh experimental group the recorded cell belonged, the cell was not further 

analyzed. . 

Synapticc dynamics 

Thee synaptic dynamics of the inputs were determined using trains of 10 stimuli at 

thee Schaffer collaterals or at the Alveus fibers at various frequencies. Stimulus 

intensityy was chosen to evoke a half-maximal response to the first stimulus, unless 
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statedd otherwise. Recordings were accepted only when the change in input 

resistancee during the recordings did not exceed 20% and when the responses to the 

stimuluss trains were reliably repeated. Responses were then averaged over 2—5 

trials.. The amplitude of the synaptic responses to each following stimulus was 

estimatedd by fitting the decay phase of the preceding response with an exponential 

functionn (fig. 4.IB). Comparison of the synaptic responses of each cell was done 

afterr normalization to the mean amplitude of the first synaptic response of all trains 

(inn the following referred to as reference amplitude). 

Thee synaptic dynamics of Alveus (n=7) and Schaffer (n=3) input to interneurons 

inn slices of which the CA3 region was cut off were not different from the dynamics 

inn 'intact' slices. This suggests that the contribution of recurrent activation of CA3 

pyramidall  cells to the synaptic dynamics was negligible in our recordings. 

Tenn stimuli were sufficient to reach a plateau level in the synaptic response 

amplitudee for most frequencies. The plateau level was determined from the mean 

off  the last three synaptic responses in the train. Recordings of longer stimulus 

trainss (15-30 stimuli) at frequencies below 50 Hz confirmed that this level was 

accuratee within 10%. Longer trains, especially at high frequencies, were avoided 

becausee they often induced persistent changes in the synaptic response that could 

lastt for minutes. During the experiments we monitored the stability of the 

amplitudee of the first response (fig. 4.1 A). The ratio between the amplitudes of the 

secondd and first response in a train wil l be indicated in the following as paired-

pulsee ratio. Differences in the synaptic dynamics between two groups were 

compared.. For each frequency, we compared the plateau levels and paired—pulse 

ratioss of all cells between the two groups with the Student's t test. P<0.05 was used 

too indicate significant differences. 

RESULTS S 

Cellss were filled with biocytin, allowing posthoc inspection of their morphology. 

Wee reconstructed 25 interneurons and 3 pyramidal cells. Most interneurons had 

verticallyy oriented dendrites, but 6 interneurons in stratum radiatum had a 

multipolarr dendritic tree. In 17 of the 25 reconstructed interneurons we could 

followw the axon branching into stratum pyramidale, radiatum and/or oriens. Axons 

off  the pyramidal cells ran through stratum oriens and followed the fibers in the 

Alveus.. Apart from the cells described above, we recorded from 5 interneurons in 

stratumm oriens with horizontal dendrites. They will be considered separately. In 

additionn to a distinct morphology, interneurons differed from pyramidal cells in 
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thatt they fired significantly more action potentials during a one second injection of 

2000 pA depolarizing current. Action potentials fired by interneurons had shorter 

durationss (table 4.1). 

Characterizationn of the responses to the stimulus train s 

Too investigate the synaptic dynamics of input to CAI interneurons, we applied 

trainss of 10 stimuli by the Schaffer or Alveus stimulation electrode at several 

frequencies.. The first synaptic response in a train was the same for all stimulus 

trainss (fig. 4.1 A). We defined the reference amplitude of each cell as the mean 

amplitudee of the first responses in all trains. Mean amplitudes, rise times and decay 

timetime constants of the synaptic currents are given in table 4.1. The amplitude of the 

synapticc current to each stimulus of the train was determined by assuming linear 

additionn of the synaptic responses. For this purpose we fitted the decay of the 

precedingg responses with an exponential function (fig. 4.IB). 

1000 pA 

B B 

500 pA 

5,, 10, 
200 Hz 
400 Hz 
300 Hz 

SOO Hz 
800 Hz 

^^  + + + + * + + +
A l v v 

Sch h 

Figur ee 4.1. Synaptic responses to stimulus train s 

A,, Superimposed synaptic responses of an interneuron to stimulus trains at different 
frequencies.. The first amplitude in the trains (the reference amplitude) was constant for 
alll  stimulus trains. Stimulus artefacts were removed for clarity. B, The amplitude of the 
synapticc responses (thin vertical lines) to each stimulus was determined with respect to 
thee decay of the preceding response. For this purpose, the decay phase of preceding 
responsess were fitted with an exponential function (dotted curves). C, Field potential 
recordingss during a 40 Hz stimulus train. The antidromic population spike after Alveus 
stimulationn (upper panel) and the fiber volley after Schaffer collateral stimulation (lower 
panel)) were not systematic affected by the repetitive stimulations. Arrowheads indicate 
thee time points of the stimuli. Stimulus artefacts were removed for clarity. 
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N N 

Rin(MQ) ) 

Tmm (ms) 

firingfiring rate 

APP width 

(Hz) ) 

(ms) ) 

Att Schaffer input (ms) 

Interneuron s s 

Schafferr  input 

28 8 
1166 2 

8.44 9 

233 6 

1.33 1 

-0.99 2 

Alveuss input 

14 4 
1177 4 

9.33 9 

266 9 

1.11 1 

2.00 * 

Pyramidall  cells 

Schafferr  input 

10 0 
955 5 

8.66 6 

11 f 

1.77 t 

0.33 3 

N N 
baselinee amplitude (pA) 

10-90%% rise time (ms) 

decayy time constant (ms) 

21 1 
1355 0 

2.77 3 

233 4 

23 3 
1355 6 

2.4+0.6 6 

244 3 

10 0 
2199 9 

2.77 4 

3 3 

t t 

Tablee 4.1. Parameters of the recorded cells 
Upperr part: Cell parameters are given for interneurons receiving predominantly Schaffer 
orr Alveus input and pyramidal cells. Rin - input resistance; Xm - membrane time constant. 
Firingg rate was determined as the number of action potentials that the cell fired during 1 
secondd of +200 pA current injection. AP width - width of action potential at half-
maximall  amplitude. Indicated are significant differences (p<0.05; Student's t test) between 
interneuronss and pyramidal cells (f). At Schaffer input - time difference between the peak 
off  the population spike and the onset of synaptic input in the cells after Schaffer 
stimulation.. After Schaffer stimulation, synaptic input to pyramidal cells occurred 
significandyy later than monosynaptic feedforward input and significandy earlier than 
bisynapticc feedback input to interneurons (indicated with *). Not surprisingly, 
feedforwardd input was significandy earlier than feedback input (indicated with +.; for 
detailss see (Wierenga and Wadman 2002b). 
Lowerr part: Parameters of synaptic currents for Schaffer and Alveus input to interneurons 
andd Schaffer input to pyramidal cells. Of these inputs we measured the synaptic dynamics. 
Thee mean amplitude of the synaptic response to the first stimulus of the trains (the 
referencee amplitude) is given in the table. This amplitude was chosen to be ~50% of the 
maximall  amplitude that could be evoked by the stimulus (see Results section). In 9 
interneuronss we measured the synaptic dynamics of both Schaffer and Alveus input. The 
cellularr properties of tiiese 9 cells were not different from the other interneurons. 

Att 0.5 Hz the amplitude of the synaptic current was not different for successive 

stimulii  in all cells (mean amplitude . For frequencies between 5 and 80 Hz, 

thee synaptic responses systematically showed an initial increase in amplitude during 

thee first 2 to 5 stimuli and then reached a plateau level. We expressed all amplitudes 
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(includingg the plateau level and the paired-pulse ratio) relative to the reference 

amplitude.. The second and last fiber volley or antidromic population spike in a 

trainn were not different from the first for all frequencies (fig. 4.1C). This indicates 

thatt the observed changes in synaptic currents were not due to changes in stimulus 

efficacy. . 

Schafferr  and Alveus input to interneurons 

Thee aim of this study was to compare the synaptic dynamics of the input from the 

Schafferr collaterals to the interneurons (feedforward input) with the dynamics of 

thee input from the pyramidal cells to the interneurons (feedback input). These 

inputss can monosynaptically be evoked by stimulating the Schaffer collaterals or 

thee Alveus. However, Schaffer collateral stimulation evokes activity in the 

pyramidall  cell population, which can, via the pyramidal axons, result in feedback 

inputt to the interneurons. We therefore needed to distinguish interneurons in 

whichh Schaffer stimulation evoked monosynaptic feedforward input from 

interneuronss that received bisynaptic feedback input. 

Stimulationn of the Schaffer collaterals evoked a response in all recorded cells in 

thee CA1 area. The distinction between interneurons that received monosynaptic 

Schafferr input and interneurons that received bisynaptic input (via activation of 

CA11 pyramidal cells) was based on the relative timing of the population spike in the 

fieldfield potential recording and the onset of the synaptic current recorded in the 

interneuronn (see (Wierenga and Wadman 2002b). Examples of two interneurons 

receivingg feedforward respectively feedback synaptic input after Schaffer 

stimulationn are given in fig. 4.2—Al and 4.2-B1. The mean time differences 

betweenn the peak of the population spike and the onset of the synaptic current are 

givenn in table 4.1 (At Schaffer input). Schaffer collateral stimulation evoked 

predominantlyy monosynaptic feedforward input in 28 interneurons (17 from 

stratumm radiatum, 8 from stratum oriens and 3 from stratum pyramidale) and 

mainlyy bisynaptic feedback input in 14 interneurons (4 from radiatum, 9 from 

orienss and 1 from pyramidale). In the latter group of interneurons we used Alveus 

stimulationn to evoke feedback input monosynaptically. 

Alveuss stimulation elicited a synaptic response in all interneurons that received 

bisynapticc feedback input after Schaffer stimulation. Stimulation of the fibers in the 

Alveuss always activated axons of the CA1 pyramidal cells, as it evoked an 

antidromicc population spike in all field potential recordings (latency of the peak <3 

ms;; fig. 4.2-A2 and 4.2-B2, upper traces). The latency after the stimulus of 

monosynapticallyy evoked Alveus input was comparable to the latency of 

monosynapticallyy evoked Schaffer input 2 ms versus 1 ms), as was 
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expectedd since the two stimulation electrodes were at similar distances from the 

recordedd interneurons. 

AA FEEDFORWARD INPUT B FEEDBACK INPUT C PYRAMIDAL CELL 

Figur ee 4.2. Schaffer  and Alveus inpu t to interneurons and pyramida l cel ls 

Simultaneouss recordings of the field potential in stratum pyramidale (upper traces - FP) 
andd the membrane current of a cell under voltage clamp (lower traces - VC). Illustrated 
aree an intemeuron that received predominantly feedforward input (A), an interneuron 
thatt received mainly feedback input (B) and a pyramidal cell (C). A l -C l . Responses after 
Schafferr stimulation. A2-C2. Responses after Alveus stimulation. The letters S or A 
indicatee the time of the Schaffer or Alveus stimulus. In an intemeuron that received 
feedforwardd input the onset of the synaptic input preceded the population spike in the 
fieldfield potential recording after orthodromic stimulation (Al) . Alveus stimulation evoked 
ann antidromic population spike in the field potential recording (FP), but only a small 
synapticc response was observed in the intemeuron (A2). For an intemeuron that received 
feedbackk input after Schaffer stimulation the population spike occurred before the onset 
off  the synaptic current (Bl). The synaptic amplitude of feedback input was similar after 
Schafferr and Alveus stimulation (B2). A pyramidal cell received monosynaptic Schaffer 
inputt (CI), while Alveus stimulation only evoked a very small synaptic input. Note the 
similarr sizes of the population spikes after Schaffer and Alveus stimulation for the same 
cells.. Vertical dotted lines indicate the peak of the population spike. 
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Wee used Alveus stimulation in the interneurons that received monosynaptic 

inputt from the Schaffer collaterals to estimate the contribution of Alveus input in 

thesee cells. In 13 of these cells (out of 20 tested) Alveus stimulus also evoked a 

synapticc input. For a comparison of the amplitudes of the synaptic currents evoked 

byy Schaffer or Alveus stimulation both stimuli should ideally recruit the same 

pyramidall  cells, which was impossible to realize in our experiments. The amplitude 

off  the maximal population spike is a measure for the total number of pyramidal 

cellss that can be activated by the stimulus. We therefore compared synaptic 

responsess in interneurons only in those recordings in which Alveus and Schaffer 

stimulationss could evoke similar sized population spikes (i.e. when the amplitudes 

off  the maximal antidromic and orthodromic population spike did not differ more 

thann 30%). For interneurons that received feedback input, the maximal synaptic 

amplitudee after Alveus stimulation was 85+9% of the maximal amplitude after 

Schafferr stimulation. For interneurons that were classified as receiving 

predominantlyy feedforward input, this value was only % (p<0.01). This 

differencee confirmed our distinction between the two types of input after Schaffer 

stimulation. . 

Recordingss of the synaptic dynamics were done with half—maximal amplitudes. 

AA stimulus intensity that evokes half—maximal feedforward input, is expected to 

evokee only % of the maximal feedback input amplitude (Wierenga and 

Wadmann 2002b). The contribution of bisynaptic feedback input in our recordings 

off  the synaptic dynamics of Schaffer input is therefore expected to be less than 

10%. . 

Differencess between Schaffer  and Alveus input to interneurons 

Repetitivee Schaffer stimulation evoked synaptic currents in the interneurons that 

showedd paired—pulse ratios >1 in most cells (96%) for frequencies >5 Hz. After 

thee strong initial facilitation, synaptic responses to later stimuli in the train 

decreasedd compared to the second, but synaptic responses at the end of the train 

weree still larger (-150%) than the first (fig. 4.3A). At 5 Hz the pattern was slightly 

different,, 22% of the cells showed paired—pulse ratios <1 and synaptic responses 

usuallyy increased during the train until the plateau level was reached (fig. 4.3A). 

Alveuss input also showed the initial facilitation for frequencies >5 Hz. In 83% 

off  the cells paired—pulse ratios were larger than 1, but values were smaller than for 

Schafferr input. In contrast to Schaffer input, plateau levels of Alveus input were 

closee to 1 for most frequencies (fig. 4.3B and C). At 5 Hz 52% of the cells showed 

paired—pulsee ratios <1 and the synaptic responses during the train were all similar 

too the first response. 
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Figur ee 4.3. Synapt ic dynamics of Schaffer  and Alveus inpu t to interneurons 

A-B ,, Examples of synaptic responses to trains of 10 stimuli at 5, 20 and 40 Hz for 
Schafferr (A) and Alveus input (B) to two different interneurons. Traces are averages of 3 -
55 traces. Upper parts illustrate the experimental configuration when input to the 
interneuronn (I) was evoked by stimulating the Schaffer collaterals (Sch) or Alveus (Alv); 
(P)) - pyramidal cell population. C, Mean synaptic responses of all interneurons after 
Schafferr (open symbols; n=21) and Alveus stimulation (closed symbols; n=23) for 
stimuluss trains at 5, 20 and 40 Hz. Amplitudes are normalized to the first amplitude of the 
trains.. Significant differences are indicated with asterisks (*  p<0.05; **  p<0.01). 

T hee frequency-dependence of the mean plateau level and the mean paired-pulse 

ratioo are given in fig. 4.4A and B for Schaffer and Alveus input to CA1 

interneurons.. Pai red-pulse ratios of both inputs increased with frequency and 

reachedd a maximum at 30 Hz, but values for Alveus and Schaffer input differed a 

factorr of 2. A t frequencies higher than 10 Hz the paired-pulse ratio of Alveus input 
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wass significantly smaller than that of the Schaffer input. The plateau level of Alveus 

inputt stayed close to 1 until 40 Hz and then decreased. The plateau levels of 

Schafferr input increased until 10 Hz and then decreased again at frequencies above 

400 Hz. The largest difference in plateau levels between Schaffer input and Alveus 

inputt was observed for frequencies between 5 and 30 Hz (fig. 4.4). 
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Figur ee 4.4. Mean parameters of input to interneurons and pyramidal cells 

A,, Mean plateau levels for Schaffer input to interneurons (open circles), Alveus input to 
interneuronss (closed circles) and for Schaffer input to pyramidal cells (open triangles) as a 
functionn of frequency. B, Same for paired-pulse ratios. Schaffer input to interneurons and 
pyramidall  cells showed more facilitation in plateau levels and paired-pulse ratios than 
Alveuss input to interneurons. Asterisks indicate significant differences between Schaffer 
andd Alveus input to CAI interneurons (*  p<0.05; **  p<0.01). Schaffer input to 
interneuronss and pyramidal cells had indistinguishable parameters. 

Thee difference in the dynamic properties between Schaffer and Alveus input 

describedd above was evident despite a large variability between cells. For instance at 

200 Hz the plateau level of Alveus input varied between values of 0.4 and 1.8 (mean 

wass 1.0) and for Schaffer input between 0.8 and 2.8 (mean was 1.6). In 9 of the 

interneuronss described above we could measure both Alveus and Schaffer input. 

Thesee measurements showed that within the same cell Schaffer input always 

showedd more facilitation than Alveus input, which confirmed the difference from 

fig.fig. 4.4. The differences in plateau levels between individual interneurons were not 

relatedd to specific parameters, such as input resistance, membrane time constant, 

firingg rate or the age of the rat (Spearman's rank test). 
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Abovee we argued that, if a bisynaptic feedback input component is present after 

Schafferr stimulation, it wil l be small compared to the direct Schaffer input In 

addition,, the difference in Alveus and Schaffer input dynamics (fig. 4.4) further 

decreasess the probability that such component wil l distort the recordings of the 

dynamicss of the Schaffer input. Furthermore, there was no correlation between 

plateauu levels (or paired-pulse ratios) of the Schaffer input and the relative 

contributionn of the feedback input as determined from Alveus stimulation in the 

individuall  interneurons. 

Horizonta ll  interneurons 

Schafferr and Alveus inputs converging on the same interneuron showed different 

dynamics,, while Schaffer input to interneurons and pyramidal cells showed 

comparablee dynamics. This suggests that the input fibers and not the postsynaptic 

cellss determine the synaptic dynamics. However, the situation seems to be more 

complicated.. A special group of interneurons in stratum oriens was easily 

distinguishedd because they have horizontally oriented dendritic trees (n=5). In three 

off  these cells we could follow the axon branching into stratum lacunosum-

molecularee (fig. 4.5B). These interneurons did not receive monosynaptic input 

fromm Schaffer collaterals, but could be activated by Alveus stimulation. In contrast 

too the Alveus input to the CAI interneurons described above, the Alveus input to 

thesee interneurons showed strong facilitation for frequencies between 5 and 50 Hz 

(fig.. 4.5). Plateau levels of more than 200% of the reference response were reached 

inn these cells. This facilitation was even stronger than for Schaffer input to other 

CAII  interneurons (compare the y-axes of fig. 4.5C and D with fig. 4.4). The 

measurementss of this specific group of interneurons indicate that synaptic 

dynamicss are determined by a combination of p re- end postsynaptic properties. 

Schafferr  input to pyramidal cells 

Too elucidate the role of the interneurons in the CA1 network, we compared the 

dynamicc properties of Schaffer input to interneurons and to pyramidal cells. 

Pyramidall  cells in the CA1 stratum pyramldale (n=10) were recorded during 

stimulationn of the Schaffer collaterals and their input was analyzed in the same way 

ass for the interneurons. The onset of the synaptic current in the pyramidal cells 

withh respect to the peak of the population spike was later than monosynaptic 

feedforwardd input to interneurons, but earlier than bisynaptic feedback input to 

interneuronss (table 4.1; At Schaffer input). The amplitude of the synaptic current 

elicitedd in pyramidal cells was 62% larger than in interneurons (table 4.1 and fig. 
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4.2).. Interestingly, the synaptic dynamics of Schaffer input to pyramidal cells were 

quantitativelyy similar to Schaffer input to CAI interneurons, both showed 

facilitationn in the same frequency range (fig. 4.4A and B). This implies that during 

repetitivee activation of the CA1 network, interneurons and pyramidal cells receive 

similarr input from the Schaffer collaterals. 
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Figur ee 4.5. Dynamic properties of Alveus input to CA1 horizontal cells 

A,, Synaptic responses to stimulus trains at 5, 20 and 50 Hz from a horizontal cell. B, 
Typicall  morphology of these cells shows a horizontally oriented dendritic tree in stratum 
orienss (or) and an axon ramifying into stratum lacunosum-moleculare (LM). Same cell as 
inn A. C, Mean plateau levels of the synaptic responses of the horizontal cells show strong 
facilitationn for frequencies of 5-50 Hz. D, Mean paired-pulse ratios for the same 5 
horizontall  cells. Asterisks in C and D indicate significant differences between Alveus 
inputt to horizontal cells and Alveus input to other CAI interneurons (Student's t test; * 
p<0.05;; **  p<0.01). 
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Figur ee 4.6. D e p e n d e n ce on the s t imulu s intensi ty for  train s at 20 H z 

A,, Alveus input to an interneuron. The amplitude of the synaptic response to the first 
stimuluss of the trains increases with increasing stimulus intensity. The dotted line is a fit 
withh the sigmoidal function 

R(I)) = ^ , 
ll  + exp(( Ih a l f- I ) /S) 

withh RmaX = 91 pA, Ihaif = 67 (J.A and S = 18 [lA. B, Examples of responses to the 
stimuluss trains at 20 Hz for Alveus stimulation at indicated stimulus intensities. Despite 
thee almost four-fold increase in first amplitude when the stimulus intensity increased 

fromm 45 to 150 uA, differences in dynamics were small. This is illustrated by normalizing 
thee response trains to the first amplitudes ("normalized'). C, Plateau levels (filled symbols) 
andd paired-pulse ratios (open symbols) only slighdy decreased with increasing stimulus 
intensities.. Correlation coefficients were -0.6 for plateau levels and -0.5 for paired-pulse 
ratioss respectively. D, Same as C for Schaffer input to a different interneuron. Correlation 
coefficientss were -0.6 for plateau levels and -0.5 for paired-pulse ratios. Lines are linear 
fits.fits. A-C show data from the same interneuron. 

Relat ionn to s t imulus intensi ty 

I nn addit ion to the f requency-dependence of the synaptic dynamics, we measured 

thee synaptic currents in interneurons during Alveus and Schaffer stimulus trains at 

severall  stimulus intensities. The dependence of the amplitude of the first synaptic 

responsee of the train on the stimulus intensity could be described by a sigmoidal 

curvee in all cells (fig. 4.6A). The synaptic dynamics of the synaptic input was hardly 

affectedd by the stimulus intensity as is illustrated in fig. 4.6B, where we normalized 

too the first response (last panel). There was a weak correlation between stimulus 
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intensityy and plateau levels or paired—pulse ratios in only 33% of the interneurons 

(Spearman'ss ranked test). Pearson's correlation coefficients were 1 and 

-0.3+0.11 for the plateau levels and paired-pulse ratios respectively (n=6). This is 

illustratedd in fig. 4.6C, which shows the small decrease in paired-pulse ratio and 

plateauu level with increasing stimulus intensity. 

Increasingg the stimulus intensity of Schaffer stimulation increases the number of 

recruitedd synapses that make contact with CAI interneurons. In addition, the 

activationn of pyramidal cells wil l recruit (feedback) inhibitory loops in the network. 

Thesee may affect the intensity dependence of the plateau levels or paired-pulse 

ratioss of Schaffer input. However, the same analysis as described for Alveus input 

resultedd for Schaffer input in similar values for the mean Pearson's correlation 

coefficientt for plateau levels (-0.410.1) and paired-pulse ratios (-0.210.2; n=5). This 

iss illustrated in fig. 4.6D. The above values were obtained with trains of 20 Hz, but 

similarr results were obtained with 40 Hz trains. For 5 Hz trains, correlation 

coefficientss were small but positive (0.3+0.2 for plateau levels of Schaffer input; 

n=9;; p<0.05). These results indicate that the dynamics of the Alveus and Schaffer 

inputt to CAI interneurons do not critically depend on the stimulus intensity. 

DISCUSSION N 

Thee synaptic dynamics of the connections between neurons in a network are an 

importantt factor in determining the signal transfer of the network. In this study we 

focusedd on the dynamic properties of excitatory inputs to interneurons and 

pyramidall  cells in the CA1 area. Schaffer collateral stimulation evoked input in CA1 

interneuronss that could either be characterized as monosynaptic feedforward input 

orr as bisynaptic feedback input. Once the feedback input was observed, we could 

obtainn a similar response in those interneurons by antidromic Alveus stimulation. 

Wee observed a strong difference in synaptic dynamics between feedforward input 

ass measured by repetitive Schaffer stimulation and feedback input elicited by 

Alveuss stimulation. Alveus input showed moderate paired—pulse facilitation and 

plateauu levels were close to 1 for frequencies up to 40 Hz. Schaffer input to CA1 

interneuronss and to pyramidal cells showed facilitation, with paired-pulse ratios 

reachingg 180% and plateau levels reaching 150% of the first amplitude. The largest 

differencess between Schaffer and Alveus input occurred at frequencies between 5 

andd 30 Hz. Cells in stratum oriens with horizontal dendritic trees formed a special 

groupp of interneurons, because Alveus input to these cells showed strong 
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facilitation.. Synaptic dynamics of Alveus and Schaffer input to CAI interneurons 

seemedd only slightly affected by changes in the stimulus intensity. 

Networkk studies versus paired recordings 

Withinn the current experimental limitations, networks can be analyzed in different 

ways.. Paired recordings from coupled cells provide detailed information about a 

specificc connection, but large numbers of experiments are necessary before such 

informationn can be extrapolated to the network level. Extracellular stimulation 

alwayss activates a large number of afferent fibers. Consequently, the input of the 

interneuronn in our investigations represents the weighted average of a substantial 

fractionn of the relevant fibers (either Schaffer collaterals or Alveus fibers). In 

contrastt to paired recordings, where very few neurons of the local population are 

activatedd by the presynaptic neuron, our stimulation activates the local network, 

includingg pyramidal cells and interneurons that may project to the recorded cell. 

Thee number of cells involved in loops with more than two synapses is so small that 

theirr contribution to the input seems negligible. 

Dataa from paired recordings showed dynamic properties of individual synaptic 

connectionss that are in good agreement with the present study (AM et al. 1998; Ali 

andd Thomson 1998; Debanne et al. 1995; Debanne et al. 1996), but differences 

weree also encountered. Paired recordings between pyramidal neurons and 

interneuronss always showed paired—pulse depression (Ali et al. 1998), while we 

usuallyy observed paired-pulse facilitation of the Alveus input. It is not yet clear to 

whatt extent this is the result from sampling bias in the paired recordings, or the 

resultt from additional network interactions in our configuration. 

Underlyin gg mechanisms 

Schafferr input to interneurons in the CA1 area showed stronger facilitation than 

Alveuss input, which was evident in both paired-pulse ratios and plateau levels. The 

relationn between paired-pulse ratios and plateau levels depended on the stimulus 

frequency.. For instance, Schaffer input showed plateau levels that were larger than 

paired-pulsee ratios at 5 Hz, whereas at higher frequencies paired-pulse ratios were 

usuallyy larger. This complex dynamics reflects the interplay between (multiple) 

synapticc facilitation and depression processes with different time constants. 

Dynamicc properties of the synapses at short time scales (tens to hundreds of 

milliseconds)) are considered to have mainly a presynaptic origin. Facilitation 

probablyy results from a build-up of intracellular calcium in the presynaptic terminal 

(Fisherr et al. 1997; Zucker 1989; Zucker 1999), while depletion of the fast 
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releasablee pool of presynaptic vesicles is important in short-term depression 

(Haglerr jr. and Goda 2001; Markram et al. 1998; Tsodyks and Markram 1997). 

However,, postsynaptic processes (such as desensitization of postsynaptic receptors) 

mayy also be involved (Jones and Westbrook 1996). In our conditions presynaptic 

modulationn of transmitter release by other activated neurons can not be excluded. 

Calciumm dynamics in presynaptic terminals of the same axon can differ for 

specificc postsynaptic targets (Rozov et al. 2001). Such a difference might be present 

inn the hippocampus in axon terminals made by CA1 pyramidal cells on horizontal 

cellss and on other interneurons. It was recendy shown that postsynaptic cells can 

expresss receptor subunits in an input—specific manner (Gardner et al. 2001; Nyiri et 

al.. 2001; Tóth and McBain 1998). Targeting of specific AMPA channels to 

feedforwardd and feedback synapses was reported in CA3 interneurons (Tóth and 

McBainn 1998). Calcium-permeable AMPA channels show strong facilitation during 

repetitivee activation by a relief from polyamine block (Rozov et al. 1998). 

Analogouss to CA3 interneurons, CAI interneurons may specifically target these 

channelss at synapses made by the Schaffer collaterals. Calcium—impermeable 

AMPAA receptors, which are not sensitive to polyamines and show less facilitation, 

mayy be targeted to synapses made by CA1 pyramidal cells. This could be an 

intriguingg mechanism for CAI interneurons to differentially regulate the dynamics 

off  specific inputs. 

Horizonta ll  cells 

Horizontall  cells in stratum oriens are a special group of CAI interneurons. They 

usuallyy contain somatostatin, sometimes in combination with calbindin (Blasco-

Ibanezz and Freund 1995; Maccaferri et al. 2000). Horizontal cells are strongly 

activatedd through metabotropic glutamate receptors and receive input from V IP-

containingg cells in the hippocampus (Acsady et al. 1996; Ali and Thomson 1998; 

Poneerr et al. 2000; Yanovsky et al. 1997). The majority of excitatory afferents to 

horizontall  interneurons (>75% of all excitatory boutons) originates from CA1 

pyramidall  cells (Blasco-Ibanez and Freund 1995). Some of the CA1 horizontal cells 

mayy project to the medial septum. The axons of 3 of our horizontal cells ramified 

intoo stratum lacunosum-moleculare, the region of entorhinal input to CA1 

pyramidall  cells, whereas most other CAI interneurons projected to stratum oriens, 

pyramidalee and radiatum. The strong facilitation of feedback synapses to horizontal 

interneuronss compared to other interneurons may reflect a special function for 

horizontall  interneurons in the CA1 network. Activation of horizontal cells in 

stratumm oriens decreased synaptic transmission in stratum radiatum and 

lacunosum-moleculare,, at least partly mediated through GABAB receptors 
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(Yanovskyy et al. 1997). This suggests that horizontal cells are specialized to control 

and/orr modulate entorhinal input to the pyramidal cells as a function of population 

activityy (i.e. in a feedback manner). Other feedback interneurons in the CA1 

networkk may have a more general function in controlling the population activity 

(seee below). 

Frequencyy tunin g 

Interneuronss in the hippocampal CA1 area and neocortex can fire trains of action 

potentialss in reaction to synaptic input over a range of frequencies (20-50 Hz). For 

pyramidall  cells and CA1 horizontal cells this range is much narrower and they 

preferentiallyy fire at lower frequencies (2-7 Hz) (Fellous et al. 2001; Pike et al. 

2000).. Differences in firing properties between interneurons and pyramidal cells 

implyy that they translate Schaffer collateral input into different trains of action 

potentialss (even though the synaptic dynamics are similar). Both studies mentioned 

abovee were restricted to fast-spiking non-adapting interneurons. The CA1 

interneuronss in our study have heterogeneous firing properties and may display a 

similarr heterogeneity in their preferred firing frequency range. 

Inhibitoryy synaptic currents do not show up in our recordings because they 

reversee around holding potential (-70 mV). However, the increase in membrane 

conductancee as a result of activation of inhibitory synapses may shunt excitatory 

inputss arriving at the dendrites. Inhibitory synapses to interneurons and pyramidal 

cellss are often strategically located at or near the soma (Gulyas et al. 1999; Megias et 

al.. 2001). During activation of the network at high frequencies, interneurons can 

followw these frequencies better than pyramidal cells, which may result in a strong 

activationn of inhibitory synapses. Shunting of the excitatory synaptic current may 

explainn the decrease in plateau levels of synaptic responses at frequencies >40 Hz 

(fig.. 4.4A and 4.5C). 

Functionall  implications 

Feedbackk input to a single CAI interneuron reflects the activity of the pyramidal 

celll  population, through a large convergence of pyramidal axons (Blasco-Ibanez 

andd Freund 1995; Buhl et al. 1994a; Gulyas et al. 1999). The plateau level of 

feedbackk input to CAI interneurons was comparable to reference values for 

frequenciess up to 50 Hz (fig. 4.4A). This implies that the gain of the inhibitory 

feedbackk loop wil l be relatively independent of the frequency at which the 

pyramidall  cells fire. This contributes to the stability of the network. Facilitation or 

depressionn in the inhibitory feedback loop may lead to oscillations or instabilities in 
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thee network. Both facilitation and depression of the Alveus input could be 

observedd in individual interneurons, but because activity in the network always 

recruitss a group of feedback interneurons the input dynamics will be averaged. 

Feedbackk input to horizontal cells showed strong facilitation, which may lead to 

oscillationss that gate the synaptic input from the entorhinal cortex. This might 

occurr during theta oscillations in the CA1 network (Hasselmo et al 2001). 

Interneuronss receiving feedforward input are activated before or simultaneous 

withh the pyramidal cell population (Karnup and Stelzer 1999). They may inhibit 

specificc pyramidal cells or modulate specific inputs to pyramidal cells, analogous to 

thee role of feedforward inhibition in shaping receptive fields of cortical neurons 

(Dykess et al. 1984). Somatic feedforward inhibition also shortens the spike 

integrationn window for synaptic summation in CA1 pyramidal cells, making them 

betterr coincidence detectors (Pouille and Scanziani 2001). These inhibitory actions 

modulatee the way information is processed by the CA1 pyramidal cells. The similar 

dynamicss of synapses made by the Schaffer collaterals onto pyramidal cells and 

interneuronss may keep input modulation by feedforward inhibition relatively 

constantt with respect to the strength of the Schaffer input to the pyramidal cells for 

alll  input frequencies. 

Inputt to the CA1 network in vivo operates over a wide frequency range 

(Dobrunzz and Stevens 1999). At low input frequencies (<0.5 Hz), feedforward and 

feedbackk input to CAI interneurons are not related to previous activity. However, 

att higher input frequencies (5-30 Hz) feedforward input to interneurons shows 

strongerr facilitation than feedback input. The consequence of the different 

dynamicss of Alveus and Schaffer evoked synaptic input to interneurons is that the 

relativee contribution of feedforward and feedback inhibition has become a dynamic 

propertyy of the circuit. This means that the temporal properties of the input signal 

determinee the functional connectivity in the CA1 network. 
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Generall  discussion 
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MAI NN FINDINGS 

1.. After kindling epileptogenesis the number of miniature inhibitory postsynaptic 

currentss with large amplitudes and fast kinetics (presumably originating from 

somaticc synapses) is reduced in CA1 pyramidal cells. This is consistent with 

enhancedd susceptibility for epileptic seizures (chapter 2). 

2.. Excitatory synaptic input from CA1 pyramidal axons to individual intemeurons 

graduallyy increases with stimulus intensity, reflecting the activity of the local 

pyramidall  cell population over the total dynamic range. This supports a 

normalizationn function for feedback inhibition (chapter 3). 

3.. Excitatory input from the Schaffer collaterals to CA1 intemeurons can be 

evokedd at low stimulus intensities at which no (or very few) CA1 pyramidal cells 

aree activated. This shows how feedforward inhibition can modulate the 

processingg of synaptic inputs by the pyramidal cells (chapter 3). 

4.. Alveus input to CA1 intemeurons (probably reflecting feedback input) shows 

balancedd facilitation and depression for frequencies up to 40 Hz. The result is a 

gainn of the inhibitory feedback loop in the CA1 network that is relatively 

independentt of input frequency. This supports stability of the network output 

(chapterr 4). 

5.. Schaffer input to CA1 intemeurons and to CA1 pyramidal cells shows similar 

frequency-dependentt facilitation for frequencies between 5 and 30 Hz. This 

mayy assure modulation of information processing by feedforward inhibition in 

accordancee with the strength of Schaffer inputs to CA1 pyramidal cells (chapter 

4). . 
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Thee central nervous system consists of many networks of interconnected neurons. 

Interneuronss are essential to keep these neuronal networks stable and functioning 

underr highly variable circumstances. They probably also play an important role in 

thee information processing that is taking place in the neuronal networks. The 

resultss presented in this thesis help to unravel the role of interneurons in one of 

thesee networks, the hippocampal CA1 area. The main findings of this thesis are 

summarizedd on the previous page and in the emerging schematic view of the CA1 

networkk of figure 5.1. 

Thee activity of the pyramidal cells forms the output of the hippocampal CA1 

network.. This activity is influenced by inhibitory interneurons that are present in 

thee network. Information processing in the CA1 network depends on the input 

pathway,, i.e. it depends on whether the CA1 network is activated through the 

perforantt path or through the Schaffer collaterals. Other brain areas can affect 

informationn processing in the hippocampal CA1 network through, for instance, 

cholinergicc fibers. 

Ann important aspect of information processing is the formation of memories. 

Synapticc plasticity is considered crucial for learning and for the formation of 

memories.. Hippocampal neurons can adapt to a prolonged change in their input by 

changingg the strengths of synaptic connections. However, pathological forms of 

plasticityy can also occur in the hippocampal CA1 network, such as in the case of 

epilepsy. . 

Informationn processing in the hippocampal CA1 network is not a static process, 

butt has a dynamic character. The result of the dynamic properties of the 

participatingg neurons and their synaptic connections is that the signal transfer in 

thee CA1 network is affected by previous network activity. 

II  wil l briefly discuss these aspects of information processing in the CA1 network 

inn this last chapter. The emphasis wil l be on the role of the interneurons in the 

networkk and I wil l indicate the relation to the findings in this thesis if relevant. 
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Figuree 5.1. Coupling of interneurons in the CA1 network 
Schafferr collaterals make synaptic contacts (SI) on the pyramidal cells (P). The axons of 
thee pyramidal cells (in the alveus) conduct action potentials that form the output of the 
CA11 network to higher cortical areas. 
Schafferr collaterals also make monosynaptic feedforward connections with CA1 
interneuronss (S2). Interneurons receiving this type of input (12) are sensitive to input 
whenn very few pyramidal cells are active. This allows them to directly influence synaptic 
integrationn in pyramidal cells through inhibitory synapses (FF). Synapses made by the 
Schafferr collaterals to CA1 pyramidal cells (SI) and to CAI interneurons (S2) showed 
similarr frequency-dependent facilitation. As a result, modulation of information 
processingg in individual CA1 pyramidal cells by feedforward inhibition wil l be in 
accordancee with Schaffer input to pyramidal cells (SI) for all input frequencies. 
Activationn of pyramidal cells gives rise to feedback input (Al ) to interneurons. Feedback 
inputt to CAI interneurons reflects the activity of the pyramidal cell population over the 
totall  dynamic range. During repetitive activation, facilitation and depression are balanced 
forr frequencies up to 40 Hz. Therefore, the gain of the feedback loop (S1-A1-FB1) is 
relativelyy independent of the input frequency. This contributes to the stability of the CA1 
network. . 

Alveuss input to horizontal cells (HOR) in stratum oriens (A2) showed strong facilitation 
forr frequencies between 5 and 40 Hz. Feedback inhibitory synapses originating from 
thesee cells (FB2) contact the dendrites of pyramidal cells in stratum lacunosum-
moleculare,, where they may modulate input from perforant path fibers (PP). 
Inn contrast to what is suggested in this simplified scheme, inhibitory synapses of the 
feedforwardd and feedback loop (FF and FBI) are probably located all over the surface of 
thee pyramidal cells (soma and dendrites). Symbols represent cell populations. 
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FUNCTIONALL CONNECTIVITY 

Networkk structur e 

Thee first and very important feature of a neuronal network that determines the 

signall  transfer is its structure: i.e. the cells that are involved and their connections. 

Thee importance of the structure of a network becomes clear when the hippocampal 

CA11 area is compared to the neighboring CA3 area. In both regions the principal 

cellss are pyramidal cells and both areas contain about —10% inhibitory 

interneurons.. The properties of the cells do not seem to be fundamentally different 

betweenn these areas. The important difference between the two hippocampal areas 

iss the network structure. In the CA3 area pyramidal cells make many synapses onto 

otherr CA3 pyramidal cells, resulting in a recurrent excitatory network. Each CA3 

pyramidall  cell receives input from about 2% of the total CA3 population (Amaral 

ett al. 1990). In the CA1 area recurrent excitatory connections between pyramidal 

cellss are very sparse (Debanne et al. 1995). The difference in structure leads to 

differentt properties of the CA1 and CA3 area and suggests that these areas execute 

differentt aspects of hippocampal information processing. The presence of 

excitatoryy recurrent projections suggest an autoassociative function for the CA3 

area,, while CA1 pyramidal cells may accomplish heteroassociation between 

incomingg information from the perforant path fibers and the Schaffer collaterals 

fromm CA3 (lisman 1999; Treves et al. 1996). 

Inpu tt  pathway 

Ass pointed out above, the connectivity of a network is important. However, large 

differencess in strength can exist between different synapses. The functional 

connectivityy of a neuronal network determines the transmission of activity in the 

network.. Specific inputs or input patterns to the network may activate only part of 

thee neurons in the network. As pointed out in chapter 3 of this thesis, the function 

off  individual CAI interneurons strongly depends on their functional connectivity in 

thee network and is therefore likely to depend on the precise input to the CA1 

network.. In this thesis stimulation of the Schaffer collaterals showed a remarkable 

strongg separation between interneurons that received feedforward input and 

interneuronss that received feedback input (chapter 3). These interneurons can 

receivee both feedforward and feedback input (Buhl et al. 1994a; Buhl et al. 1996b). 

Stimulationn of some Schaffer collaterals may evoke feedforward input in a 

particularr interneuron, while stimulation of other Schaffer collaterals (or other 
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fibersfibers such as perforant path fibers) could evoke feedback input in the same 

interneuron. . 

Thee separation in two distinct groups of interneurons in figure 5.1 (II and 12) 

aimedd to emphasize the distinct functions of interneurons in the network. Real 

interneuronss might be members of both groups and they might switch between 

groupss depending on the network activation pathway. If this is the case, it is not 

surprisingg that we did not find cell characteristics that are specific for interneurons 

receivingg either feedforward input or for intemeurons with feedback input after 

Schafferr stimulation (chapter 3 and 4). However, specific classes of CA1 

intemeuronss exist that exclusively receive one type of input, such as horizontal 

intemeuronss in stratum oriens, which are specialized to provide feedback 

inhibition.. Many different types of intemeurons with specific properties are present 

inn the CA1 area (Freund and Buzsaki 1996; Parra et al. 1998). Our data did not 

alloww a detailed classification of the recorded intemeurons, but we have no 

indicationn that cell characteristics exist that can be related to the type of input to 

individuall  intemeurons. 

Influencee from other  brain areas 

Fiberss originating from other brain areas innervate the CA1 network. The 

neurotransmitterss that can be released by these fibers (such as dopamine, 

acetylcholine,, noradrenaline or serotonin) modulate synaptic transmission and 

firingg behavior of neurons in the network (Hasselmo 1995; Otmakhova and 

Lismann 1998) and wil l therefore affect information processing. An example of a 

modell  in which network modulation by other brain areas is playing a key role is 

givenn in the work of Hasselmo (Hasselmo and Schnell 1994; Hasselmo et al. 1995). 

Activationn of the muscarinic acetylcholine receptors in the CA1 network 

suppressess synapses made by the Schaffer collaterals, but leaves the synapses from 

thee perforant path fibers almost unaffected. In the CA1 network, sensory 

informationn from the cortex (via the perforant path) is associated with a pattern of 

synapsess from activated Schaffer collaterals. When a new input pattern is presented 

too the CA1 pyramidal cells at the perforant path synapses, cholinergic activity helps 

too reduce the interference with previously stored patterns by partially suppressing 

thee activation of Schaffer synapses. This allows association of the pattern of 

activatedd perforant path synapses with a new pattern of Schaffer synapses. A 

cruciall  assumption in this model of Hasselmo is that the activity of CA1 pyramidal 

cellss suppresses activation of cholinergic fibers from the septum. When a familiar 

patternn is presented, CA1 pyramidal cells are activated and, as a result, cholinergic 

activityy is suppressed. This allows the retrieval of the previously stored pattern of 
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activee Schaffer synapses (Hasselmo and Schnell 1994). More recently, Hasselmo 

hass suggested that the transition between encoding and retrieval in the network can 

alsoo be provided by the theta rhythm (Hasselmo et al. 2001). 

Informationn processing in a network can also be influenced by neuromodulators 

thatt are present for hours or even days, such as hormones. Stress hormones 

(corticosteroids),, for instance, affect neuronal excitability and neurotransmission 

(dee Kloet et al. 1999; Lupien and McEwen 1997). Generally, low levels of 

corticosteroidss are necessary for normal signal transfer, but levels that are too high 

attenuatee interactions between neurons in the network. Chronically high levels of 

stresss hormones can even lead to the death of cells. 

MEMORYY AND PLASTICITY 

Neuronall  assemblies 

Thee hippocampus is proposed to form a cognitive map of the physical 

environmentt (O'Keefe 1990). This proposal was partially based on the discovery of 

placee cells in the hippocampus, i.e. pyramidal cells that increase their firing rate 

whenn the rat is at a particular location in its environment (Skaggs et al. 1996). 

Recentt experimental data showed that the hippocampus probably plays a critical 

rolee in formation of episodic memories (Eichenbaum et al. 1999; Wallenstein et al. 

1998). . 

Informationn is stored in the brain not in single neurons, but probably in 

functionall  groups of neurons, so-called neuronal assemblies. The different 

memberss of a neuronal assembly express their cooperation by their synchronous 

activityy (Abeles et al. 1994). Furthermore, several assemblies coding for different 

aspectss of the same object or memory might bind together through 

synchronizationn (Engel et al. 2001). Synchronized action potentials are therefore 

consideredd an important feature of neuronal signaling that can be detected and 

propagatedd by other neurons. Upon activation of a certain input pathway, 

interneuronss that receive feedforward input may get activated before pyramidal 

cells.. They may control which principal neurons are activated and which are 

inhibited.. In this way, feedforward inhibition may play a role in defining the 

memberss of a neuronal assembly. This is analogous to the role of feedforward 

inhibitionn in the neocortex where it is thought to shape the receptive fields of 

corticall  neurons (Dykes et al. 1984; Kyriazi et al. 1996). In many areas of the 

neocortexx assemblies of neurons that process similar information are properly 

orderedd within cortical columns. It is not unlikely that in the hippocampus such an 
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organizationn in neuronal assemblies also exists, although not manifested in 

anatomicall  boundaries. There is some evidence from intracellular recordings in vivo 

thatt information processing is distributed over neuronal assemblies in the 

hippocampuss during associative learning in the Morris water maze task (Gusev and 

Alkonn 2001). Feedforward inhibition may also play an important role in the 

detectionn of synchronous activity. A recent study has shown that feedforward 

inhibitionn improves the detection of synchronous (coincident) inputs by pyramidal 

cellss (Pouille and Scanziani 2001). Feedforward inhibition limits temporal 

summationn of excitatory postsynaptic currents in the pyramidal cell, because it 

followss the monosynaptic excitation with a short delay of ~2 ms. 

Long-termm plasticity 

Duringg a lifetime, the brain is capable of learning from previous experiences. 

Long—termm potentiation and depression (LTP and LTD) of excitatory synapses 

betweenn principal cells are well-described phenomena that are proposed to be 

cruciall  for memory formation. Long—term changes in excitatory synapses onto 

interneuronss seem to be more uncommon (Maccaferri and McBain 1995; McBain 

ett al. 1999), but special forms of LTP and LTD occurring at synapses to 

hippocampall  interneurons have been reported (McMahon and Kauer 1997; Perez 

ett al. 2001). To date, there is littl e evidence for LTP or LT D occurring at mature 

inhibitoryy synapses (Komatsu 1994). 

Thee lack of LTP and LTD of synapses onto interneurons might reflect the 

functionall  differences between interneurons and pyramidal cells. Interneurons can 

firee action potentials at a broader frequency range than pyramidal cells (Fellous et 

al.. 2001; Pike et al. 2000), indicating the larger output range of interneurons. Their 

inputt range follows from the response curves in chapter 3 (Fig. 3.7). Interneurons 

withh feedforward input are sensitive to input at intensities that are too low to 

activatee pyramidal cells in the network. Feedback input to interneurons reflects the 

outputt of the pyramidal cell population. Synaptic input to some interneurons did 

nott reach a maximum at stimulus intensities that already evoked the maximal 

populationn activity. This means that interneurons, taken together as one group, 

havee a larger working range than pyramidal cells. The larger working range of 

interneuronss is suitable for their role in controlling the activity of the pyramidal 

cellss under highly varying circumstances and maintaining the network stability. 

Becausee pyramidal cells generate the output of the CA1 network, they may need 

thee ability to change this output, as a form of learning. For this, pyramidal cells may 

usee mechanisms such as LTP and LTD. As long as the interneuron input (mainly 

generatedd by pyramidal cells) stays within the working range of the interneurons, 
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theyy can control network output without the need of synaptic plasticity 

mechanisms. . 

Besidess LTP and LTD other forms of plasticity exist, which regulate synaptic 

strengthh and neuronal activity in networks on longer time scales. Homeostatic 

plasticityy that stabilizes neuronal activity over a period of days was observed in 

pyramidall  cells as well as in interneurons. Homeostatic plasticity keeps the output 

off  the neurons within a certain range, through mechanisms that scale the strengths 

off  all synapses, regulate the number of synapses and/or regulate the expression of 

ionn channels (Desai et al. 1999; Rutherford et al. 1998; Turrigiano et al. 1998; 

Turrigianoo and Nelson 2000). 

Epilepsy y 

Diseasess exist that originate in pathological forms of plasticity in the brain. One 

commonn neurological disease is epilepsy. The epileptic brain functions most of the 

timee without difficulty and the initial changes are usually subde. However, seizures 

affectt the brain and epilepsy can become progressively severe. 

Inn chapter 2 of this thesis a reduction in the number of large miniature inhibitory 

postsynapticc currents (mlPSCs) was reported after kindling epileptogenesis. A 

similarr reduction in large mlPSCs was found in the kainate and pilocarpine model 

forr epilepsy (Hirsch et al. 1999). In contrast to the findings in this thesis, in these 

epilepsyy models the frequency of mlPSCs was reduced with 62%. In the kainate 

andd pilocarpine model for epilepsy, the rats develop spontaneous seizures. Our 

experimentss were done at least 6 weeks after the rats experienced the last epileptic 

seizure.. Because there was no difference in the number of somatic inhibitory 

synapsess between epileptic and control rats, the decreased mlPSC frequency could 

reflectt a direct effect of the seizures on the release probability. I have speculated 

thatt the reduction in mlPSCs with large amplitudes may indicate a reduction in the 

numberr of large, or perforated, (peri-) somatic inhibitory synapses. In the kainate-

orr pilocarpine-treated rats, the size of these synapses and the distribution of 

vesicless in these synapses seemed affected, but unfortunately the number of 

observationss was too low to draw conclusions. Besides information on the 

inhibitoryy synapses, which can be obtained by studying mlPSCs, the activity of the 

interneuronss is important for determining the inhibition in the network. In the 

kainatee and pilocarpine models all CAI interneurons are hyperactive, resulting in an 

increasee in large spontaneous IPSCs on the pyramidal somata, despite the reduction 

inn mlPSCs (Cossart et al. 2001). Because we do not have data on spontaneous 

IPSCss after kindling epileptogenesis, it remains unclear whether hyperactive CA1 
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interneuronss are the direct result of the seizures or a general property of an 

epilepticc brain. 

Inhibitionn in the CA1 network is decreased after epilepsy, but it is not known 

whetherr feedforward and feedback inhibitory circuits are affected to the same 

extent.. The reduction in somatic inhibitory synapses after kindling as reported in 

thiss thesis (chapter 2), may be linked to a loss of GABAergic neurons (Kamphuis et 

al.. 1989). However, we do not know whether the involved synapses were part of 

thee feedforward or the feedback inhibitory loop (i.e. FF or FBI in figure 5.1). 

Onee would expect that a reduction in feedback inhibition, having a 

normalizationn function as proposed in this thesis, can lead to an increase in the 

excitabilityy of the network. A large group of synchronously active pyramidal cells 

normallyy strongly activates feedback interneurons, which in turn wil l restrain the 

populationn activity. When the excitatory feedback inputs to interneurons or the 

inhibitoryy synapses to pyramidal cells are impaired, (or when specific interneurons 

aree lost,) pyramidal cells may occasionally escape from the control of the inhibitory 

neuronss and large population discharges may develop. However, seizures usually 

doo not occur spontaneously after kindling. Long—term changes in synaptic strength 

affectt also the dynamic properties of the synapses (Markram and Tsodyks 1996). It 

iss possible that after kindling the dynamic properties of the feedback loop are 

changedd in such a way that feedback inhibition is impaired only at high frequencies. 

Whenn activated by a high-frequency stimulus, a seizure can develop, while the 

signall  transfer in the CA1 network at lower frequencies wil l hardly be affected. 

DYNAMI CC SYNAPSES 

Thee activity of the neurons in the CA1 network continuously changes in time. The 

synapticc response to a presynaptic action potential depends on the previous 

activationn of that synapse. These dynamic properties of synapses complicate the 

signall  transfer, but may be essential for proper information processing in the CA1 

network. . 

Thee results in this thesis showed that during repetitive activation of the network 

thee excitatory feedforward input to CAI interneurons (S2 in fig. 5.1) facilitates, 

whilee facilitation and depression are balanced for excitatory feedback input (Al in 

fig.fig. 5.1). The difference in synaptic dynamics between the distinct connections is 

mostt prominent in the frequency range between 5 and 30 Hz. These are 

physiologicallyy relevant frequencies. A well—known population pattern occurring in 

thee in vivo hippocampus in this frequency range is the theta rhythm. Theta 

oscillationss occur in EEG recordings of a rat during exploration behavior and 
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REMM sleep. The oscillations reflect synchronous inputs to the hippocampal 

pyramidall  cells at a frequency of 4—10 Hz. Pyramidal cells fire action potentials that 

aree phase-locked to the oscillations, but at a lower firing rate. Interneurons fire 

beforee the peak firing of the pyramidal cell population with frequencies in the y 

frequencyy range (30-70 Hz) (Skaggs et al. 1996). Input to interneurons providing 

feedforwardd inhibition is facilitated at theta frequency, while feedback inhibition is 

nott (chapter 4). This means that during theta oscillations the emphasis wil l be on 

feedforwardd inhibition of the network. 

Horizontall  cells provide feedback inhibition at the distal dendrites of the 

pyramidall  cells. Their inhibitory synapses probably interfere with input coming 

fromm the perforant path afferents (Yanovsky et al. 1997). Alveus input to horizontal 

cellss showed strong facilitation. Oscillations in this feedback loop do not put 

stabilityy for the CA1 network at risk, as entorhinal input (via the perforant path) 

alonee is not capable of activating the CA1 pyramidal cells. Rhythmic changes in the 

strengthh of entorhinal input to CA1 pyramidal cells might play a role in the 

transitionn between encoding and retrieval phase of the CA1 network (Hasselmo et 

al.. 2001). 

Duringg these and other activity patterns the responses of the synapses in the 

networkk depend on their previous activity. The dynamic character of synapses only 

recentlyy got more attention and important consequences for information 

processingg in neuronal networks have been signified (Abbott et al. 1997; 

Buonomanoo 2000; Markram et al. 1998). The synaptic activity of a group 

(assembly)) of neurons is proposed to be important for the formation of memories. 

Thee specific activity pattern of neurons determines the specific state of the 

network.. When the network is in that specific state, the information is retrieved. 

However,, because of the complex dynamic properties of the synapses in the 

network,, the network never reaches steady-state. For such an ever-changing brain 

itt is hard to imagine that information is stored in specific states of a network. In a 

recentt paper, a first attempt was made for a description of neuronal networks in 

whichh this temporal complexity was taken into account (Maass et al. 2002). In this 

descriptionn information is stored in the chain of successive network states rather 

thann the specific states themselves (i.e. information is stored in the trajectories of 

thee states without the need for attractor states). 

CONCLUDINGG REMARKS 

Thee findings in this thesis help to unravel the function of interneurons in the CA1 

network.. They show how interneurons participate in the local network depending 
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onn their functional connectivity and how important connections in the network 

respondd to repetitive activation. Based on these findings, one may speculate about 

thee function of the interneurons in the CA1 network. However, not all information 

thatt is needed to formulate realistic hypotheses is presently known. For a better 

understandingg of how interneurons influence the activity of the pyramidal cells, 

quantitativee data is required regarding how interneurons translate excitatory input 

intoo action potentials. In addition, information is needed about the (dynamic) 

propertiess of the inhibitory synapses that interneurons make onto the pyramidal 

cells.. Furthermore, in all thoughts and speculations described in this last chapter, 

onlyy first-order loops were considered. However, interneurons also inhibit other 

interneuronss in the local network. This disinhibition may influence network activity 

inn a complicated way. 

Fromm this thesis I hope it is clear that in order to understand how the brain 

processess and stores information, we need to understand the signal transfer in the 

neuronall  networks that are the building blocks of the brain. The dynamic 

propertiess of neurons and their synapses make the brain a complex nonlinear 

dynamicc system and the consequences of specific changes are difficult to predict. 

Thee help of computer models is unavoidable in completing that task. I therefore 

thinkk that in the next decades, major steps towards understanding the brain wil l 

comee from the combined efforts of experimental neurophysiologists and 

computationall  neuroscientists. 
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Introducti e e 

Dee hersenen bestaan uit vele zenuwcellen (neuronen) die onderling communiceren 

inn kleine neuronale netwerken. Hoe communicatie tussen neuronen plaatsvindt 

staatt kort beschreven in figuur 1. Een belangrijk deel van de informatieverwerking 

inn het brein vindt plaats in deze netwerken, die op hun beurt onderling verbonden 

zijn.. Om uiteindelijk te begrijpen hoe het brein werkt, zal eerst begrepen moeten 

wordenn hoe de informatieverwerking in deze netwerken plaatsvindt. 

Tijdenss mijn promotieonderzoek heb ik mij bezig gehouden met de 

communicatiee binnen zo'n neuronaal netwerk en met name met de functies van de 

verschillendee neuronen. Ik heb daarvoor het neuronale netwerk in het CAI gebied 

vann de hippocampus van de rat gebruikt. De hippocampus is een hersengebied dat 

eenn belangrijke rol speelt in veel geheugenprocessen. Het voordeel van het CAI 

netwerkk is dat de anatomie grotendeels bekend is, d.w.z. we weten in grote lijnen 

welkee cellen er aanwezig zijn en welke contacten zij onderling maken. Doel van 

mijnn promotieonderzoek was het verduidelijken van de functie van een bepaalde 

groepp cellen in het CAI netwerk, de interneuronen. 

Dee pyramidecellen zijn de belangrijkste cellen in het CAI netwerk fP' in figuur 

2).. Zij liggen naast elkaar en vormen zo een cellaag. De pyramidecellen verwerken 

informatiee die zij o.a. via de Schaffer collateralen (aanvoerende zenuwvezels) 

ontvangen.. De verwerkte informatie wordt naar een 'hoger' hersengebied gestuurd 

(bijvoorbeeldd naar de hersenschors). In het netwerk zijn ook interneuronen 

aanwezigg (In' in figuur 2). Di t zijn inhibitoire cellen, d.w.z. zij kunnen andere cellen 

ervann weerhouden een aktiepotentiaal te produceren. Zij vormen ongeveer 10% 

vann alle aanwezige cellen. 

Epilepsie e 

Inn de pyramidecellen vindt een voortdurend samenspel plaats tussen de excitatoire 

inputt van de Schaffer collateralen en de inhibitoire input van de interneuronen. Om 

tee zorgen dat de pyramidecellen genoeg (maar niet te veel) aktiepotentialen 

produceren,, moet er een goed evenwicht zijn tussen de twee soorten input. Als de 

inhibitoiree synapsen te zwak zijn, kunnen de pyramidecellen te veel aktiepotentialen 

gaann produceren. Dit gebeurt tijdens een epileptische aanval, wanneer de 

pyramidecellenn heel snel en ongecontroleerd vuren. Ik heb onderzocht of er een 

verschill  is tussen de inhibitoire synapsen van epileptische en gezonde ratten. 

Daarvoorr heb ik zogenaamde voltage-clamp metingen gedaan aan pyramidecellen. 

Datt is een techniek waarbij een elektrische verbinding gemaakt wordt met een 

enkell  neuron, zodat de kleine stroompjes die door de synapsen lopen gemeten 

124 4 



Samenvatting g 

F iguurr  1. Informat ieverwerkin g i n e en enkel neuron 

Eenn typisch neuron bestaat uit een cellichaam (soma) met enkele uitlopers die zich 
vertakkenn in een boomstructuur. Deze uitlopers heten dendrieten en vormen het deel van 
hett neuron dat signalen van andere neuronen ontvangt. Uit het soma vertrekt ook een 
lange,, vaak dunnere uidoper, het axon. Di t geleidt het uitgaande elektrische signaal. 
Axonenn eindigen in synapsen (verbindingen), die het signaal naar een volgend neuron 
overdraagt. . 
Dee aktiviteit van een presynaptisch neuron (het 'versturende' neuron) wordt via een 
synapss op de dendriet van het postsynaptische neuron (het 'ontvangende' neuron) 
omgezett tot een klein signaal. De sterkte van het synaptische signaal is een belangrijke 
eigenschapp van een synaps. Informatieverwerking vindt plaats in het ontvangende neuron 
doordatt de binnenkomende signalen van alle synapsen worden opgeteld. Als het totaal 
vann synaptische signalen een bepaalde drempelwaarde (de vuurdrempel) overschrijdt, 
produceertt het neuron een zogenaamde aktiepotentiaal. Di t is een heel snel signaal (~1 
milliseconde).. De aktiepotentialen worden vervolgens over het axon geleid om synapsen 
opp een volgend neuron te aktiveren. Sterke synapsen hebben dus veel invloed op de 
outputt van de pyramidecellen. 

Inn de hersenen bestaan excitatoire en inhibitoire neuronen. Deze neuronen maken 
verschillendee synapsen met een specifiek effect op een postsynaptisch neuron. Het 
synaptischee signaal ten gevolge van een excitatoir neuron brengt het postsynaptische 
neuronn dichter bij de vuurdrempel, terwijl een inhibitoire synaps het juist verder van de 
vuurdrempell  verwijdert. De combinatie van de verschillende synapsen kan tot complexe 
interactiess leiden. Twee voorbeelden van zulke interacties zijn weergegeven in de figuur. 
A:: Sommatie van 3 excitatoire synapsen. B: De interactie tussen een excitatoire en 
inhibitoiree synaps leidt tot een heel kort excitatoir signaal. 
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worden.. I n vergelijking met gezonde ratten hebben epileptische ratten een kleiner 

aantall  sterke inhibitoire synapsen. Deze verzwakking van de inhibitoire synapsen in 

eenn epileptisch brein is in overeenstemming met het feit dat een epileptische aanval 

makkelijkk kan worden opgewekt. Het is echter niet de enige verandering in een 

epileptischh brein en er is nog veel onderzoek nodig om epilepsie te begrijpen en 

hopelijkk in de toekomst te genezen. 

Sch h 

Feedforward d 
input t oo inhibitoire synaps 

•• excitatoire synaps 

Figuurr  2. CAI  netwerk i n de h i p p o c a m p us 

Dee pyramidecellen (P) liggen naast elkaar in een cellaag. Hun dendrieten ontvangen 
informatiee van de Schaffer collateralen (Sch) via synaptische contacten. In het netwerk 
aanwezigee interneuronen (In) kunnen op twee manieren in het netwerk geschakeld zijn. 
Zijj  kunnen hun input direkt van de Schaffer collateralen krijgen (Feedforward input). De 
anderee mogelijkheid is dat pyramidecellen eerst door de Schaffer collateralen geaktiveerd 
worden.. Het interneuron krijgt dan input via synapsen van de pyramidecellen (Feedback 
input).. Interneuronen maken in beide gevallen inhibitoire synapsen op de pyramidecellen. 
Dee belangrijkste informatiestroom loopt van de Schaffer collateralen naar de 
pyramidecellen.. Een alternatief pad loopt via feedforward input naar de interneuronen en 
vervolgenss naar de pyramidecellen. Ook is er een terugkoppeling van de output van de 
pyramidecellenn via feedback input naar interneuronen en weer terug naar de 
pyramidecellen.. Deze informatiestromen zijn aangegeven met pijlen in de figuur. 
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Feedforwardd en feedback input naar  interneuronen 

Uitgaandee van aktivatie van het CAI netwerk door de Schaffer collateralen, kunnen 

interneuronenn op twee manieren in het netwerk geschakeld zijn. Een mogelijkheid 

iss dat de Schaffer collateralen direkt synapsen maken op de interneuronen. Dit 

wordtt feedforward input genoemd. De andere mogelijkheid is dat de Schaffer 

collateralenn eerst pyramidecellen aktiveren, die vervolgens synapsen op 

interneuronenn maken. Deze indirecte input heet feedback input. Een schematische 

weergavee van deze twee schakelingen van interneuronen in het CAI netwerk is 

weergegevenn in figuur 2. 

Omm het onderscheid tussen feedforward en feedback geschakelde interneuronen 

tee maken, heb ik het CAI netwerk geaktiveerd door een aktiepotentiaal in de 

Schafferr collateralen op te wekken. Tegelijkertijd heb ik de gezamenlijke aktiviteit 

vann de pyramidecellen en de synaptische stromen in één interneuron gemeten. De 

aktiviteitt van pyramidecellen werd gemeten met behulp van een 

veldpotentiaalmeting.. Met deze methode worden de kleine potentiaalverschillen 

gemetenn die ontstaan door de aktiviteit van de synapsen naar de pyramidecellen. 

Al ss alle pyramidecellen tegelijk vuren (nadat de Schaffer collateralen zijn 

gestimuleerd),, wordt een zogenaamde 'population spike' gemeten. De synaptische 

inputt van het interneuron is met de voltage-clamp techniek geregistreerd. Door de 

combinatiee van deze metingen tijdens aktivatie van het CAI netwerk, kan het 

tijdstipp van synaptische input in een interneuron gerelateerd worden aan de 

populatiee aktiviteit. Feedback input in een interneuron verschijnt pas nadat de 

pyramidecellenn gevuurd hebben (dus na de population spike). Feedforward input 

verschijntt al voor of tijdens de population spike. Feedback input kan alleen 

ontstaann als er een population spike is. Feedforward input werd ook gemeten als de 

Schafferr aktivatie te zwak was om een population spike op te wekken en er dus 

geenn pyramidecellen vuurden. Dit is te zien in figuur 3.3 en 4.2 van dit proefschrift) 

Functionelee consequenties 

Vervolgenss heb ik onderzocht hoe de input naar het interneuron zich verhoudt tot 

dee aktiviteit van de pyramidecellen. Feedback input naar een interneuron blijkt een 

goedee afspiegeling te zijn van de populatie aktiviteit. Hoe meer pyramidecellen 

vuren,, hoe sterker de feedback input. Een feedback geschakeld interneuron maakt 

inhibitoiree synapsen op dezelfde pyramidecellen waarvan het zijn input krijgt. Er is 

duss sprake van een negatieve (remmende) terugkoppeling. Als er veel 

pyramidecellenn aktief zijn, krijgt het interneuron meer input en worden de 

pyramidecellenn sterker geïnhibeerd. Als gevolg daarvan neemt de aktiviteit van de 
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pyramidecellenn weer af. Als er weinig pyramidecellen aktief zijn, krijgen de 

feedbackk interneuronen weinig input en zal er weinig inhibitie zijn. Met andere 

woorden:: feedback geschakelde interneuronen zorgen ervoor dat de aktiviteit van 

dee pyramidecellen binnen bepaalde grenzen blijft . 

Feedforwardd input verschijnt ook in interneuronen wanneer de synaptische 

stroomm in de pyramidecellen te zwak is om een aktiepotentiaal op te wekken. In de 

dendrietenn van de pyramidecellen ontstaan interacties tussen signalen van de 

excitatoiree synapsen van de Schaffer collateralen en de inhibitoire synapsen van de 

feedforwardd geschakelde interneuronen. All e inkomende synaptische signalen 

wordenn opgeteld (zoals in figuur 1, voorbeeld A). Alleen in het geval dat het totale 

signaall  een bepaalde grenswaarde (de vuurdrempel) overschrijdt, produceert de cel 

eenn aktiepotentiaal. De pyramidecel fungeert dus als coïncidentiedetector. De duur 

vann een synaptisch signaal bepaalt de lengte van de periode waarin de synaptische 

aktiviteitt moet samenvallen om een aktiepotentiaal te produceren. Door de 

aanwezigheidd van een inhibitoire synaptische component duurt het excitatoire deel 

vann het synaptische signaal veel korter (figuur 1, voorbeeld B) en is de periode 

waarinn synaptische signalen kunnen overlappen veel korter. De aktiviteit van een 

inhibitoiree synaps vergroot dus de precisie van de coïncidentiedetector. Met andere 

woorden:: feedforward geschakelde interneuronen hebben een direkte invloed op de 

informatieverwerkingg in de pyramidecellen. 

Dynamischee eigenschappen 

Tott nu toe heb ik het CAI netwerk beschreven als een tamelijk statisch geheel. 

Nietss is minder waar. Neuronen in onze hersenen worden onophoudend bestookt 

mett synaptische signalen en produceren reeksen van aktiepotentialen. De sterkte 

vann een synaps wordt beïnvloed door de voorafgaande aktiviteit van die synaps. Ik 

hebb de dynamische eigenschappen van feedforward en feedback synapsen naar 

CAII  interneuronen gemeten door deze 10 keer achter elkaar te aktiveren met 

verschillendee frequenties. Het tweede of derde synaptische signaal is sterker dan het 

eerstee en daarna neemt de sterkte weer af. Aan het einde van de reeks is een plateau 

bereiktt (zie bijvoorbeeld fig. 4.3 van dit proefschrift). Kwalitatief vertonen 

feedforwardd en feedback synapsen hetzelfde gedrag, maar er is een groot 

kwantitatieff  verschil. Feedforward synaptische signalen kunnen 1.5 keer sterker 

wordenn dan het eerste synaptische signaal in de reeks en er is een duidelijke 

frequentieafhankelijkheid.. Plateauwaarden van feedback synapsen zijn 

onafhankelijkk van de frequentie over een groot frequentiegebied en de synaptische 

signalenn aan het einde van een reeks zijn ongeveer gelijk aan het eerste signaal. De 
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gebruiktee frequenties (0—80 Hz) zijn frequenties die ook in de hersenen 

voorkomen. . 

Watt hebben deze dynamische eigenschappen van de synapsen voor gevolgen 

voorr de functie van de feedforward en feedback geschakelde interneuronen? Zoals 

bovenn is beargumenteerd zorgen feedback geschakelde interneuronen ervoor dat de 

netwerkk output binnen bepaalde grenzen blijft . Feedback input die relatief 

onafhankelijkk is van de frequentie waarmee CAI pyramidecellen vuren (zoals is 

waargenomen)) is ideaal om deze taak uit te voeren. Een verzwakkende feedback 

inputt naar interneuronen zou leiden tot instabiliteit tijdens herhaaldelijke netwerk 

aktivatie,, terwijl een versterkende feedback input oscillaties in netwerk aktiviteit zou 

veroorzaken. . 

Feedforwardd geschakelde interneuronen beïnvloeden de informatieverwerking in 

dee pyramidecellen. De dynamische eigenschappen van de synapsen die Schaffer 

collateralenn op interneuronen maken verschillen niet van die van de synapsen op de 

pyramidecellen.. Hierdoor houdt de feedforward input naar de interneuronen gelijke 

tredd met de excitatoire input van de pyramidecellen, ondanks dat de synaptische 

signalenn variëren met de aktivatie frequentie. Dit betekent dat de mate waarin de 

interneuronenn de informatieverwerking in de pyramidecellen beïnvloeden relatief 

onafhankelijkk is van de frequentie. 

Err bestaat dus een belangrijk verschil in dynamische eigenschappen van 

feedforwardd en feedback input naar interneuronen. Hierdoor is de relatieve bijdrage 

vann de informatiestroom via de feedforward gekoppelde interneuronen en via de 

feedbackk terugkoppeling in het CAI netwerk afhankelijk van de frequentie 

waarmeee het netwerk geaktiveerd wordt. Dit heeft gevolgen voor de 

informatieoverdracht.. Afhankelijk van deze frequentie ligt de nadruk meer op de 

feedbackk of op de feedforward geschakelde interneuronen. 

Tott  slot 

Ikk heb hier geprobeerd de belangrijkste bevindingen van mijn promotieonderzoek 

samenn te vatten. Er blijven echter nog vele vragen onbeantwoord. CAI 

interneuronenn vertonen onderling grote verscheidenheid in hun vuurgedrag, in de 

vormm van hun dendrietbomen, in de eiwitten die ze bevatten en in de neuronen 

waarmeee zij synaptische contacten maken. De functionele gevolgen of oorzaken 

vann deze verschillen zijn voor het grootste deel nog een raadsel. Er bestaan 

bovendienn interneuronen die gespecialiseerd zijn in het inhiberen van andere 

interneuronen.. Hun bijdrage compliceert het hierboven geschetste beeld van de 

informatiee overdracht door het CAI netwerk. Ook zijn er aanwijzingen dat 

interneuronenn en pyramidecellen verschillen in de manier waarop ze synaptische 
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signalenn omzetten in een reeks van aktiepotentialen. De precieze gevolgen hiervan 

voorr de informatie overdracht in het CAI netwerk zijn nog niet duidelijk. En dan 

tee bedenken dat het CAI netwerk maar een van de vele netwerken in het brein is. 

Wee zijn er nog lang niet. In de toekomst zullen de vereende krachten van vele 

fysici,, biologen, chemici en wiskundigen nodig zijn om de raadselen van het brein 

opp te lossen. 
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Tenslottee wil ik achter in mijn proefschrift de mensen noemen wie mijn leven 

gedurendee mijn AIO-bestaan hebben veraangenaamd. Natuurlijk ben ik mijn 

promotor,, Wytse, veel dank verschuldigd. Ik ben nog steeds verbaasd dat jij het 
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duss ik zal met jou beginnen. Ondanks je snor, ben je toch altijd een beetje de wijze 

mann van het lab. Vooral in het begin heb ik al mijn domme lekenvragen steeds aan 

jouu en Phaedra gesteld en ik kreeg meestal nog nuttig antwoord ook. Nu kunnen 

wee ons gelukkig beperken tot de voetbalpraat op maandagochtend. Met Phaedra, 

enn later met Susan, kon ik altijd de frustraties delen over mislukte experimenten. En 

heell  soms konden we dan jubelen om een of ander in onze ogen geniaal 

experiment.. Susan, ik vind het erg leuk dat je mijn paranimf bent en ik hoop dat je 

hett nog even volhoudt totdat volgend jaar ook jouw boekje af is. Maar ook met 

Dave,, Elmar, Hans, Hans, Ingrid, Michiel en Twan en de andere labbewoners heb 

ikk een erg leuke tijd op Anna's Hoeve gehad. 

Hett illuster oratorisch dipuut S.E.S.A.M. is op deze pagina niet weg te denken. 

Ookk al heb ik de laatste jaren wat minder tijd gehad om te komen borrelen, de ski-

enn zeilvakanties met de oude garde waren altijd erg goed. En het afgelopen 19e 

lustrumm was natuurlijk super. Ik heb nu al zin in het eeuwfeest. En Wieke, ik ben 

blijj  dat je weer terug in het land bent om mijn paranimf te kunnen zijn. Ik hoop dat 

jee hier snel een leuke baan vindt. 

Opp een misschien tikkie late leeftijd heb ik het voetbal als sport ontdekt. Er blijkt 

nietss leukers te zijn dan na een week geploeterd te hebben op dit proefschrift op 
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eenn grasveld achter een bal aan te rennen. Een groot deel van dat plezier is te 

dankenn aan de altijd gezellige dames 1 en 2 van D W A en natuurlijk Han. 

Eenn andere goede manier om de zinnen te verzetten is lekker eten. Met Eric en 

Annee hebben we geprobeerd alle leuke eettentjes van Amsterdam te bezoeken. We 

zijnn een heel eind gekomen, maar gelukkig is de lijst nooit af. Binnenkort kreeft in 

Boston? ? 

Natuurlijkk dragen ook papa en mama en Anieke en Herman bij aan mijn plezier. 

Ikk ben de laatste tijd niet meer zo vaak in Krimpen geweest, maar we vinden altijd 

well  een tijd en een plaats (waar ter wereld) om elkaar te zien. 

Enn tenslotte, de belangrijkste: Laurens. Ik zal hier geen genante liefdesverklaring 

afleggen,, maar iedereen mag best weten dat zonder jou het leven verschrikkelijk 

saaii  zou zijn. 
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CURRICULUMM VITA E 

Opp 23 oktober 1972 ben ik in het ziekenhuis van Nijmegen geboren. Na mijn 

gymnasiumm P diploma heb ik natuurkunde gestudeerd aan de Vrij e Universiteit in 

Amsterdam.. Een leuke studie, waarvan ik veel heb geleerd en die ik iedereen kan 

aanraden.. Ik ben afgestudeerd in de theoretische fysica op een onderwerp uit de 

quantumelectrodynamica.. Tijdens de laatste anderhalf jaar van mijn studie werd het 

mijj  duidelijk dat ik vooral breed geïnteresseerd was en dat er niet een bepaald 

gebiedd binnen de natuurkunde was waarin ik mij verder wilde verdiepen. Ik ben 

toenn gaan praten met enkele neurowetenschappers in Amsterdam met een 

achtergrondd in de natuurkunde, waaronder Prof. Wytse Wadman. Bij hem kon ik 

alss promovendus aan de slag aan de Universiteit van Amsterdam. Nadat ik de 

eerstee maanden nodig heb gehad om mij de biologische terminologie eigen te 

maken,, heb ik onderzoek gedaan naar de rol van interneuronen in de hippocampus, 

mett dit boekje als resultaat. Ik heb mij met veel plezier in de neurowetenschap 

gestortt en heb geen moment spijt van mijn overstap. Ik ben zelfs zo enthousiast dat 

ikk de komende jaren als postdoc ga werken bij Dr. Gina Turrigiano aan de Brandeis 

Universityy in Waltham (MA) in de Verenigde Staten van Amerika. 
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