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Chapterr 5 

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 structure 

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). 

Inputt 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 LTD 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 

107 7 



Chapterr 5 

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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