
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Activity-dependent plasticity of neuronal excitability a role for short-term
modulation of voltage-gated ion channels in neuronal function

van Welie, I.

Publication date
2004
Document Version
Final published version

Link to publication

Citation for published version (APA):
van Welie, I. (2004). Activity-dependent plasticity of neuronal excitability a role for short-term
modulation of voltage-gated ion channels in neuronal function. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/activitydependent-plasticity-of-neuronal-excitability-a-role-for-shortterm-modulation-of-voltagegated-ion-channels-in-neuronal-function(20a1b210-182c-499c-8e75-c67cfc333591).html


ACTIVITY-DEPENDENTT PLASTICITY 

OFF NEURONAL EXCITABILITY 

aa rol e fo r short-ter m modulatio n of 
voltage-gate dd ion channel s in neurona l functio n 



ACTIVITY-DEPENDEN TT PLASTICIT Y OF 
NEURONALL  EXCITABILIT Y 

aa role for short-term modulation of voltage-gated ion channels in neuronal 
function n 



Coverr artwork: Jay Starkey 

Printedd by Printpartners Ipskamp, Enschede, The Netherlands 

Copyright:: I. van Welie, Amsterdam, 2004 

Al ll  rights reserved. No part of this publication may be reproduced, stored in a 
retrievall  system, or transmitted in any form or by any means, mechanically, by 
photocopying,, recording, or otherwise, without written permission from the 
publisher. . 



ACTIVITY-DEPENDEN TT PLASTICIT Y OF 
NEURONALL  EXCITABILIT Y 

aa role for short-term modulation of voltage-gated ion channels in neuronal 
function n 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor aan de Universiteit van Amsterdam, 
opp gezag van de Rector Magnificus prof. mr. P. F. van der Heijden, 

tenn overstaan van een door het college voor promoties ingestelde commissie, in 
hett openbaar te verdedigen in de Aula der Universiteit 

opp dinsdag 30 november 2004, te 12.00 uur 

door r 

Ingri dd van Welie 

geborenn te Haarlem 



Promotor: : 
prof.. dr. W.J. Wadman 

Co-promotor: : 
dr.. J. A. van Hooft 

Promotiecommisie: : 
prof.. dr. F. H. Lopes da Silva 
prof.. dr. M. Joëls 
prof.. dr. C. M. A. Pennartz 
prof.. dr. J. G. G. Borst 
prof.. dr. R. Miles 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica 

Thee research described in this thesis was performed at the Swammerdam Institute 
forr Lif e Sciences, Center for Neuroscience, University of Amsterdam, Kruislaan 
320,, 1098 SM Amsterdam, The Netherlands 

Thee publication of this thesis was financially supported by: 

J.. E. Jurriaanse Stichting 



WasWas der Fall istf die Tatsache, ist das Bestehen von Sachverhalten 

WatWat het geval is, het feit, is het bestaan van connecties 

WhatWhat is the case, the fact, is the existence of connections 

(2,, Tractatus Logico-Philosophicus, Ludwig Wittgenstein) 

DieDie Tatsachen gehören alle nur zur Aufgabe, nicht zur Lösung 

AlleAlle feiten behoren alleen tot de opgave, niet tot de oplossing 

AllAll  facts belong only to the mission, not to the solution 

(6.4321,, Tractatus Ixigico-Philosophicus, Ludwig Wittgenstein) 





CONTENT S S 

Chapterr  1 9 

Generall  introduction 

Chapterr  2 29̂  
Homeostaticc scaling of neuronal excitability by synaptic modulation of 
somaticc hyperpolarization-activated Ih channels 

Chapterr  3 47_ 
Activity-dependentt synaptic modulation of somatic Ih depends on 

intracellularr Ca2+ levels 

Chapterr  4 _ ^ 63 
Adaptationn of a K+ conductance regulates excitability in response to 
changess in background activity in rat hippocampal CA1 pyramidal neurons 

Chapterr  5 79 
Differentt levels of Ih determine distinct temporal integration in bursting and 

regular-spikingg neurons in rat subiculum 

Chapter 6r 6 ?9 
Generall  discussion 

Appendixx 115 
Loww affinity block of native and cloned hyperpolarization-activated Ih 

channelss by Ba2+ ions 

Referencess 127 

Nederlandsee samenvatting (Summary in Dutch) 151 

Curriculu mm Vitae 161 

Dankwoordd (Acknowledgements) 167 





CHAPTE RR 1 

Generall  Introductio n 





ChapterChapter 1 

1.11 Preface 

Thee persuasive attraction that the brain exerts on so many scientists, psychologists, 
neurologistss and laymen alike, is not difficult to explain. Essentially, as human 
beings,, we are fascinated by ourselves and want to know how the human mind 
performss such complicated and sophisticated tasks as abstraction, imagination and 
memoryy formation. There are many schools of thought related to the philosophy 
off  mind among which are emergentism, behaviorism, functionalism and 
reductionismm (Lowe, 2000). Among neuroscientists, reductionism is the commonly 
heldd paradigm and from this point of view, the fundamental components of the 
brainn are studied at the level of brain structures and individual nerve cells. It 
requiress littl e explanation to see how such fundamental knowledge of the brain 
couldd potentially also lead to a better understanding of pathological states of the 
brain. . 

Withinn the field of fundamental neuroscience, during the last few decades, a strong 
focuss has resided on finding structural correlates of learning and memory 
processes,, since intuitively, it makes sense to have a structural correlate of an event 
thatt can be recollected at will . Furthermore, the contact sites between neurons, the 
synapses,, have been shown to exhibit several forms of persistent changes in 
morphologyy and behavior, phenomena collectively referred to as synaptic 
plasticity.. These mechanisms of synaptic plasticity have been put forward as likely 
candidatess for a structural correlate of memories. However, the link between 
synapticc plasticity and learning and memory processes is after decades of research 
stilll  essentially ephemeral and littl e evidence has been produced to show that 
synapticc plasticity alone can account for processes of memory formation, 
consolidationn and retrieval. 

Despitee of the strong focus on the plasticity of synapses, there has been a growing 
attentionn for mechanisms of plasticity that play a role on a more global, cellular 
level.. These forms of plasticity could potentially add another level of dynamic 
complexityy to neuronal function and could be involved in all sorts of brain 
functionn including learning and memory processes. It will prove essential to have a 
completee description of the dynamical rules of function of individual neurons and 
networkss before we can formulate adequate hypotheses on how learning and 
memoryy processes are performed by the brain. Creating such a complete 
descriptionn of neuronal function requires that mechanisms other than synaptic 
plasticityy are more closely investigated and explored than has been done so far. 

Therefore,, in this thesis, I investigated mechanisms of activity-dependent plasticity 
off  the intrinsic excitability of neurons. The remainder of this chapter will serve as a 
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brieff  introduction providing the reader with the necessary background on this 
topic.. In the following chapters, experimental investigations are presented and 
discussed,, followed by a general discussion on the conclusions drawn from these 
investigations. . 

1.22 Plasticity in the brain 

CognitiveCognitive functions and memory consolidation 

Thee process of memory consolidation has intrigued many and has been widely 
studiedd in the last few decades. Starting from the early 1950\ the hypothesis that 
theree are structural or morphological correlates of memory consolidation became 
predominant,, mainly as a result of studies of amnesic patients (Scoville & Milner, 
1957;; Zola-Morgan et ai, 1986; Rempel-Clower et al., 1996, Vargha-Khadem et al., 
1997;; Stefanacci et al., 2000; Bayley et al., 2003; Manns et al., 2003) and lesion 
studiess in animals (Overman et al., 1990; Alvarez et al., 1994; Alvarez et al., 1995; 
Higuchii  & Miyashita, 1996; Anagnostaras et al., 1999, Clark et al., 2001). These 
studiess revealed a prominent role in memory formation for a set of structures that 
aree collectively referred to as the medial temporal lobe. The medial temporal lobe 
systemm consists of the hippocampal formation and adjacent perirhinal, entorhinal 
andd parahippocampal cortices. 

Althoughh the involvement of the different structures of the medial temporal lobe 
iss apparent, it is not yet understood how they interact in memory formation, 
consolidationn and memory retrieval. Furthermore, it is yet unclear how these 
structuress contribute to different forms of memory such as declarative memory 
(consistingg of episodic memory, the memory of events, and semantic memory, the 
memoryy of factual knowledge) and procedural memory (the memory of procedures 
andd skills). 

Thee involvement of medial temporal lobe structures in memory consolidation has 
promptedd people to investigate these structures in in vitro preparations at the 
network-,, the cellular- and the molecular level. Apart from a detailed description of 
thee anatomical and morphological characteristics of the structures and cell types 
involvedd in the medial temporal lobe (Tnsausti et al., 1997; Burwell, 2001; Amaral & 
Witter,, 1995; Lopes da Silva et al., 1990), this also resulted in the identification of 
severall  mechanisms of functional plasticity that could potentially play a role in 
processess of memory formation and consolidation. 
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Thee hippocampal formation (box 1), which is one of the key components in the 
mediall  temporal lobe, is a brain structure located deep in the brain that appears to 
bee responsible mainly for the ability to form new declarative memories and for the 
consolidationn of recendy formed memories, but not for the long-term maintenance 
off  memory. In other words, it appears to be crucial for the conversion of short-
termm to long-term memory (Squire et a/., 2004; Wittenberg & Tsien, 2002). Because 
off  its role in the formation of declarative memories, the hippocampal formation 
hass been extensively used as a model system for the study of cellular rules of 
plasticityy and therefore the hippocampus (chapter 1, 2 & 4) as well as its close 
neighbor,, the subiculum (chapter 5) were chosen as a model system in this thesis. 

HebbianHebbian rules of plasticity 

Justt prior to the discovery of the prominent role of the hippocampus in memory 
formation,, in 1949, Donald Hebb formulated one of the most quoted hypotheses 
inn neuroscience by proposing that the efficacy by which a neuron makes another 
neuronn fire would increase in case both were activated at the same time (Hebb, 
1949).. He also proposed this to be a principle by which neurons would be able to 
"store""  memories in neuronal networks. After the discovery of synapses, which are 
thee contact sites between neurons, this intuitive statement not only induced 
theoreticall  scientists to formulate new models of learning by implementing 
synapticc learning rules, but it also laid the foundation for a field of experimental 
researchh that has been dominating neuroscience ever since: that of synaptic 
plasticity. . 

Synapticc plasticity is a term that covers basically any topic of research concerning 
synapses,, but there has been one phenomenon of synaptic plasticity that has 
receivedd exuberant attention and that is activity-dependent long-term potentiation 
orr in short: LTP (Bliss & Lomo, 1973). LTP consists of a persistent increase in the 
efficacyy of synapses that is induced by high-frequency stimulation of excitatory 
synapticc pathways. LTP has been reported to occur at all synaptic pathways in the 
hippocampus.. Also in other structures of the brain where excitatory input 
pathwayss are present LTP has been shown to exist, such as in the cerebellum, the 
neocortexx and the amygdala, but also in the peripheral nervous system. LTP 
thereforee appears to be a widely distributed phenomenon that is by no means 
limitedd to hippocampal function. 

Thee molecular mechanisms of LTP have been predominandy and abundantly 
investigatedd in the hippocampus (box 1). Although it is still vigorously debated 
whetherr the expression of LTP is primarily induced at the pre- or postsynaptic side 
off  the synapse (Kullmann & Siegelbaum, 1995), it has been revealed that LTP is 
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Boxx 1. The hippocampal formation 

StructureStructure and function of the hippocampus in the rat 

Thee hippocampal formation is a structure seated in the middle in the brain (Fig. 1.1) and functionally 
appearss to be crucial for the formation of declarative memory. The hippocampus is an attractive 
modell  system since it has a very clearly organized cytoarchitecture. Several areas can be distinguished 
inn the cytoarchitecture of the hippocampus proper: the dentate gyrus (DG), the CA3 and the CA1 
areaa (Fig. 1.2). In simplified terms, information is transferred trough the hippocampus as follows (Fig. 
1.3):: input from higher cortical areas arrives at the entorhinal cortex (EC), from where axons target 
thee DG which in turn targets the CA3 area, which then targets the CA1 area. The CA1 area 
consequentlyy targets neurons in the subiculum (S), which is considered a separate structure that 
ultimatelyy functions as the main output structure of the hippocampus, and that sends it axons back to 
thee EC and peri-and postrhinal cortices. 

Figuree 1.1 & 1.2: Fig. 1.1 indicates the location of one of the two hippocampi in the rat brain. The 
sizee of the hippocampus in the rat brain is relatively large compared to that in the human brain. Fig. 
1.22 shows the cytoarchitecture in a transverse section of the hippocampus. Adapted from 
(Kloosterman,, 2003). 

D GG ) CA3 > CM ) Subiculum 

Figuree 1.3: Schematic representation of the synaptic relays in the hippocampal formation. Input 
fromm higher cortical areas converges onto entorhinal cortex (EC) neurons that target the dentate 
gyrusgyrus (DG), CA1 and the subiculum through fibers of the perforanth path (pp). The DG 
consequentlyy targets CA3 through the mossy fibers (mf) and CA3 targets CA1 through the Schaffer 
collateralss (sc). The subiculum serves as the main output structure of the hippocampus by targeting 
backk to the EC. 

14 4 



ChapterChapter 1 

alwayss associated with a rise in intracellular Ca2+ of the postsynaptic neuron and 
thatt there are at least two forms of LTP: one that is dependent on N-methyl-D-
asparticc acid (NMDA) receptor activity (Harris et aLy 1984) and one that is 
independentt of NMD A receptor activity (Grover & Teyler, 1990). 

However,, more than 30 years after its discovery and a plethora of studies on the 
molecularr mechanisms underlying LTP, the link between LTP and memory 
processess is still a matter of controversy. The advent of genetic techniques to 
generatee animals that lack certain genes (knock-out animals) has shown that 
knocking-outt certain genes that are crucial for LTP also prevents certain learning 
taskss in the behaving animal (Suva et a/., 1992a, 1992b; Tsien et a/., 1996; McHugh 
etet a/., 1996; Rampon et a/., 2000; Huerta et a/., 2000; Shimizu et a/., 2000; but see 
Zamanilloo et a/., 1999). Also, overexpression of genes that are crucial for LTP has 
beenn reported to enhance learning (Tang et a/.t 1999). It should be noted however 
thatt knocking-out or overexpressing genes does not only affect LTP, but also 
overalll  neuronal function and that such studies therefore do not unequivocally 
showw that synaptic plasticity is the only or the essential mechanism required for 
memoryy formation and/or consolidation. 

Inn addition to LTP, there are some other forms of synaptic plasticity, among which 
long-termm depression (LTD, the opposite of LTP, induced by low-frequency 
stimulation),, post-tetanic potentiation (any short-lasting increase in synaptic 
potentiation),, short-term potentiation (which is the early part of LTP) and 
excitatoryy postsynaptic potential-to-spike or in short: EPSP-to-spike potentiation. 
EPSP-to-spikee potentiation is often associated with LTP and represents an 
increasee in the population spike after repetitive stimulation that is larger than 
expectedd based on the change in population EPSP. 

HozneostaticHozneostatic  plasticity 

Afterr decades of research that mainly focused on synaptic plasticity, new schools 
off  thought have started to emerge due to some of the limitations of Hebbian 
learningg rules. Since these learning rules state that during learning, some synapses 
gett strengthened while others are lost, they cannot account for the high degree of 
sensitivityy and selectivity that neuronal networks need to possess in order to ensure 
neww memory formation. Indeed, several theoretical studies have pointed out that 
Hebbiann networks will inevitably be unstable (Von der Malsburg, 1973; 
Bienenstockk et ai, 1982; Miller, 1996; Chechik et al.t 2001) and that therefore 
additionall  mechanisms are required in order to sufficiently describe processes of 
memoryy formation and consolidation. 
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Thus,, several possible cellular mechanisms have been suggested that could provide 
stablee cellular and network properties in order for Hebbian rules to be enforced 
(forr reviews see Abbott & Nelson, 2000; Turrigiano, 1999). Among these are the 
homeostaticc scaling of synapses, spike-timing dependent plasticity and homeostatic 
scalingg of the intrinsic excitability of neurons. 

Homeostaticc scaling of synapses to changing levels of activity has been shown to 
occurr in neocortical cultures (Turrigiano et al, 1998; Watt et al., 2000; Kilman et al, 
2002),, hippocampal cultures (Lissin et al., 1998; Burrone et al, 2002) and spinal-
cordd neurons (O'Brien et al, 1998). Synaptic scaling reflects postsynaptic 
modificationss in synaptic efficacy. It appears that synaptic scaling is bidirectional in 
thatt it affects both excitatory and inhibitory synapses and that these mechanisms 
aree mediated by the insertion and removal of glutamatergic and/or GABAergic 
receptors.. The time scale on which it occurs is that of hours to days, suggesting 
thatt it is employed by neurons in response to activity signals that are integrated 
overr long-term time scales. 

Spike-timingg dependent plasticity' (STDP) is a type of plasticity that represents the 
sensitivityy of the occurrence of LTP and LTD for the timing of postsynaptic firing 
(Markramm et al, 1997; Magee & Johnston, 1997; Bell et al, 1997; Bi & Poo, 1998; 
Feldman,, 2000). It is postulated that the timing of correlated pre-and postsynaptic 
activityy determines whether LTP or LTD occurs and that this mechanism 
thereforee stabilizes the synaptic efficacy onto the postsynaptic neuron without the 
requirementt for additional non-Hebbian mechanisms. Future studies will have to 
reveall  whether extending Hebbian learning rules with STDP like principles will 
adequatelyy describe memory formation and consolidation processes. 

Experimentall  evidence for homeostatic scaling of intrinsic excitability has been 
accumulatingg over the last decade and has been shown to occur on a time-scale of 
dayss (Turrigiano et al, 1994; Turrigiano et al, 1995; Desai et al, 1999; Baines et al, 
2001;; Aptowicz et al, 2004), and also on slightly faster time-scales (Golowasch et 
al,al, 1999). Long-term homeostatic scaling of the excitability of neurons is mediated 
byy the modulation of voltage-gated ion channels and has been proposed to 
stabilizee neuronal properties and lay the basis upon which mechanisms of synaptic 
plasticityy can be induced. This has also been stated by theoretical modeling work 
(LeMassonn et al, 1993; Liu, 1998; Siegel et al, 1994; Stemmler & Koch, 1999). 

I tt has, so far, however never been postulated that homeostatic or adaptive 
modulationn of intrinsic excitability could also exist on a relatively short-term time 
scalee of minutes. On the basis of the current knowledge concerning the molecular 
mechanismss of long-term modulation of voltage-gated ion channels however, there 
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iss no a priori  reason to assume that such modulation could not exist on a short-
termm time scale. Furthermore, from a theoretical point of view, the ability to 
employy rapid gain-setting mechanisms would allow neurons to respond very 
quicklyy to changes in network activity and thus to maintain stable network 
propertiess at an almost immediate and continuous rate. Such mechanisms could 
interactt with Hebbian learning rules in local neuronal networks and provide the 
stabilityy that is lacking with Hebbian learning rules. Thus, rapid adaptive gain-
settingg mechanisms could function to allow selectivity for new memory formation. 
Withinn the hippocampus, such mechanisms would be very suitable to play a 
significantt role in the formation of short-term memories or in the conversion of 
short-termm to long-term memories in collaboration with synaptic plasticity as 
opposedd to long-term homeostatic mechanisms of intrinsic plasticity that are 
employedd on a time-scale of hours to days. 

Thee work presented in this thesis primarily deals with the hypothesis that rapid 
gain-settingg mechanisms of intrinsic excitability exist and reports the discovery of 
twoo such mechanisms (chapter 1, 2 & 3). 

1.33 Intrinsi c neuronal excitability 

NeuronalNeuronal input-output relationships 

Neuronss rely on neurotransmission as a means of communication. 
Neurotransmissionn in the central nervous system is predominantly electrochemical 
inn nature in the sense that electrical signals are translated into chemical signals and 
vicevice versa. When an action potential is generated, neurotransmitters are released and 
bindd to ligand-gated and G-protein coupled receptors at the postsynaptic 
membrane.. This allows an ion current to pass through ligand-gated receptor 
channelss and the postsynaptic membrane potential either depolarizes or 
hyperpolarizess depending on the charge carrier permeating the channels. In case 
thee neurotransmitter was excitatory, this can lead to a depolarization large enough 
too generate an action potential. The shape and form of the action potential are 
consequentlyy determined by the activation, deactivation and inactivation of 
voltage-gatedd ion channels. The relationship between the level of excitatory and/or 
inhibitoryy synaptic input and the output that is generated by the postsynaptic 
neuronn in terms of the frequency of action potentials is referred to as the neuronal 
input-outputt relationship. 

Inn most neurons, the input-output relationship is sigmoidal in shape, indicating 
thatt there is a threshold (T) and a point of saturation (S). The range of inputs to 
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whichh a neuron can effectively respond, the dynamic range, is therefore 
determinedd by the linear part of the input-output curve (Fig. 1.4). The slope of this 
linearr part is the gain of the input-output relationship. 

Theree are several ways in which plasticity mechanisms can affect the input-output 
relationship:: it can change the gain of the input-output relationship or it can shift 
thee threshold (Fig. 1.4). Changes in the gain at the cellular level in in vitro studies 
havee been shown in vestibular neurons (Nelson et at, 2003). It is probable that 
severall  types of mechanisms can underlie changes in the gain, but they are likely to 
bee mediated by modulation of voltage-gated ion channels. 

Shiftss in the input-output relationship can also readily be achieved by modulation 
off  voltage-gated ion channels, as has been shown in neocortical neurons (Desai et 
a/.,a/., 1999), in cerebellar neurons (Aizenman et al, 2003) and in hippocampal 
neuronss (Van Welie eta/., 2004). 

AA combination of gain change and gain shift has been reported in neocortical 
neuronss by inducing balanced excitatory/inhibitory modulation of background 
activityy (Chance et al, 2002; Shu et al, 2003; Fellous et al, 2003). 

Input-outputt relationship Changes in gain Shifts in input-output relationship 

Fig.. 1.4. Neuronal input-output (IO) relationships are often sigmoidal in shape. Plasticity of intrinsic 
membranee properties can change the IO curve by modulating the gain or by shifting the IO curve 
leftwardd or rightward. T stands for threshold and S stands for saturation. Shaded area indicates 
dynamicc range, and the slope of the linear part of curve is the gain. 

IonicIonic  mechanisms of intrinsic excitability 

Intrinsicc excitability is determined by the properties of voltage-gated ion channels 
presentt in the neuronal membrane. Every neuron possesses a variety of voltage-
gatedd ion channels that are permeable to one or more of the following ions: Na+, 
K+,, Ca2+ or Ch There are specific concentration gradients of these ions inside and 
outsidee of the cell that are maintained by ion pumps that derive their energy from 
thee hydrolysis of adenosine triphosphate (ATP) molecules and these concentration 
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gradientss determine whether an ion current is inward or outward. The different ion 
channelss have different gating properties that are governed by physical laws, and 
whichh result in specific activation and inactivation properties. Movement of ions 
acrosss the neuronal membrane results in changes in the transmembrane potential. 
Inn steady-state situation however, when no net current is activated, most neurons 
havee a transmembrane potential of approximately -70 mV (Fig. 1.5). 

Inn hippocampal pyramidal CA1 neurons, the main purely voltage-gated currents 
determiningg excitability are a fast transient Na+ current, a fast transient K+ current 
(AA current), a slow non-inactivating K+ current (delayed rectifier), a fast inward 
Ca2++ current and a mixed Na+ /K + current (It, current). It is still debated whether 
hippocampall  neurons possess a voltage-gated CI" channel (Stocca et al., 1999). 
Generallyy speaking, once activated, K+ currents function to decrease membrane 
excitabilityy by hyperpolarizing the membrane potential, while Na+ and Ca2+ 

currentss increase excitability by depolarizing the membrane potential. Ih is a more 
subtlee determinator of membrane excitability whose role has been under thorough 
investigationn in recent years and this ion current is a major topic of investigation in 
thiss thesis. The Na+, K+ and Ih currents are further discussed below. 

Extracellular r 

Na+(150mM) ) 

00 -70 mV 

K +(22 mM) 
A A 

Cr(1200 mM) Ca2+(1.2 mM) 

Enaa = +56 mV Ekk = -102 mV EC11 = -70 mV 

Na+(18mM) ) K +(136mM) ) 
V V 

Cl"(7mM ) ) 

ECaa = +125 mV 

Ca2+(1000 nM) 

Intracellula r r 

Fig.. 1.5: Intrinsic membrane excitability is determined by permeabilities for the ions: Na+ K+, CI- and 
Ca2+.. These ions carry the currents through a large variety of ion channels. The ionic concentrations 
andd reversal potentials (Ex) indicated are typical for mammalian neurons. Adapted from (Zigmond et 

al.,al., 1999). 

CharacteristicsCharacteristics ofKh and Na+ currents 

K++ and Na+ currents are often considered as the main excitability determinants in 
neurons.. A dazzling variety exists in K+ channels, while Na+ channel variation is 
muchh smaller. Besides determining resting membrane potential, both Na+ and K+ 

currentss are crucial for action potential generation. 
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Ass said, there is an incredible variety of K+ channels, but based on their 
physiologicall  function, roughly two classes of purely voltage-gated K+ currents can 
bee distinguished: IA and Idckyed rectifier. The A current is a fast-activating (5 -10 ms) 
transientt current that inactivates rapidly (20 - 30 ms) while the delayed rectifier is a 
slowlyy activating (50 - 100 ms) and inactivates even slower (> 1 s). 

Thee equilibrium potential for K+ currents is around -90 to -100 mV and 
consequentiy,, opening K+ channels will hyperpolarize the membrane potential. In 
generall  therefore, K+ currents stabilize the membrane potential by keeping it away 
fromm its firing threshold (Hille, 1992). In contrast, the equilibrium potential for 
Na++ is around +55 mV and thus, when Na+ channels are in the open state, the 
membranee potential wil l depolarize and action potential generation can be induced. 

Actionn potential generation will occur, when depolarization due to the binding of 
excitatoryy ligands to postsynaptic receptors opens some Na+ channels, which 
depolarizess the neuron some more and once action potential threshold is reached, 
manyy Na+ channels open and an action potential is generated. Consequently, 
becausee of its relatively slow kinetics, activation of the delayed rectifier ensures a 
highh K+ permeability that terminates the action potential and induces the 
membranee to repolarize. After repolarization, there is a short period in which the 
membranee is not easily excited because it is somewhat hyperpolarized due to the 
sloww deactivation of delayed rectifier channels: this is the relative refractory period. 
Oncee the membrane potential comes back to its resting value however, the 
transientt activation of IA dampens depolarization and therefore delays the 
generationn of a new action potential. 

Inn experiments in which the voltage-clamp technique (box 2) is used, the two 
classess of K+ currents can be separated by the holding potential from which 
depolarizationss are induced. At resting membrane potential, most A channels will 
bee inactivated and mainly current through delayed rectifier channels will be 
recorded.. In order to record IA and study its voltage-dependent properties, the 
holdingg potential has to be hyperpolarized from resting membrane potential in 
orderr to remove its inactivation and allow the activation of IA with a subsequent 
depolarization.. Both K+ currents activate around -30 mV, although IA activates at 
slightlyy lower membrane potentials than the delayed rectifiers. 

Thee fast Na+ current can be induced in voltage-clamp experiments by depolarizing 
neuronss from hyperpolarized holding potentials in order to remove the 
inactivationn of this current. Na+ currents activate around -40 mV and inactivate 
withinn —20 ms. 
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CharacteristicsCharacteristics ofH current 

Thee H (for H-yperpolarization activated) current or Ih was first characterized in the 
heartt (Noma & Irisawa, 1976; Brown eta/., 1979; DiFrancesco, 1986). There, it was 
identifiedd as "the" pacemaker current in sino-atrial cells and originally was named f 
currentt or If because of its "funny" voltage-dependent properties. Most notably, it 
iss funny because it is activated by membrane hyperpolarization rather than 
membranee depolarization, which activates most other voltage-gated ion channels. 
Inn the heart, If functions as a pacemaker current in the sense that activation of If 
duringg repolarization of the membrane potential after an action potential results in 
membranee depolarization which consequently, with the activation of the low-
voltagee activated Ca2+ current, wil l lead to the generation of action potentials, 
whichh is ultimately an ongoing process. This pacemaker property allows sino-atrial 
cellss to maintain their spontaneous activity. A current very similar to If was first 
foundd in central neurons in the hippocampus (Halliwell & Adams, 1982), where it 
wass initially termed queer current or Iq, again due to its "queer" 
electrophysiologicall  behavior and its undefined functional role. Since then, to 
avoidd confusion, the If and Iq are commonly referred to as Ih- By now, Ih has been 
foundd in a large variety of central neurons, but its functional role still remains a 
topicc of debate. In spontaneously spiking neurons, Ih helps to control rhytmicity 
andd pacemaker activity, while in other neurons it functions to control and limit 
restingg membrane potential and/or controls membrane resistance and dendritic 
integration.. Additionally, Ih has been reported to presynaptically regulate synaptic 
transmissionn (for reviews see Pape, 1996; Robinson & Siegelbaum, 2002). 

Thee subunits that underlie functional Ih channels have been cloned in recent years 
inn mouse brain (Ludwig etal, 1998; Santoro eta/., 1998), in sea urchin testis (Gauss 
etet a/., 1998), in human brain (Santoro et a/., 1998; Seifert et a/., 1999), in human 
heartt (Ludwig et al, 1999), in rabbit heart (Ishii et a/., 1999) and in rat brain 
(Monteggiaa et al, 2000) and although they have been subject to different 
nomenclature,, they are now commonly referred to as HCN1-4 (for review see 
Clapham,, 1998; Santoro & Baram, 2003). The expression of the different HCN 
subunitss in the rodent brain is very region- and even cell type specific (Santoro et 
al,al, 1998; Ludwig et a/., 1998; Moosmang, 1999; Monteggia et al, 2000; Santoro et 
a/.,a/., 2000; Franz et a/., 2000). Within the hippocampus, predominantly HCN1 & 
HCN22 are expressed (Moosmang, 1999; Monteggia, 2000; Santoro et al., 2000; 
Benderr et al, 2001). 

Thee HCN subunits all display the generalized biophysical properties of Ih (see 
below)) but they differ in their activation and deactivation kinetics, which has been 
shownn by expression of the subunits in heterologous expression systems 
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(Moosmangg et al., 2001; Ishii et al, 2001; Chen et al, 2001). Thus, HCN1 is the 
fastestt in both activation and deactivation, and HCN4 is the slowest in activation 
andd deactivation. Native Ih channels consist of 4 HCN subunits, but it is yet 
unknownn whether they solely form homomers or whether they also form 
heteromericc channels. It is however clear that the activation kinetics of native Ih 
channelss display kinetics that seems to be a mix of those of HCN subunits (Chen et 
a/.,a/., 2001), although the activation kinetics of Ih ranges from -30 ms to seconds 
dependingg on cell type (Robinson & Siegelbaum, 2002). In addition, auxiliary 
subunitss might be associated with Ih that significandy affect channel kinetics (Yu et 
al.,al., 2001). 

BiophysicalBiophysical properties ofIh 

Ihh is a slow current that is activated by membrane hyperpolarization which starts 
immediatelyy upon deviation from the resting membrane potential. The rate of 
activationn of Ih typically increases with increasing hyperpolarization which gives 
risee to an anomalous rectification of the current-voltage (I-V) relationship in 
responsee to membrane hyperpolarization. Ih is permeable to both Na+ and K+ 

ions,, but is more permeable to K+ in a reported P ^ / PK ratio of 0.2 to 0.4 (Edman 
etet al., 1987, Hestrin, 1987, Maricq & Korenbrot, 1990, Solomon & Nerbonne, 
1993),, although this ratio is very sensitive to changes in extracellular Na+ and K+ 

concentrationss (Edman et al., 1987; Edman & Grampp, 1989). This gives a reversal 
potentiall  of between -40 to -25 mV depending on cell type. Furthermore, it has 
recendyy been shown that Ih channels in the dorsal root ganglion cells and HCN 4 
channelss are partially permeable for Ca2+ ions (Yu et al., 2004). Future studies will 
havee to prove whether this Ca2+ permeability is a general characteristic for Ih 
channelss in central neurons. 

Thee single channel conductance of Ih channels has not been characterized yet in 
centrall  nervous system neurons, but in cardiac SA cells it has a very small single 
channell  conductance, ~ lpS (DiFrancesco, 1986). Furthermore, because in most 
celll  types Ih channels are present in low densities, whole-cell Ih current is often not 
veryy large and the characterization of its full biophysical properties is therefore not 
alwayss straightforward. Ih can be isolated from the other hyperpolarization-
activatedd inward current, the K+ inward rectifying (IKir) current, by the use of the 
cationn Ba2+ (Pape, 1996; Robinson & Siegelbaum, 2002) since Ba2+ has been 
reportedd to effectively block IKH in the millimolar range, while Ih is not sensitive to 
Ba2++ block (however, see Appendix, this thesis). 

Efficientt blockers of Ih are the bradycardiac agents ZD7288 (Harris & Constanti, 
1995;; Gasparini & DiFrancesco, 1997) and DK-AH269 (Chevaleyre & Castillo, 
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2002),, although it is not clear just how specific for Ih these compounds are. 
Especiallyy ZD7288 appears to affect synaptic transmission by an as yet unknown 
mechanismm in addition to blocking Ih (Chevaleyre & Castillo, 2002; Chen, 2004). Ih 
cann also be blocked by low millimolar concentrations of Cs+, although Cs+ at these 
concentrationss also blocks other K+ currents. 

ModulationModulation ofIh 

HCNN subunits have a cyclic-amino monophosphate (cAMP) binding site at the 
intracellularr side of the cellular membrane. Although some early studies already 
showedd that internal application of cyclic nucleotides could modulate Ih 
(McCormickk & Pape, 1990; Banks eta/., 1993; Pedarzini & Storm, 1995; Ingram & 
Williams,, 1996), the action of endogenous cAMP on Ih was first discovered in 
thalamocorticall  cells that participate in oscillations in the lateral geniculate nucleus, 
wheree transient increases in Ca2+ during oscillations were shown to facilitate Ih 
activationn (Luthi & McCormick, 1998). It was consequently shown in these 
neuronss that it was the release of cAMP upon Ca2+ increases that modulates Ih by 
allostericallyy coupling to open channels (Luthi & McCormick, 1999). cAMP affects 
thee voltage range of activation of Ih by shifting it to more depolarized potentials. 

Severall  compounds have been reported to affect Ih. Serotonin causes a shift in 
voltage-conductancee to more depolarized potentials (Pape & McCormick, 1989; 
McCormickk & Pape, 1990; Gasparini & DiFrancesco, 1999; Bickmeyer et a/., 2002) 
andd although the underlying mechanism is unclear, this effect is suggested to be 
mediatedd by cAMP (Pape & McCormick, 1989; McCormick & Pape, 1990; 
Gasparinii  & DiFrancesco, 1999). In addition, K-opioid receptor activation has 
beenn reported to increase the maximal conductance of Ih without a shift in the 
voltagee range of activation, probably by inducing Ca2+ release from internal stores, 
whichh through an unknown mechanism increases Ih conductance (Pan, 2003). Two 
anti-epilepticc drugs, gabapentin and lamotrigine have been reported to modulate Ih 
inn rat hippocampus. Lamotrigine shifts the activation curve of Ih towards more 
depolarizedd potentials by an unknown mechanism (Poolos et a/., 2002), while 
gabapentinn increases Ih by increasing maximal conductance with no changes in the 
voltagee range of activation (Surges eta/., 2003). 

FunctionalFunctional role ofIh In pyramidal neurons 

Inn hippocampal CA1 neurons, Ih has been reported to control the temporal 
integrationn of synaptic inputs (Magee, 1998; Magee, 1999) since Ih significantly 
affectss membrane resistance and time constant at resting membrane potential. 
Investigationn of the subcellular distribution of Ih showed that there is an 
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approximatee 7-fold increase in the density of Ih channels along the apical dendrites 
off  CA1 pyramidal neurons (Magee, 1998). Such a spatial gradient for Ih has 
subsequentlyy also been shown in neocortical pyramidal neurons (Berger et al., 2001; 
Williamss & Stuart, 2000) and immunocytochemical data hinted at a similar 
distributionn of Ih in subicular pyramidal neurons (Lörincz et al., 2002). 

Functionally,, this gradient of Ih ensures a spatial and temporal normalization of 
dendriticc inputs, which leads to a reliable transmission of distal inputs to the soma. 
Ihh achieves this because in the distal dendrites, it determines the neuronal input 
resistancee (Rin) and membrane time constant (Tmem) to a large extent due to the 
highh channel densities. Because of this, it subsequendy determines the impact of 
excitatoryy postsynaptic currents. Thus, by locally reducing membrane resistance in 
thee distal dendrites, EPSPs have faster decay kinetics than EPSPs that are induced 
moree proximally. EPSPs that are induced in the distal dendrites have to propagate 
too the soma however, which results in a considerable attenuation of EPSPs due to 
thee passive cable filtering properties of the dendrite. As a consequence however, 
EPSPss arrive at the soma with equivalent kinetics, independent of the location of 
induction.. Especially when synaptic inputs arrive quickly after one another and 
theyy are summated, the large Ih in the dendrites will significantly reduce temporal 
summationn and will therefore ensure that the temporal information of the synaptic 
inputt is reliably transferred to the soma. This property of Ih has been referred to as 
aa normalization function of temporal summation (Magee, 1999). 

Thiss functional property of Ih to control synaptic integration of excitatory inputs 
seemss to be emerging as the main function of Ih in central neurons since it has 
beenn shown in CA1 hippocampal neurons (Magee, 1998; Magee, 1999), in 
neocorticall  neurons (Berger et al., 2001; Berger & Luscher, 2003; Williams & 
Stuart,, 2000), in neurons in the inferior colliculus (Koch «Sc Grothe, 2003) and in 
subicularr neurons (chapter 5, this thesis). 

1.55 Outlin e of this thesis 

Thee aim of the research described in this thesis was to study homeostatic plasticity 
off  intrinsic excitability in neurons of the rat hippocampal formation. Since earlier 
workk has shown that homeostatic plasticity of intrinsic excitability occurs after 
long-termm changes in synaptic activity (Turrigiano et al., 1994; Turrigiano et al., 
1995;; Desai et al., 1999; Baines et al., 2001; Aptowicz et al., 2004; Golowasch et al., 
1999),, I was specifically interested in investigating whether plasticity of intrinsic 
excitabilityy also occurs after short-term changes in activity. 
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Inn chapter 2,1 evaluated the effect of enhanced synaptic input onto CA1 pyramidal 
neuronss and studied whether this induced any changes in the hyperpolarization-
activatedd ion current Ih. Ih is an ion current that affects membrane excitability to a 
greatt extent, albeit with dualistic effects: around resting membrane potentials, Ih 
depolarizess membrane potential, yet it considerably decreases membrane 
resistance.. The effects of Ih on excitability were studied before and after 
modulationn of activity by use of a dynamic clamp model. 

Inn chapter 3,1 studied whether a more physiological method of increasing activity 
ontoo CA1 pyramidal neurons affects Ih similarly as seen in chapter 2 by using 
electricall  stimulation of Schaffer collateral synapses. Also, the role of internal Ca2+ 

onn modulation of Ih was studied. Furthermore, the effect of endogenous Ih on 
membranee excitability was studied direcdy in whole-cell current clamp. 

Inn chapter 4, I studied whether CA1 pyramidal neurons scale their input-output 
relationshipp when they are deprived of their synaptic inputs. The roles of a 
sustainedd K+ current and the fast Na+ current in determining gain were 
investigatedd before and after reducing background activity. 

Inn chapter 5, I studied the functional role of Ih in subicular pyramidal neurons 
sincee the main two classes of neurons in the subiculum, bursting and regular-
spikingg neurons, appear to differentially express Ih. Since Ih determines the 
temporall  summation of synaptic inputs in other pyramidal neurons {Magee, 1999; 
Bergerr et al., 2001; Williams & Stuart, 2000), I studied how Ih determines the 
temporall  integration in these two classes of neurons within the subicular network. 

Chapterr 6 discusses the conclusions drawn in the preceding chapters and their 
implications. . 

Inn the appendix, I follow up an observation made during experiments performed 
forr chapter 1 in which I noted that Ba2+ ions appear to affect the Ih current, whilst 
Ba2++ is generally assumed not to affect Ih. I therefore studied the effect of Ba2+ on 
CA11 neurons in hippocampal slices and in isolated HCN subunits expressed in 
HEKK 293 cells. 
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Boxx 2. Patch-clamp configurations 

Thee patch-clamp technique is used to study the flux of ions over the neuronal membrane. Developed 

byy Neher and Sakmann in the 1970"s, this technique allows low impedance access to the cell and low-

noisee recordings of ion currents as small as those that pass through a single ion channel. The first 

stepp in patch-clamping a neuron is to attach a glass pipette to the neuronal membrane and forming a 

high-resistancee (Gfi ) seal onto it. Consequently, different configurations of the patch-clamp 

techniquee can be used in which the membrane potential is manipulated by a potential applied through 

thee pipette to study ion currents (voltage-clamp mode). Alternatively, this technique also allows one 

too study voltage-response of the cell when injecting current through the pipette (current-clamp 

mode).. The following patch-clamp configurations are employed in this thesis: 

Cell-attachedCell-attached configuration: 
Inn the cell-attached configuration, the membrane is left 
intactt after forming the giga-ohm seal and the current 
throughh the channels in the patch of membrane below the 
glasss pipette is recorded. This configuration allows one to 
recordd the current through single channels, or the macro 
currentt through all channels present in the patch. One 
disadvantagee of cell-attached recordings is that the resting 
membranee potential of the cell is unknown and is in series 
withh the patch potential. There is therefore no complete 
controll  over the membrane potential of the patch. 

Whole-cellWhole-cell configuration: 
Thee whole-cell configuration is obtained after rupturing 
thee patch of membrane under the glass pipette by gende 
suction.. This allows low resistance access to the inside of 
thee cell and this way one can control the resting membrane 
potentiall  of the entire cell and consequently study-
ensemblee ion currents through all channels present in the 
somaticc membrane. A disadvantage of the whole-cell 
configurationn is that the endogenous intracellular milieu is 
partlyy washed out. 

Perforated-patchPerforated-patch configuration: 
Inn the perforated-patch configuration, a compound is 
includedd in the pipette solution that is able to form 
channelss in the membrane through which electrical access 
too the inside of the cell is obtained. Usually, antibiotics 
suchh as nystatin, amphotericin or gramicidin are used for 
this.. The channels formed by these antibiotics are only 
permeablee to ions and not to large molecules such as 
proteinss and therefore this technique allows one to record 
ionn currents through all channels in the soma of the 
neuron,, like in the whole-cell configuration, but without 
perturbationn of the intracellular milieu. 
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Abstract t 

Thee hyperpolarization-activated cation current Ih plays an important role in 
determiningg membrane potential and firing characteristics of neurons and 
thereforee is a potential target for regulation of intrinsic excitability. Here we show 
thatt an increase in AMPA-receptor dependent synaptic activity induced by (X-
latrotoxinn (a-LTX) or glutamate application as well as direct depolarization results 
inn an increase in Ih recorded from cell-attached patches in hippocampal CA1 
pyramidall  neurons. This mechanism requires Ca2+ influx but not increased levels of 
cAMP.. Artificiall y increasing Ih using a dynamic clamp during whole-cell current 
clampp recordings results in reduced firing rates in response to depolarizing current 
injections.. We conclude that modulation of somatic Ih represents a novel 
mechanismm of homeostatic plasticity, allowing a neuron to control its excitability in 
responsee to changes in synaptic activity on a relatively short-term time scale. 

Introductio n n 

Thee intrinsic excitability of neurons determines the translation from synaptic input 
too axonal output. Regulation of intrinsic excitability may therefore constitute a 
formm of cellular plasticity that controls the dynamic range of the input-output 
relationship.. Such a mechanism of cellular plasticity may exist in parallel to 
synapse-specificc mechanisms of plasticity like long-term potentiation and long-
termm depression. There is increasing evidence for the existence of mechanisms of 
plasticityy that are not synapse-specific, but act at the cellular level (Marder et a/., 
1996;; Turrigiano, 1999; Burrone et a/., 2002). Long-lasting changes in synaptic 
activityy over several days have been shown to modulate the intrinsic voltage-gated 
ionicc conductances that shape neuronal firing patterns (Turrigiano et a/., 1995; 
Desaii  et a/., 1999; Baines et a/., 2001). Modulation of voltage-gated conductances 
occurringg at a time scale of hours has also been reported (Golowasch et a/., 1999; 
Aizenmann eta/., 2003). However, under physiological conditions, where the level of 
synapticc activity can change quickly, modulation of somatic voltage-gated 
conductancess may be a potent mechanism to regulate excitability. It is unknown 
howeverr whether such a mechanism of plasticity exists on a relatively short-term 
timetime scale. 

Hyperpolarization-activatedd cation channels (Ih) are a subset of voltage-gated 
channelss that are important in determining intrinsic excitability. Ih channels, which 
aree permeable to both Na+ and K+ ions, operate in the subthreshold voltage range 
wheree they influence membrane potential, firing threshold and firing patterns as 
welll  as synaptic integration (Hille, 2001; Macaferri et a/., 1993; Pape, 1996; 
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Robinsonn & Siegelbaum, 2002; Magee, 1998; Magee, 1999). Here we show that 
somaticc Ih channels in rat hippocampal CA1 pyramidal neurons are subject to 
modulationn by an enhancement of synaptic activity on a time scale of tens of 
minutess and that this modulation reduces the excitability of these neurons. 

Methods s 

SliceSlice preparation and electrophysiology 

Parasaggitall  hippocampal slices (250 \xm) were prepared from 14- to 28-day-old 
malee Wistar rats (Harlan, Zeist, The Netherlands). Experiments were conducted 
accordingg to the ethics committee guidelines for animal experimentation of the 
Universityy of Amsterdam. After decapitation, the brain was rapidly removed and 
placedd in ice-cold artificial cerebrospinal fluid (ACSF) containing 120 mM NaCl, 
3.55 mM KC1, 2.5 mM CaCl2, 1.3 mM MgS04, 1.25 mM NaH2P04, 25 mM glucose, 
andd 25 mM NaHC03, equilibrated with 95% 02 and 5% C 02 (pH 7.4). 
Subsequendy,, slices were cut using a vibroslicer (752 M, Campden Instruments, 
Loughborough,, UK) and allowed to recover for 1 h at 31 °C. CA1 pyramidal 
neuronss were visualized with an upright Zeiss Axioskop with Hoffman modulation 
contrastt optics (Oberkochen, Germany) and a VX44 charge-coupled device 
cameraa (PCO, Kelheim, Germany). During voltage clamp experiments, slices were 
continuouslyy supervised with ACSF supplemented with 1 JJM tetrodotoxin 
(Latoxan,, Valence, France). Patch clamp recordings were made at room 
temperature. . 

Forr whole-cell voltage and current clamp experiments, patch pipettes were pulled 
fromm borosilicate glass and had a resistance of 2 - 4 MH when filled with 140 mM 
potassiumm gluconate, 10 mM Hepes, 5 mM EGT A, 0.5 mM CaCl2, 2 mM Mg-
ATP,, and 10 mM sucrose (pH 7.4 with KOH). In whole-cell voltage clamp 
experiments,, Ih channels in the somatic compartment (defined as the soma 
togetherr with the basal dendrites and the initial segment of the apical dendrite) 
weree isolated from the majority of dendritic Ih channels by placing a cut in stratum 
radiatumm parallel to the CA1 pyramidal cell layer, under the visual guidance of a 
dissectingg microscope. The distance of the cut from the pyramidal cell layer was 
determinedd once slices were placed into the recording chamber, and ranged from 
800 to 120 nm. Currents were activated by hyperpolarizing voltage steps (1000 ms) 
fromm a holding potential of —50 mV. Series resistance was compensated for 80%. 
Currentt signals in voltage clamp were filtered at 333 Hz and sampled at 1 kHz 
usingg an EPC9 amplifier and Pulse 8.31 software (HEKA Electronik, Lambrecht, 

32 2 



ChapterChapter 2 

Germany).. Voltage signals in current clamp were filtered at 3.33 kHz and sampled 
att 10 kHz. 

Forr experiments in the cell-attached configuration, patch pipettes were pulled from 
borosilicatee glass and had a resistance of 1.5 - 3 Mfiwhen filled with 120 mM 
NaCl,, 10 mM Hepes, 3 mM KC1, 1 mM MgCl2, and 1 ^M tetrodotoxin (pH 7.4 
withh NaOH). Note that in the cell-attached configuration, the pipette potential and 
thee resting membrane potential are positioned in series to form the local 
transmembranee potential over the patch, i.e. a pipette potential of 0 mV refers to 
thee resting membrane potential. In this recording configuration, applying a positive 
pipettee potential results in membrane hyperpolarization and applying a negative 
pipettee potential results in membrane depolarization, exactly opposite to sign 
conventionss in the whole-cell configuration. In the text and figures, we give 
membranee potentials relative to the resting membrane potential, but we use the 
standardd sign convention that negative potentials indicate a hyperpolarization and 
positivee potentials indicate a depolarization. Currents were evoked by 
hyperpolarizingg voltage steps (1000 ms) from a relative membrane potential of +20 
mV. . 

Too enhance synaptic activity, a-latrotoxin (a-LTX; dissolved in 50% glycerol, final 

concentrationn 0.15 nM in ACSF) was bath applied for 15 - 25 min (Capogna et al., 

1996).. The enhancement of synaptic activity by a-LTX was confirmed by separate 

experimentss in which miniature synaptic events were recorded in whole-cell 

voltagee clamp mode. Glutamate (100 |xM), y-aminobutyric acid (GABA, 100 \xM), 

ACSFF or KC1 (50 mM) were locally applied from a second pipette connected to a 

picospritzerr (General Valve, Fairfield, NJ) by short and repeated pressure 

applicationss of 100 ms for 4 s at 5 Hz at 10 s intervals. Hyperpolarization-activated 

currentss were recorded in the 10-s intervals. 

Too modulate intracellular Ca2+ levels, slices were incubated for 1 h with the 

membrane-permeablee Ca2+ chelator BAPTA-AM (dissolved in DMSO and diluted 

too a concentration of 50 \iM in ACSF; final DMSO concentration 0.05%). To 

blockk both low- and high-voltage-activated Ca2+ channels, Ni2+ (100 (J.M) and Cd2+ 

(1000 \iM) were bath-applied. Glutamatergic AMPA and NMDA receptors were 

blockedd with 50 |iM 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX) and 

1000 ^M of D(-)-2-amino-5-phosphonopentanoic acid (AP5). To assess the 

involvementt of cAMP, slices were incubated for 30 minutes with 8-

bromoadenosinee 3 \5'-cyclic monophosphate (8-Br-cAMP, 500 p.M) and 8-(4-

chlorophenylthio)) adenosine 3 ",5 s -cyclic monophosphate (500 \xM), To block Ih 
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channels,, ZD7288 (50 \xM) was bath applied during whole-cell experiments, and 
includedd in the pipette solution during cell-attached experiments. Chemicals were 
purchasedd from Sigma, Tocris or Molecular Probes. 

DynamicDynamic clamp 

Thee functional consequences of changes in Ih at the soma were investigated in 
whole-celll  current clamp recordings by using a dynamic clamp to artificially 
manipulatee the amplitude of Ih. A personal computer with data acquisition card 
(Nationall  Instruments, Austin, TX) sampled membrane voltage at 5 kHz and 
injectedd Ih with the same sampling rate. The voltage dependence of Ih was taken 
fromm the fit to Ih from our experiments (with V in mV): 

I h ( V ) == -. r-. The amplitude (Ihmax) was controlled bv the external 

stimuluss input of the HEKA amplifier. Rate constants (x(V) ~ 
1+exnff — 

8.3 3 
0.244 i ^ „ _ : i .̂u^  J.: ^ „ ^  ~- / \7\ _ 1 

0.071 1 

i W v + 1 08 8 

a ndd P ( V ) = 11 cxpf  V + 2 6 - 5 l  d e t e m l n ed t h e Ü m e C ° n S t a n tS T ( V ) = a(V)+|3(V) 

forr activation and deactivation. They were fit to the voltage range given in (Magee, 
1998)) and, after correction for temperature and Na+ concentration, matched to our 
ownn data set. To attain a fast and uniform response time of the real-time computer 
model,, the functions were tabulated with the 12-bit input and output resolution of 
thee hardware system. The properties of Ih in the dynamic clamp model were 
verifiedd in voltage clamp mode. 

Analysis Analysis 

Ihh recorded in the cell-attached configuration was leak corrected by using an online 
leakk subtraction protocol (P/4) in which leak pulses were determined from a 
relativee holding potential of +20 mV to a range of relative membrane potentials 
betweenn +22.5 and -20 mV. Current amplitude was determined as the mean value 
att 750 - 850 ms after the start of hyperpolarizing voltage steps. The time constant 
off  activation of Ih was determined by fitting a single exponential function to the 
startt of current traces. All values are given as mean  SEM. Statistical differences 
weree tested by nonparametric Mann-Whitney test or by Student's /-test. P < 0.05 
wass used to indicate a significant difference. 
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Results s 

CharacterizationCharacterization ofIhin the somatic compartment of CA1 pyramidal 

neurons neurons 

Hyperpolarization-activatedd currents were recorded in the whole-cell voltage clamp 
configurationn from CA1 pyramidal neurons in hippocampal slices. Because of the 
highh density of Ih channels in the distal dendrites of these neurons (Magee, 1998; 
Magee,, 1999; Poolos eta/., 2002; Lörincz eta/., 2002), somatic Ih was isolated from 
thee majority of dendritic Ih by cutting off the dendrites in the slices (see Methods). 
Stepp hyperpolarizations from a holding potential of -50 mV resulted in slowly 
activatingg inward currents (Fig. \A), which were blocked in the presence of 50 |uM 
2D72888 (Fig. \A). Ih was isolated by subtracting current traces before and after 
applicationn of ZD7288 (Fig. 1A). The I-V curve of somatic Ih displayed inward 
rectificationn and a threshold of activation of around -60 mV (Fig. IB). The 
activationn curve for somatic Ih was generated by determining tail current 
amplitudess and fitting the normalized amplitudes with a Boltzmann equation (Fig. 
\B\B Inset). The voltage-dependency of activation showed a voltage of half-maximal 
activationn of -86  2 mV and a slope parameter of 9.3  0.9 mV {n — 4). Somatic 
Ihh showed a typical slow activation time course (100 - 400 ms) that became faster 
withh deeper hyperpolarization (Fig. 1C) and Ih did not inactivate over a time period 
off  1000 ms. 

EnhancedEnhanced synaptic activity increases somatic Ih 

Too study whether synaptic activity can modulate Ih, a non-selective increase in 

synapticc activity in intact slices was induced by bath application of 0.15 nM a-LTX 

inn the presence of 1 |xM tetrodotoxin. Because Ih is highly sensitive to modulation 

byy intracellular components (Pape, 1996; Robinson & Siegelbaum, 2002), Ih was 

recordedd from somatic cell-attached patches of CA1 pyramidal neurons. 

Hyperpolarizingg voltage steps were applied from a relative membrane potential of 

+200 mV. Under control conditions, stepping to a relative membrane potential o f-

600 mV resulted in litde inward current (4  1 pA, Fig. 2B). Bath application of a-

LTXX for 15 - 25 minutes enhanced the synaptic activity in the slice throughout the 

durationn of recordings (Fig. 2A Inset). In 10 of 13 somatic patches, the enhanced 

synapticc activity increased the amplitude of Ih at a relative membrane potential o f-

600 mV approximately 8-fold to a mean value of 31 7 pA (P < 0.05, compared to 

control).. In the other three patches, no change in Ih amplitude was seen. The I-V 

curvee of Ih in the presence of a-LTX displayed inward rectification and a threshold 

forr activation at a relative membrane potential of ~0 mV, which corresponds to 
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thee cell's resting membrane potential (Fig. 2B). Tail current amplitudes of cell-
attachedd Ih were too small to accurately determine the voltage dependence of 
activation.. The cell-attached Ih had a slow time course of activation (300 - 900 ms), 
whichh became faster with deeper hyperpolarization (Fig. 2C~) and Ih showed no 
inactivation.. These results demonstrate that a period of enhanced synaptic activity 
inn the slice increases Ih on the soma of CA1 pyramidal neurons. 
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Fig.. 1. Characterization of somatic Ih in CA1 pyramidal neurons 
A..A.. Hyperpolarization-activated currents recorded in whole-cell mode with the majority- of the 

dendritess cut off. Currents were evoked by stepping from a holding potential of -50 mV to 

membranee potentials ranging from -60 to -120 mV in 10 mV decrements. Bath application of 50 uM 

ZD72888 blocked slow hvperpolanzation-activated currents and Ih was isolated by subtracting current 

tracess before and after addition of ZD7288. (Scale bars, 250 pA and 200 ms.) B. I-V relationship of 

somaticc Ih. (Inset) Boltzmann fit to the normalized current activation as a function of membrane 

potentiall  generated from tail current amplitudes measured 20 ms after step repolarization. C. Time 

constantt of activation of Ih, as determined by fitting a single exponential function to the rising phase 

off  current traces (Inset). (Scale bars, 100 pA and 100 ms.) Data represent mean  SEM of 4 - 5 cells. 
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Fig.. 2. Enhancement of synaptic activity by a-LT X induces an increase in somatic Ih 

A.A. Ih before (upper) and after (lower) bath application of 0.15 nM a-LTX for 15-25 min in the same 

cell.. Currents were recorded from somatic cell-attached patches of CA1 pyramidal neurons with 

intactt dendrites and were evoked by step hyperpolarizations from a relative membrane potential of 

+200 mV to potentials ranging from +30 to —60 in 10 mV decrements. (Scale bars, 25 pA and 250 

ms.)) Cartoons on the left are schematic representations of the recording configuration in the absence 

(upper)) and presence (lower) of a-LTX. Below cartoons, example traces of miniature synaptic events 

recordedd in a separate whole-cell experiment at a holding potential of -60 mV (Scale bars, 5 pA and 

2000 ms.) B. I-V curve of Ih before (filled symbols) and after (open symbols) bath application of a-

LTX .. C. Activation kinetics of Ih. A single exponential function (solid line in inset) was fitted to the 

risingg phase of Ih. (Inset) Example trace recorded at a relative membrane potential of -60 mV. (Scale 

bars,, 20 pA and 100 ms.) Data points represent mean  SEM of 6 - 10 cells. 

EnhancedEnhanced glutamatergic, but not GABAergic, activity increases 

somaticsomatic Ih 

Becausee the majority of synaptic terminals targeting CA1 pyramidal neurons are 
glutamatergic,, we determined whether glutamate mediates the activity-induced 
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increasee in Ih. Bath application of the AMPA receptor antagonist CNQX (50 (xM), 

subsequentt to inducing the a-LTX effect on Ih, reversed the increase in Ih 

amplitudee (Fig. 3A), suggesting a requirement for prolonged enhanced 

glutamatergicc activity via AMPA receptors in the a-LTX-induced effect. 

Therefore,, we studied whether direct pressure application of glutamate could 

mimicc the effect of a-LTX on Ih. Glutamate (100 [iM)  was applied by using short 

andd repetitive pressure application from a second pipette near the soma of the 

neuronn under investigation. Within 10 minutes of application, in 7 out of 9 

Relativee membrane potential (mV) 

-400 -20 0 +20 

a-LTX X 

B B 

< < 
-a -a 

Q. . 
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Fig.. 3. Enhanced glutamatergic activit y increases Ih 

A.A. I-V curve of cell-attached Ih recorded in the presence of 0.15 nM a-LTX (filled symbols) and after 

subsequentt bath application of the AMPA receptor antagonist CNQX (50 uM, open symbols). 

(Inset)) Current traces, recorded by stepping to a relative membrane potential of —60 mV in the 

presencee of a-LTX (lower) and after addition of CNQX (upper). (Scale bars, 20 pA and 250 ms.) B. 

Glutamatee or GABA was applied near the soma by short and repeated pressure application. Pressure 

applicationn of 100 [iM glutamate (filled circles) gradually increased the amplitude of Ih, whereas 

applicationn of 100 (xM GABA (open circles) had no detectable effect. Including 50 u,M ZD7288 

(openn squares) in the pipette solution prevented the increase in Ih. The cartoon is a schematic 

representationn of the recording configuration. Example current traces are shown that were recorded 

byy stepping to a relative membrane potential of —60 mV after glutamate (lower) and GABA (upper) 

application.. (Scale bars, 10 pA and 250 ms.) Data points represent mean  SEM of 4 - 7 cells. 
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patches,, glutamate induced a gradual increase in Ih amplitude recorded at a relative 
membranee potential of -60 mV from 1  1 pA to 36  8 pA at 30 minutes after 
thee start of glutamate application (P < 0.05 compared with control, Fig. 3B). In 
twoo patches, no change in Ih amplitude was seen. The gradual increase in Ih was 
preventedd by including 50 (iM ZD7288 in the pipette solution (1  1 pA at t = 30, 
nn — 7, Fig. 3£). Control recordings in which ACSF was pressure-applied did not 
showw an increase in Ih (5  4 pA at t = 30, n - 5, data not shown). Pressure 
applicationn of the inhibitory neurotransmitter GABA (100 |iM) had no detectable 
effectt on Ih (1  1 pA at t = 30, n - 5, Fig. 3B). This result suggests that up-
regulationn of Ih is specifically related to enhanced excitatory glutamatergic but not 
too inhibitory GABAergic activity, although decreases in Ih could escape detection. 

AMPA-receptorAMPA-receptor mediated depolarization and a rise in intracellular 
CaCa22**  concentration ([Ca2*])  are required for the increase in Ih 

Thee underlying mechanism of the glutamate-induced increase in Ih was further 

investigated.. In the continuous presence of 50 \xM CNQX, the glutamate-induced 

increasee in Ih amplitude was entirely prevented (Fig. AA). In the presence of 100 

\iM\iM  D(-)-2-amino-5-phosphonopentanoic acid, the glutamate-induced increase in 

Ihh was delayed and reduced in amplitude to approximately 30 - 50% (Fig. 4A), 

Thesee findings indicate that AMPA receptor activation alone can initiate the 

glutamate-inducedd increase in Ih, and that NMDA receptor activation has an 

additivee effect. 

Applicationn of glutamate will depolarize the cell, a finding confirmed by separate 
whole-celll  recordings showing that glutamate puffs induced a transient 
depolarizationn of 19  3 mV (n = 4). To test whether direct depolarization also 
modulatess Ih, we applied puffs of KC1 (50 mM) near the soma of neurons causing 
inn whole-cell experiments a transient depolarization of 18  3 mV {n — 4). In 4 of 
55 cell-attached patches, puffs of KC1 increased Ih with a similar time course as the 
glutamatee puffs. The mean amplitude of Ih at a relative membrane potential of -60 
mVV after 30 minutes of KC1 application was 120  12 pA {n - 5, data not shown). 

Becausee AMPA receptor-mediated depolarization and direct depolarization are 

likelyy to cause Ca2+ influx through voltage-gated Ca2+ channels, we studied the role 

off  intracellular Ca2+ in the modulation of Ih- In the presence of Ni2+ (100 (J.M) and 

Cd2++ (100 (J.M), which block both low- and high-voltage-activated Ca2+ channels, 

glutamatee application failed to induce an increase in Ih amplitude (Fig. 4B), 

suggestingg that a rise in intracellular Ca2+ via voltage-gated Ca2+ channels is 

requiredd for the modulation of Ih. This result was corroborated by the finding that 
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bufferingg of [Ca2*] ; by incubating slices with the membrane-permeable analogue of 

thee high affinity Ca2+ chelator BAPTA (50 |lM), prevented the increase in Ih for up 

too 20 min after the start of glutamate application (Fig. 413). 

Ihh channels are susceptible to modulation by cAMP (McCormick & Pape, 1990; 
Ingramm & Williams, 1996; Luthi & McCormick, 1999; Pedarzam & Storm, 1995). 
Too investigate the involvement of cAMP in the increase in Ih, we incubated slices 
withh the membrane-permeable analogues 8-bromoadenosine 3',5'-cyclic 
monophosphatee (8-Br-cAMP, 500 uM) and 8-(4-chlorophenylthio) adenosine 
3',5'-cyclicc monophosphate (500 \xM). After incubating slices for 30 minutes with 
eitherr 8-Br-cAMP or 8-(4-chlorophenylthio) adenosine 3',5'-cyclic 
monophosphate,, recordings from cell-attached patches showed an mean Ih 
amplitudee at a relative membrane potential of —60 mV of 3  1 pA (8-Br-cAMP, n 

—— 8) and 2  1 pA (8-(4-chlorophenylthio) adenosine 3',5~-cyclic monophosphate, 
nn — 3), which is not significantly different from control amplitudes, suggesting that 
ann elevation of cAMP is not sufficient to induce an increase in cell-attached Ih and 
thatt the 8-fold increase in Ih induced by glutamate is likely to be mediated by a 
cAMP-independentt mechanism. 

AA Time (min) R Time (min) 

Fig.. 4. AMP A receptor  activation and a rise in [Ca2+] j  are required for  the glutamate-induced 

increasee in Ih 

A.A. Time course of the amplitude of Ih, recorded at a relative membrane potential of -60 mV during 

applicationn of 100 uM glutamate (filled circles). In the continuous presence of 50 uM CNQX (open 

squares),, the glutamate-induced increase in Ih was absent, whereas in the continuous presence of 100 

uMM D(-)-2-amino-5-phosphonopentanoic acid (AP5, open circles), the increase in Ih was reduced and 

itss onset delayed. B. The continuous presence of 100 uM Ni2+ and 100 U.M Cd2+ (open squares) 

preventedd the increase in Ih. The effect of glutamate on Ih was prevented for up to 20 minutes after 

thee start of glutamate application by loading the cells with 50 uM BAPTA-AM to buffer intracellular 

Ca2++ (open circles). Data points represent mean + SEM of 4 - 7 cells. 
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IncreasedIncreased Ih reduces intrinsic excitability 

Givenn the pivotal role of Ih in determining intrinsic excitability, we set out to 
determinee the functional consequences of changes in somatic Ih on the firing 
behaviorr of CA1 pyramidal neurons. To effectively control the amplitude of Ih at 
thee soma during whole-cell current clamp recordings, we used a dynamic clamp to 
artificiallyy change Ih- Under control conditions, hyperpolarizing current injections 
evokedd a hyperpolarization with a characteristic depolarizing sag reflecting the slow 
activationn of Ih (Fig. SA). In response to increasing depolarizing current injections, 
neuronss fired with rates of up to 29 spikes per s. When the endogenous Ih was 
counteractedd by the dynamic clamp, the depolarizing sag was obliterated, and firing 
ratess tended to increase (Fig. 5A). Conversely, increasing Ih with the dynamic 
clampp resulted in a more pronounced depolarizing sag on hyperpolarization and 
stronglyy decreased firing rates in response to depolarizing current injections (Fig. 
5A). 5A). 

Changess in Ih will affect the input resistance of the neuron; therefore, the input 

resistancee was determined from hyperpolarizing current injections (-200 to —50 

pA)) by using the slope of the I-V relationship in the linear range. Artificiall y 

counteractingg the endogenous somatic Ih increased the input resistance from 100 + 

133 MQ to 144  28 MQ (n — 3), whereas increasing Ih decreased the input 

resistancee (Fig. 5B). The glutamate-induced increase in Ih found in the cell-attached 

recordingss was approximately 2 -8 fold over the entire voltage range (see Fig. 2B). 

Therefore,, we increased the amplitude of Ih by a factor of 3, 6 or 9 times the mean 

Ihh amplitude in the somatic compartment as recorded in separate whole-cell 

voltagee clamp recordings (see Fig. 1). In the control situation, the average input 

resistancee was 102  9 MQ, which decreased to 74  5 MQ with 3x Ih, to 65  3 

MQQ with 6x Ih and to 58  2 MQ with 9x Ih (P < 0.05, « = 6 in all cases). 

Thee effect of increased Ih on firing rate was expressed as the percentage of control. 
Fig.. 5C shows that increasing Ih 6 or 9 times decreased firing rates over the entire 
rangee of current injections. The largest effect was found with the smallest current 
injections,, indicating that Ih most strongly affects firing rates at membrane 
potentialss that are relatively close to resting membrane potential. The relationship 
betweenn firing rate and injected current, the input-output relationship, is shifted to 
thee right as illustrated in Fig. 5D for the condition with 9x Ih. These results indicate 
thatt because of the reduced input resistance with increased Ih, a larger current 
injectionn is required to achieve a certain firing rate. 

41 1 



Activity-dependentActivity-dependent plasticity of neuronal excitability 

Control l 

++ 175 pA 

-2000 pA 

Control l 
+9xlh h 

-r--
00 100 200 300 400 

Currentt injection (pA) 

o o 
c c 
n n u u 

n n 
- £ £ 

(1) ) 

m m 

n n 
< < 

100 0 
80 0 
60 0 

4Ü Ü 
20 0 

T 6 x l h. . 

l 9x l h h * * 
1 1 

T"T^ — — 

* * 

—1 1 

* * 

1 1 

* * 

1 1 

1000 175 250 325 
Currentt injection (pA) 

nn r 
-800 -60 -40 -20 

Membranee potential (mV) 

Fig.. 5. Increased Ih reduces intrinsi c excitability of CA1 pyramidal neurons 
A.A. Firing responses to a depolarizing (175 pA) current injection and hyperpolarizing (-50, -125 and -
2000 pA) current injections. Counteracting Ih by using a dynamic clamp abolished the depolarizing sag 
andd tended to increase firing rate, whereas increasing Ih resulted in a more prominent sag and 
decreasedd firing rate. A DC current was used to set the resting membrane potential at —60 mV. (Scale 
bars,, 50 mV and 200 ras.) B. Input resistance was calculated from the linear range (-200 to -50 pA) of 
I-VV relationships determined at the end of voltage traces in control situation (filled circles), with 
counteractedd It, (triangles) and with increased Ih (open circles). C. Firing rates in response to 
depolarizingg current injections expressed as the percentage of control firing rates. Three different 
levelss of Ih were used: 3x (triangles), 6x (filled circles) and 9x (open circles) the average somatic Ih as 
determinedd from separate whole-cell voltage clamp recordings (see Fig. 1). Asterisks indicate 
significantt differences from control. D. Firing rate as a function of depolarizing current injection for 
9xx Ih. Compared with control (filled symbols), the input-output relationship is shifted to the right 
withh increased Ih (open symbols). E. Firing rate as a function of the membrane potential in a separate 
sett of experiments in which no DC current was applied in control situation (closed symbols) and with 
increasedd Ii, (open symbols). With increased Ih, the input-output relationship is shifted toward more 
depolarizedd potentials. Data points represent mean  SEM of 5 - 6 cells. 

Inn all of these experiments, a DC current was injected to keep resting membrane 
potentialss at -60 mV. However, under physiological conditions, increased Ih will 
alsoo affect resting membrane potential and cause a small depolarization. A separate 
sett of experiments was performed in which neurons were allowed to depolarize as 
aa result of the increase of Ih. The depolarization amounted to 5 + 1 mV for 3x Ih, 9 
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 1 mV for 6x Ih and 12  1 mV for 9x Ih (P < 0.05, n - 5 in all cases). Plotting 
thee firing rate as a function of the voltage (the sum of the membrane potential and 
thee depolarization induced over the decreased input resistance) showed that the 
dynamicc range of the input-output relationship was shifted toward more 
depolarizedd potentials (Fig. 5E). Thus, the two parameters that are associated with 
ann increase in Ih (a decreased input resistance and a depolarization) together shift 
thee output range of CA1 pyramidal neurons in such a way that a higher level of 
excitationn is required to reach a certain firing rate. The increase in Ih on enhanced 
excitatoryy synaptic activity can therefore serve as a homeostatic mechanism to 
controll  intrinsic excitability. 

Discussion n 

Ourr experiments demonstrate that an enhancement of glutamatergic synaptic 
activityy gradually increases the amplitude of Ih at the soma of hippocampal CA1 
pyramidall  neurons on a time scale of tens of minutes. This modulation depends on 
AMPA-receptor-mediatedd depolarization and on a rise of [Ca2+]i and it appears to 
bee cAMP-independent. Increasing Ih by using the dynamic clamp showed that 
increasedd Ih shifts the input-output relationship towards more depolarized 
potentialss and that this mechanism can therefore serve as a homeostatic 
mechanismm in response to enhanced excitatory synaptic activity. It has previously 
beenn shown that long-lasting changes in synaptic activity modulate voltage-gated 
conductancess at a time-scale of hours to days (Turrigiano et a/., 1995; Desai et al, 
1999;; Baines et al, 2001; Golowasch et al., 1999; Aizenman et al., 2003). Together 
withh other recent studies (Aizenman & Linden, 2000; Egorov et al., 2002; Nelson et 
al.,al., 2003), the results described here suggest that more rapid mechanisms of cellular 
plasticityy also exist. To our knowledge however, this is the first study that reports 
directt evidence for a homeostatic modulation of voltage-gated conductances on a 
relativelyy short-term time scale. 

Thee effect of enhanced synaptic activity on Ih amplitude was specifically related to 
glutamatergicc excitatory activity, whereas GABAergic inhibitory activity had no 
detectablee effect on Ih amplitude (Fig. 3B). AMPA-receptor-mediated 
depolarizationn as well as direct depolarization by KC1 increased Ih, and preventing 
aa rise in [Ca2+]j by blocking Ca2+ influx or by buffering [Ca2+]i abolished or reduced 
thee increase of Ih (Fig. 4B). Because AMPA receptors on CA1 pyramidal neurons 
havee a low Ca2+ permeability (Burnashev et al., 1992), we hypothesize that AMPA 
receptor-mediatedd depolarization results in Ca2+ influx through NMDA receptors 
andd voltage-gated Ca2+ channels. It therefore seems likely that depolarization-
inducedd Ca2+ influx is the primary requirement for up-regulation of Ih. Because of 
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technicall  limitations, it proved difficult to test the bidirectionality of this effect. 
However,, once induced, the increase in Ih could be reversed by blockade of AMP A 
receptorss (Fig. 4A), indicating that factors that direcdy or indirecdy reduce 
intracellularr Ca2+ could potentially decrease Ih. 

AA rise in [Ca2+]i can trigger several intracellular messenger pathways. The relatively 
sloww time-course of Ih modulation suggests that it is not Ca2+ itself but rather the 
activationn of downstream intracellular pathways that leads to modulation of Ih. In 
linee with this hypothesis, we could not reproduce the large effect of a-LTX or 
glutamatee application on Ih in whole-cell recordings (increase in Ih amplitude of 9.4 

 0.2%, n = 6, not shown). The large increase in Ih could not be mimicked by 
elevatingg cAMP levels, suggesting a Ca2+-dependent, but cAMP-independent 
modulation.. It therefore seems likely that the modulation of Ih requires the 
convergentt action of several factors, including AMPA-receptor-mediated 
depolarization,, a rise in [Ca2+]j and the activation of signaling pathways 
downstreamm of Ca2+. 

Althoughh the previously reported studies on the modulation of intrinsic voltage-
gatedd conductances after long-lasting changes in activity (Turrigiano et aL, 1995; 
Desaii  et aL, 1999; Baines et aL, 2001; Golowasch et aL, 1999; Aizenman et aL, 2003) 
mayy involve the synthesis and incorporation of new ion channels, the more rapid 
timetime course of the effects observed here suggests the modulation of existing ion 
channelss or alternatively the insertion of spare ion channels into the membrane. In 
experimentss using a-LTX, 3 of 13 patches did not show an increase in Ih 
amplitudes,, and with glutamate application, 2 of 9 patches also did not show an 
increasedd Ih. Because of the cell-attached configuration, the sampling of currents is 
restrictedd to a relatively small fraction of the somatic membrane. Regional 
differencess in either existing or inserted channel densities may therefore underlie 
thee large variation found in the increase of Ih in somatic patches. 

Irrespectivee of the precise mechanism underlying the modulation of somatic Ih, the 
resultss of this study suggest that this form of modulation may be a potent 
mechanismm to regulate intrinsic excitability and therefore represents a mechanism 
off  cellular plasticity that acts on a relatively short-term time scale. Several forms of 
cellularr plasticity exist in addition to, and in cooperation with synapse-specific 
formss of plasticity (Marder et aL, 1996; Turrigiano, 1999; Burrone et aL, 2002). 
Interestingly,, synapse-specific mechanisms of plasticity commonly thought to 
underliee learning and memory, such as long-term potentiation and long-term 
depression,, take place on a time scale similar to that of the effects described in this 
studyy and also involve the concurrent action of glutamate receptors and [Ca2+]i . 
Presynapticc Ih channels have been suggested to play an important role in several 
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formss of long-term synaptic plasticity (Beaumont et a/., 2002; Mellor et a/., 2002, 
butt see Chevaleyre & Castillo, 2002). Whether the modulation we describe here 
alsoo affects presynaptic It, channels remains to be determined. 

Ihh channels are present in much lower densities at the soma than at the dendrites of 
CA11 pyramidal neurons (Magee, 1998; Magee, 1999; Poolos et al., 2002; Lörincz et 
a/.,a/., 2002). Dendritic Ih channels play an important functional role in determining 
thee integrative properties of dendrites by dampening dendritic excitability and 
normalizingg temporal summation (Magee, 1998; Magee, 1999; Poolos et a/., 2002). 
I tt is yet unknown whether dendritic Ih channels are also modulated in response to 
changess in synaptic activity or whether the mechanism we describe here is typically 
confinedd to the somatic compartment. In CA1 pyramidal neurons, the levels of Ih 
increasee approximately 7-fold from the soma towards the distal dendrites (Magee, 
1998).. If the mechanism we describe here is typically confined to the somatic 
compartment,, it could function to locally regulate and control action potential 
generation.. If the increase in Ih in response to excitatory synaptic activity is 
uniformlyy present in all neuronal compartments, it most likely serves as a general 
homeostaticc cellular mechanism to dampen excitability and thus to scale the output 
off  CA1 pyramidal neurons according to the level of excitatory input they receive. 

Acknowledgements s 
Wee thank Sascha du Lac for discussions and comments on the manuscript, Marian 
Joelss and Fernando Lopes da Suva for their comments on an earlier version of the 
manuscript,, and Oscar van den Bosch for writing the dynamic clamp model. 
J.A.v.H.. is supported by a fellowship from the Royal Netherlands Academy of Arts 
andd Sciences. 

45 5 





CHAPTE RR 3 

Activity-dependentt  synaptic modulation of somatic 
I hh depends on intracellular  Ca2+ levels 

IngridIngrid van Welie, Johannes A. van Hooft & Wjtse]. Wadman 

InIn preparation 





ChapterChapter 3 

Abstract t 

Thee hyperpolarization-activated current Ih is an important determinant of 
membranee excitability and is rapidly upregulated by direct glutamate stimulation 
(Vann Welie et a/., 2004). Here we report that low-frequency stimulation of proximal 
Schafferr collateral synapses also upregulates Ih in CA1 pyramidal neurons. Upon 
repeatedd 5 Hz stimulation, Ih gradually increased within 5 - 10 minutes after the 
startt of stimulation and during ongoing stimulation, remained upregulated for at 
leastt 30 minutes. High and low concentrations of the slow Ca2+ buffer EGTA were 
usedd to examine the effect of intracellular Ca2+ levels on the increase of Ih. With 
loww internal Ca2+ buffer, Ih increased rapidly to a steady-state level that was 
maintainedd for the duration of the recording. With high internal Ca2+ buffer, Ih 
upregulationn occurred more slowly and gradually in time. After 30 minutes of 
stimulationn however, Ih amplitudes reached similar levels with both high and low 
concentrationss of Ca2+ buffer. The maximal Ih conductance had increased after 30 
minutess of stimulation from 5.1  0.5 nS to 8.3  0.6 nS, with no changes in the 
voltage-dependentt properties of Ih. The increase in Ih decreased the input 
resistancee of CA1 neurons and consequendy reduced membrane excitability in 
responsee to depolarizing current injections. With low Ca2+ buffering, an additional 
effectt on excitability was noted, that caused a type of EPSP-spike potentiation, 
whichh together with the increase in Ih resulted in a net excitability of pyramidal 
neuronss that did not differ from control. These results indicate that low-frequency 
stimulationn of Schaffer collaterals rapidly upregulates Ih and that intracellular Ca2+ 

levelss determine the rate of Ih increase. 

Introductio n n 

Thee hyperpolarization-activated current Ih plays an important role in controlling 
membranee excitability and synaptic integration and Ih channels are sensitive to 
intracellularr modulation by signaling pathways (Pape, 1996; Robinson & 
Siegelbaum,, 2002). Recently, we reported that homeostatic modulation of Ih occurs 
inn response to enhanced glutamatergic drive onto rat hippocampal CA1 pyramidal 
neuronss (Van Welie et al, 2004). Ih on the soma of CA1 pyramidal neurons is 
upregulatedd by glutamate stimulation on a time scale of minutes, a mechanism 
mediatedd by AMPA receptor-mediated depolarization and depolarization-induced 
Ca2++ entry. The increase in Ih decreases the excitability of CA1 neurons, and 
thereforee serves as a homeostaticc mechanism to regulate excitability. This is one of 
feww recent findings which describe homeostatic plasticity of intrinsic excitability 
mediatedd by modulation of voltage-gated ion channels (Nelson et a/., 2003; Baines, 
2003). . 
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Inn contrast to rapidly induced homeostatic plasticity of excitability, which is a form 
off  plasticity that compensates for changes in network activity, several studies have 
shownn that rapidly induced plasticity of excitability occurs that reinforces changes 
inn activity (Aizenman & Linden, 2000; Armano et al., 2000; Egorov et al., 2002; 
Cudmoree & Turrigiano, 2004). Together, these studies show that rapid regulation 
off  intrinsic excitability exists in several preparations and in response to various 
stimuli.. The mechanisms involved can have strong implications for how local 
learningg rules are enforced in neuronal networks. For example, several studies that 
focusedd on the underlying mechanisms of synaptic potentiation, reported that 
synapticc potentiation can be accompanied by local changes in membrane 
excitabilityy that involve the modulation of voltage-gated ion channels (Wang et al, 
2003;; Fricker & Johnston, 2001; Frick et al, 2004). It remains an open question 
however,, whether changes in intrinsic excitability that accompany processes of 
synapticc potentiation require high-frequency stimulation or correlated pre-and 
postsynapticc activity to occur or whether such mechanisms can readily be induced 
byy lower and more physiological network activity. 

Therefore,, we investigated whether a low-frequency synaptic stimulation that 
hardlyy affects synaptic properties is able to modulate Ih in an equivalent manner as 
previouslyy shown using direct glutamate application. We report that low-frequency 
stimulationn of Schaffer collaterals rapidly increases Ih in CA1 pyramidal neurons 
andd that the rate of increase is determined by intracellular Ca2+ levels. The 
upregulationn of Ih reflects a change in maximal conductance, with no changes in 
thee voltage-dependent properties of Ih, and serves to reduce membrane excitability. 

Methods s 

PreparationPreparation of slices 

Parasaggitall  slices of the hippocampus (350 fim) were prepared from male 5 - 6 
weekk old Wistar rats (Harlan, Zeist, The Netherlands). Experiments were 
conductedd according to the ethics committee guidelines of animal experimentation 
off  the University of Amsterdam. After decapitation, the brain was rapidly removed 
andd placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 120 
NaCl,, 3.5 KC1, 2.5 CaCl2, 1.3 MgS04, 1.25 NaH2P04, 25 glucose, and 25 
NaHC03,, equilibrated with 95% 02 and 5% C 02 (pH = 7.4). Subsequentiy, slices 
weree cut using a vibroslicer (VT1000S, Leica Microsystems, Nussloch, Germany) 
andd were allowed to recover for 1 hour at 31 °C. 
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ElectrophysiologicalElectrophysiological recordings 

CA11 pyramidal neurons were visualized with an upright Zeiss Axioskop 

(Oberkochen,, Germany) with Dodt modulation contrast optics and with a VX44 

CCDD camera (PCO, Kelheim, Germany). Patch clamp recordings were made at 33 

-- 36 °C. For whole-cell somatic recordings, patch pipettes were pulled from 

borosilicatee glass and had a resistance of 2 - 4 MH when filled with either (in mM): 

1400 K-Gluconate, 10 HEPES, 5 EGTA, 0.5 CaCh, and 2 Mg-ATP (pH = 7.4 with 

KOH),, or: 140 K-Gluconate, 10 HEPES, 0.5 EGTA, and 2 Mg-ATP (pH = 7.4 

withh KOH). Ih was characterized by voltage-clamping cells at -50 mV and evoking 

currentss by hyperpolarizing voltage steps (1 s). Series resistance was 6 - 20 MH 

duringg whole-cell recordings and was compensated for 75 - 80%. Current signals in 

voltagee clamp were acquired at 1 kHz and filtered at 500 Hz and voltage signals in 

currentt clamp were acquired at 10 kHz and filtered at 3.3 kHz using an EPC9 

amplifierr and Pulse 8.31 software (HEKA Electronik, Lambrecht, Germany) run 

onn an Apple Mac G3 computer. No correction was made for liquid junction 

potentials.. A pair of tungsten stimulation electrodes (tip diameter of 1 \iu\, 

separatedd by ~70 |xm) was used to stimulate Schaffer collaterals. The intensity of 

thee bipolar 200 (is stimuli ranged from 100 - 700 \xA and electrodes were placed 

withinn 200 (xm below the stratum pyramidale and near the recorded neuron. 

Extracellularr recordings were made by placing an extracellular recording electrode 

nearr the recording pipette in the stratum pyramidale. 

DataData analysis 

Forr whole-cell experiments, hyperpolarization-activated currents were leak 
correctedd off-line using a custom-made procedure in Igor Pro (Wavemetrics, 
Oregon,, USA). The time constant of activation of Ih was determined by fitting a 
singlee exponential function to the start of current traces. Conductance (G) as a 
functionn of voltage (V) was calculated as follows: 
G(V)=I h(V) / (V-V«v ) ) 
wheree Vrev is the reversal potential of Ih. 
Thee relationship between conductance and voltage was fitted by a Boltzmann 
equation n 
G(V)) = Gmax / l+exp(Vh - V/V c) 
wheree Vh is the potential of half-maximal activation, Vc is the slope parameter and 
Gmaxx is the maximal conductance. Sag ratios were calculated by dividing the 
steady-statee voltage by the peak voltage response to a hyperpolarizing current 
injectionn of 200 pA. The input resistance of neurons was determined from voltage-
responsess at the end of hyperpolarizing current injections. All values are given as 
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meann  SEM. Statistical differences were tested by a paired or unpaired Student's 
/-testt as appropriate. P < 0.05 is used to indicate a significant difference. 

Results s 

LowLow frequency stimulation ofSchaffet Collaterals 

Too study whether electrical stimulation of Schaffer collaterals can induce 
modulationn of Ih, neurons were voltage-clamped at -65 mV and a low-frequency 
stimulationn paradigm was used that consisted of 5 Hz stimulation for 4 seconds, 
repeatedd every 15 seconds. In the time period between stimulation, a l s 
hyperpolarizingg current injection was given to determine Ih amplitude. In current 
clamp,, the intensity of stimuli was set so that subthreshold EPSPs were evoked. 
Duringg the train of 21 EPSPs, there was a slight facilitation of EPSP amplitude and 
thee intensity of die stimuli were adjusted so that all EPSPs were subthreshold, 
includingg the last EPSPs, with an amplitude ranging between 4 - 10 mV (Fig. \A). 
Inn voltage clamp, the same facilitation in EPSC amplitude was noted (Fig. \A). In 
mostt neurons, at a holding potential of -65 mV, a GABAergic inhibitor)7 

componentt was initially present, that was variable in amplitude. In every neuron in 
whichh this component was present, it disappeared in time and after 30 minutes of 
stimulationn it had in most cases entirely disappeared (data not shown). 

Too characterize the effect of the low-frequency stimulation on the field synaptic 
propertiess in the CA1 area, an extracellular electrode recorded field potentials in 
thee stratum pyramidale, which was placed near the recording electrode. Field 
EPSPss generated with each bipolar stimulation within the 4 s stimulations were 
averagedd and EPSP amplitude was followed in time. This showed that compared 
too the mean EPSP (2.3  0.6 mV) recorded during the first 4 sec stimulation, 
EPSPP amplitudes had not increased significantly after approximately 20 minutes of 
stimulationn (2.9  0.3 mV, n — 5, Fig. IB). Thus, this low-frequency stimulation 
paradigmm does not induce a long-lasting change in synaptic properties. 

IntracellularIntracellular  Cs?+ levels determine the rate ofIh increase 

Previously,, we have shown that upregulation of Ih can be prevented by use of 
BAPTA,, which is a fast Ca2+ buffer (Van Welie et al, 2004). To investigate further 
howw intracellular Ca2+ levels affect Ih, we used high (5 mM) and low (0.5 mM) 
internall  concentrations of the slow Ca2+ buffer EGTA. In both conditions, low-
frequencyy stimulation resulted in an increase in Ih amplitude (Fig. 2A), but Ih 
increasedd with different rates with high and low internal Ca2+ buffering. 
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Fig.. 1. Low frequency stimulation of Schaffer  Collateral synapses 
A.A. The stimulus protocol used to induce Ih upregulation consisted of a 5 Hz stimulation for 4 
secondss that was repeated every 15 seconds. In between stimulations, a hyperpolarizing current 
injectionn was given to determine Ih amplitude. In current clamp (CC) this stimulation evoked 
subthresholdd EPSPs that showed some facilitation during the train, a phenomenon that was also seen 
onn EPSCs in voltage clamp (VC). B. Field potentials during repeated low-frequency stimuli were 
recordedd in the stratum pyramidale. Data points indicate mean  SEM of 6 cells. 

Thus,, with low internal Ca2+ buffer, Ih started to increase within 5 - 10 minutes of 
stimulation,, and reached a steady-state level within 2 - 3 minutes, which was 
consequentlyy maintained throughout the duration of the recording (Fig. 2A). With 
highh Ca2+ buffer, Ih increased more slowly and gradually. In both situations 
however,, normalized Ih amplitudes reached the same level after approximately 25 
minutess of stimulation (at t = 25, low EGTA: -1.43  0.10; high EGTA: -1.39
0.11,»== 5, Fig. 1A). 

Withh low internal Ca2+ buffer, after 30 minutes of stimulation, the EPSP that was 
sett below threshold at the start of stimulation now induced neurons to fire in 
responsee to the same intensity of stimuli as used at the start of stimulation (Fig. 
IB).IB). This effect was present in all neurons tested and did not occur when high 
internall  Ca2+ buffer was used. With high Ca2+ buffer, only a slight increase in 
EPSPP amplitude was noted (Fig. 26). Thus, low postsynaptic Ca2+ buffering during 
repeatedd low-frequency stimulation induces an increase in excitability that leads to 
aa type of EPSP-spike potentiation. 
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Thesee results show that low frequency Schaffer collateral stimulation upregulates Ih 
withh a time-course that is comparable to that found with glutamate-induced 
upregulationn of Ih (Van Welie et al, 2004) and that internal Ca2+ levels determine 
thee rate of Ih increase. 

0.55 mM EGTA 

T-J--
r r 

55 mM EGTA 

II 500 ms 

12500 | pA A 

r r 

tt = 0 

t== 10 

tt = 30 

Q. . 

E E 
-0.55 -

-1.0 0 

-1.5 5 

-2.0 0 

Timee (minutes) 
55 10 15 20 25 30 

.. 5 mM EGTA 
oo 0.5 mM EGTA 

BB 0.5 mM EGTA 55 mM EGTA 

tt = 0 tt = 30 tt = 0 

5mV V 

1000 ms 

tt = 30 

Fig.. 2. Intracellula r  Ca2+ levels determine the rate of Ih increase 
A.A. With both low (0.5 mM, open circles) and high (5 mM, closed circles) internal concentrations of 
thee slow Ca2+ buffer EGTA, low-frequency stimulation increased Ih. The rate of Ih increase however 
differedd considerably between both conditions. Example traces are currents in response to a 
hyperpolarizingg step of -100 mV. Data points indicate the mean  SEM of 5 cells. B. With low 
internall  Ca2+ buffering, previously subthreshold EPSP induced action potentials after 30 minutes of 
stimulation.. Action potentials at t = 30 in the 0.5 mM EGTA condition are reduced for displaying 
purposes.. With high internal Ca2+ buffering, only a slight increase in EPSP amplitude was seen. 
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IncreaseIncrease in Ih reflects an increase in maximal conductance 

Inn both conditions of internal Ca2+ buffering, Ih amplitudes reached similar levels 
afterr 30 minutes of stimulation. We therefore determined the properties of Ih 30 
minutess after the start of stimulation in both conditions and this showed that there 
weree no differences in Ih properties and degree of upregulation with either high or 
loww Ca2+ buffer. Therefore, the results were pooled. From a family of 
hyperpolarizingg current traces (Fig. 3/4), I-V relationships were determined before 
andd after 5 Hz stimulation. This showed that in control condition and after 
stimulation,, the I-V relationship displayed inward rectification and that the 
thresholdd for activation was around -60 mV (Fig. 3B). Conductance of Ih was 
calculatedd as a function of voltage and then fitted with a Boltzmann equation. This 
showedd that the maximal conductance for Ih was 5.1  0.5 nS in control condition, 
whichh increased to 8.3  0.6 nS after 30 minutes of low-frequency stimulation (P < 
0.05,, n — 13, Fig 3Q. The potential of half maximal activation (Vh) and the slope 
parameterr (Vc) did not significantly differ before (-77.9 7 mV and 9.6  0.4 
mV)) and after 5 Hz stimulation (-79.1  2 mV and 9.1  0.2 mV). 

Thee different subunits that underlie Ih display different kinetics (Moosmang et al.y 

2001;; Ishii et a/., 2001; Chen et a/., 2001). To determine whether the increase in Ih 
resultss from subunit specific modulation, we determined the activation kinetics of 
Ihh before and after low-frequency stimulation. Current traces were fitted with a 
singlee exponential function, yielding the time constant of activation as a function 
off  voltage. The rate of Ih activation typically increased with increasing 
hyperpolarization,, but there were no changes in activation kinetics after 5 Hz 
stimulationn (Fig. 3D). 

Thesee results indicate that the synaptically induced upregulation in Ih reflects a 
changee in maximal conductance without changes in the voltage-dependent 
propertiess of Ih. 

UpregulationUpregulation ofIh decreases intrinsic excitability 

Thee effect of increased Ih on intrinsic excitability was investigated by determining 
input-outputt relationships in current clamp mode before and after low-frequency 
stimulation,, after the effects on Ih had been established in voltage-clamp mode. 
Thus,, a range of current injections were given from a resting membrane potential 
off  -65 mV. In control condition, hyperpolarizing current injections were 
accompaniedd by the typical depolarizing sag resulting from the activation of Ih (Fig. 
4/4).. Depolarizing current injections induced firing once threshold was reached 
andd CA1 pyramidal neurons fired up to 34 action potentials/s in response to the 
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Fig.. 3. Increase in Ih reflects an increase in maximal conductance 
A.A. Family of Ih current traces in response to a range of hyperpolarizing steps between -50 and -120 
mVV before and after 30 minutes of low-frequency stimulation. Capacitance transients were reduced 
forr displaying purposes. B. I-V relationship of Ih before (closed circles) and after (open circles) 
stimulation.. C. Mean conductance of Ih as a function of voltage before and after stimulation. D. Time 
constantss of activation of Ih as a function of voltage before and after stimulation. All data points 
representt the mean  SEM of 13 cells. 

largestt current injection of 500 pA. After 30 minutes of stimulation, different 
effectss on excitability were obtained with high and low internal Ca2+ buffer. With 
loww internal EGTA, no change in firing frequency was noted in response to 
depolarizingg current injections (Fig. 4B). With high internal EGTA however, firing 
frequenciess were considerably reduced in response to current injections (Fig. 4B). 
Thee input-output relationship was shifted to the right, indicating an increased 
thresholdd for synaptic activity to evoke action potentials. In both internal Ca2+ 

bufferingg conditions, the increase in Ih decreased the sag ratio (sag ratio decreased 
fromm 0.82  0.02 to 0.74  0.03, n = 13, P < 0.05) and reduced the input resistance 
(fromm 70  3 MQ to 47  3 MQ, n = 13, P < 0.05). The increase in Ih also 
depolarizedd the resting membrane potential (AV: 4 +1 mV, n — 7, P < 0.05). 
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Inn addition, in both conditions, low-frequency stimulation changed the shape of 
actionn potentials. Most notably, stimulation affected the afterhyperpolarization of 
actionn potentials. Thus, after stimulation, the afterhyperpolarization (AHP) was 
reducedd in all neurons tested (Fig. AC). The reduction in AHP, determined from 
thee last action potential during trains of action potentials in response to a current 
injectionn of 250 pA was 4.2  0.4 mV with low Ca2+ buffer and 4.5 3 mV with 
highh Ca2+ buffer. Thus, the reduction in AHP was the same in both conditions. A 
reductionn in AHP can be expected to increase firing frequencies and might 
thereforee partly confound the effects of Ih on firing frequencies. We therefore also 
determinedd the action potential threshold from a depolarizing ramp before and 
afterr 30 minutes of stimulation and noted that it was significantly lower in both 
conditionss after stimulation (AV: 3.4  0.7 mV, n - 13, P < 0.05). 

Togetherr these results suggest that the increase in Ih reduces membrane 
excitability,, but that the stimulus used additionally affected the AHP, therefore 
counteractingg part of the impact of increased Ih on excitability. 

Discussion n 

Previously,, we reported that direct glutamate stimulation results in a rapidly 
inducedd homeostatic modulation of the hyperpolarization-activated Ih current (Van 
Weliee et a/., 2004). This modulation was mediated by AMP A- mediated 
depolarizationn and depolarization-induced Ca2+ influx. Buffering internal Ca2+ by 
thee fast Ca2+ buffer BAPTA delayed the effect for at least 20 minutes. Here we 
reportt that a more physiological, low frequency synaptic stimulus also reliably 
upregulatess Ih. With two different concentrations of slow Ca2+ buffer in the 
internall  solution, we were able to show that intracellular Ca2+ levels determine the 
ratee of Ih increase. With high Ca2+ buffer, Ih is upregulated in a slow but gradual 
manner,, whereas with low Ca2+ buffer Ih reaches a steady-state level within 5 - 10 
minutess of stimulation. With both concentrations of internal Ca2+ buffer however, 
Ihh amplitudes reached similar levels after 30 minutes of stimulation. The 
conductancee of Ih after 30 minutes of stimulation had increased from 5.1  0.5 nS 
too 8.3  0.6 nS, with no change in the voltage-dependent properties of Ih- These 
resultss indicate that stimulation of glutamatergic synapses increases Ih by 
modulatingg its maximal conductance through a Ca2+- dependent mechanism. The 
timetime course of Ih increase is similar to that observed with direct glutamate 
stimulationn (Van Welie et al, 2004), but the increase in Ih was smaller (~2-fold) 
thann observed in cell-attached patches with glutamate stimulation (~8-fold). This 
indicatess that either the change in intracellular Ca2+ levels induced by the two 
methodss differs considerably or that there is a partial washout of an intermediate 
effectorr molecule in the whole-cell configuration. 
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Fig.. 4. Effects of low-frequency stimulation on membrane excitabilit y 
A.A. Voltage response of CA1 pyramidal neurons in response to a hyperpolarizing current injection 
(2000 pA) and a depolarizing current injection (200 pA) with either low internal EGTA or high 
internall  EGTA before and after 30 minutes of stimulation. B. Input-output curves before (closed 
circles)) and after (open circles) synaptic stimulation with high- and low EGTA in the intracellular 
solution.. Data points represent mean + SEM of 4-5 cells. C. The AHP of action potentials decreased 
inn size after low-frequency stimulation in both conditions of internal Ca2*  buffering. Action 
potentialss were reduced for displaying purposes. 
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Withh low internal EGTA, apart from the effect of increased Ih, an additional effect 
onn intrinsic excitability was observed that lead to an increase in excitability and 
inducedd a type of EPSP-spike potentiation. Previously reported phenomena of 
EPSP-spikee potentiation in the hippocampus required both pre-and postsynaptic 
activityy to occur (Andersen eta/., 1980; Abraham eta/., 1987; Jester eta/., 1995). The 
phenomenonn we report indicates no requirement for pre-and postsynaptic activity 
too produce some type of EPSP-spike potentiation. The underlying mechanism of 
EPSP-spikee potentiation has been a topic of controversy. It has been suggested to 
reflectt a change in the balance of excitation/inhibition (Abraham et a/.y 1987; 
Chavez-Noriega,, 1989; Lu et a/., 2000) and/or by a change in intrinsic excitability 
(Taubee & Schwartzkroin, 1988; Daoudal eta/., 2002). Since in the presence of high 
Ca2++ buffer, there was only a slight increase in EPSP amplitude in time, the 
increasedd probability of firing that we observed was most likely due to some 
postsynapticc modification mediated by internal Ca2+ levels. It is therefore apparent 
thatt low-frequency stimulation can induce multiple effects on excitability and that 
ionn channels other than Ih are probably also affected by the stimulus, among which 
ionn currents responsible for the generation of AHPs. Future studies will have to 
reveall  whether the mechanism of increased excitability we observed here is related 
too the mechanisms employed by EPSP-spike potentiation induced by high-
frequencyy stimulation. 

I tt has been proposed however, that long-lasting regulation of Ih determines the 
expressionn of EPSP-spike potentiation (Daoudal & Debanne, 2003). Also, it has 
beenn suggested that a local upregulation of Ih channels is associated with high-
frequencyy stimulation induced synaptic potentiation (Fricker & Johnston, 2001). In 
contrast,, a down-regulation of Ih channels associated with long-term synaptic 
potentiationn has also been suggested (Wang et a/., 2003). Although the induction 
protocolss used and the phenomena induced in these studies are quite different 
fromm what we report in this study, our data suggest that modulation of Ih does not 
necessarilyy bear any causal relation to either EPSP-spike potentiation or LTP. 
Instead,, it appears that Ih can already be modulated by rises in intracellular Ca2+ 

inducedd by a low-frequency stimulation paradigm that does not induce long-lasting 
changess in synaptic properties (Fig. IB). 

Thee low frequency stimulus used in this study is in the physiological range, since 
duringg exploration activity in the awake animal as well as during rapid eye 
movementt (REM) sleep, neurons in the hippocampal formation and the entorhinal 
cortexx discharge in rhythmic 4 - 12 Hz (theta) oscillations (Buszaki, 2002). It 
thereforee seems plausible that modulation of Ih in CA1 pyramidal neurons could 
potentiallyy occur in response to synchronized oscillations in the entorhinal cortex 
andd hippocampal formation. Since upregulation of Ih reduces excitability in 
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responsee to excitatory input, this could be a powerful mechanism to stabilize the 
activityy of CA1 pyramidal neurons in a network with continuously fluctuating 
activityy levels. 

Inn conclusion, we have shown that in addition to direct glutamate stimulation, a 
physiologicallyy relevant low-frequency synaptic stimulus upregulates somatic Ih and 
thatt the rate of Ih increase depends on intracellular Ca2+ levels. We propose that 
plasticityy of intrinsic excitability by modulation of Ih serves to stabilize neuronal 
functionn and together with mechanisms of synaptic plasticity perhaps contributes 
too enforce local learning rules in neuronal networks. 

Acknowledgements s 
J.A.. van Hooft is supported by a fellowship of the Royal Netherlands Academy of 
Artss and Sciences. 

60 0 





_ _ 



CHAPTE RR 4 

Adaptationn of a K*  conductance regulates 
excitabilit yy in response to changes in background 
activit yy in rat hippocampal CA1 pyramidal neurons 

IngridIngrid van Welie, Johannes A. van Hooft & WytseJ. Wadman 

Submitted Submitted 





ChapterChapter 4 

Abstract t 

Inn contrast to the in vivo situation, background synaptic activity in in vitro brain 
slicess has been assumed not to affect neuronal excitability to a great extent. Here 
wee report that in in vitro hippocampal slices blockade of endogenous background 
activityy results in an increased excitability of CA1 pyramidal neurons. This increase 
inn excitability constitutes a leftward shift in the input-output relationship of 
pyramidall  neurons, indicating a reduced threshold for synaptic activity to evoke 
actionn potentials. The increase in excitability is correlated with an adaptive decrease 
inn a sustained K+ conductance, as recorded from somatic cell-attached patches. 
Afterr 20 minutes of blockade of background activity, the mean sustained K+ 

conductancee was 52  11% of control. Blockade of background activity did not 
affectt fast Na+ conductance. Together, these results suggest that the reduction in 
K++ conductance serves as an adaptive mechanism to increase excitability when 
backgroundd activity is reduced. We conclude that CA1 pyramidal neurons in 
hippocampall  slices adapt the dynamic range of their input-output relationship in 
responsee to changes in background activity. 

Introductio n n 

Synapticc background activity in vivo displays a large degree of variability and is one 
off  the determining factors of the probability of firing of the postsynaptic neuron 
(Paree et a/., 1998; Destexhe & Pare, 1999; Destexhe et a/., 2003). In in vitro studies 
however,, where background activity is lower than in vivoy it is often assumed not to 
affectt neuronal excitability to a great extent. Several in vivo and modeling studies 
havee theorized on a functional role for background synaptic activity. These 
suggestedd that tonic background activity could affect dendritic integration by 
keepingg membrane resistance low and therefore reducing neuronal responsiveness 
(Barret,, 1975; Bernander et a/., 1991; Pare et a/., 1998; Destexhe & Pare, 1999; 
Holmess & Woody, 1989; Rapp eta/., 1992). A more recent modeling study (Ho & 
Destexhe,, 2000) however, showed that when high-amplitude fluctuations in 
membranee potential, which are inherent to the presence of background activity, are 
alsoo taken into account, the presence of background activity will increase neuronal 
responsiveness.. This can lead to an enhanced discrimination of low-amplitude 
synapticc input and decreased responsiveness to high-amplitude synaptic input 
(Destexhee et a/., 2003; Shu et a/., 2003). Similar gain-setting functions of 
backgroundd activity have been described in other studies (Chance et a/., 2002; 
Fellouss et a/., 2003). Thus, the gain-setting functions of background activity ensure 
thatt neurons are able to detect subtle changes in the level of synaptic input they 
receive. . 
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Thee above mentioned studies show how background activity can influence 
postsynapticc responsiveness, but they do not consider the potential role of 
homeostaticc or adaptive gain-setting mechanisms, employed by the postsynaptic 
neuron,, that might additionally occur due to changes in background activity. 
Adaptivee or homeostatic gain-setting mechanisms might come into play when 
considerablee changes in the level of background activity take place, since this 
wouldd induce a situation in which the dynamic gain set by the neuron would be off 
rangee and neuronal responsiveness to subde changes in synaptic input would no 
longerr be ensured. One way to solve such a gain-setting problem would be to 
adaptt neuronal gain to the new level of background activity by modulation of 
voltage-gatedd conductances. 

Severall  of such homeostatic gain-setting mechanisms have been shown to exist 
andd it is becoming increasingly apparent that they exist at different time-scales. 
Thus,, long-lasting changes in synaptic activity over several days can induce 
adaptivee changes in voltage-gated ionic conductances in a homeostatic manner 
(Turrigianoo eta/., 1995; Desai et al., 1999; Baines et al., 2001; Aptowicz et al, 2004), 
whilee homeostatic modulation of voltage-gated conductances occurring at a time-
scalee of hours has also been reported (Golowasch et al., 1999). More recent studies 
howeverr (Baines, 2003; Nelson et al, 2003; Van Welie et al, 2004) suggest that 
activity-dependentt homeostatic modulation of voltage-gated conductances also 
existss on a time-scale of minutes. This suggests that both in vitro and in vivo, 
relativelyy rapid changes in background activity could potentially induce 
homeostaticc gain-setting mechanisms by modulation of voltage-gated ion channels. 

Inn the in vitro condition, background activity is much lower than in vivo (Pare et al., 
1998),, but it is nevertheless present. We investigated whether the excitability of 
hippocampall  CA1 pyramidal neurons in vitro is affected by blocking background 
activity.. We show that blockade of background activity induces an adaptive 
reductionn in a sustained K+ conductance with no significant changes in Na+ 

conductance,, resulting in an increased neuronal excitability. We conclude that 
acutee changes in the level of background activity in vitro can induce an adaptive 
modulationn of a voltage-gated K+ conductance that serves to reset the dynamic 
rangee of the input-output relationship of CA1 pyramidal neurons. We speculate 
thatt adaptive gain-setting mechanisms by modulation of voltage-gated ion channels 
mightt also be expected to play a role in the in vivo condition. 
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Methods s 

PreparationPreparation of slices 

Parasaggitall  slices of the hippocampus (250 - 300 \xm) were prepared from male 
14-- to 21-day-old Wistar rats (Harlan, Zeist, The Netherlands). Experiments were 
conductedd according to the ethics committee guidelines of animal experimentation 
off  the University of Amsterdam. After decapitation, the brain was rapidly removed 
andd placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 120 
NaCl,, 3.5 KC1, 2.5 CaCl2, 1.3 MgS04, 1.25 NaH2P04, 25 glucose, and 25 
NaHC03,, equilibrated with 95% 0 2 and 5% C 02 (pH = 7.4). Subsequently, slices 
weree cut using a vibroslicer (VT1000S, Leica Microsystems, Nussloch, Germany) 
andd were allowed to recover for 1 hour at 31 °C. 

ElectrophysiologicalElectrophysiological recordings 

CA11 pyramidal neurons were visualized with an upright microscope (Zeiss 
Axioskop,, Oberkochen, Germany) with Dodt contrast optics (Luigs & Neumann, 
Ratingen,, Germany) and with a VX44 CCD camera (PCO, Kelheim, Germany). 
Patchh clamp recordings were made at room temperature. For perforated patch 
recordings,, patch pipettes were pulled from borosilicate glass and had a resistance 
off  2 - 4 MQ when filled with (in mM): 120 K-Gluconate, 20 KC1, 10 HEPES, 1 
MgS04,, and 10 sucrose (pH = 7.4 with KOH). Gramicidin (100 jig/ml; final 
DMSOO 0.01%) was added from a fresh stock solution. On average, the perforated 
patchh configuration was reached after 5 - 50 minutes after obtaining a giga-ohm 
seal.. Input resistance and series resistance were monitored throughout recordings 
too make sure that the cell did not enter the whole-cell configuration. For whole-cell 
somaticc recordings, pipettes were filled with (in mM): 140 KC1, 10 HEPES, 5 
EGTA,, 0.5 CaCl2, and 2 Mg-ATP (pH = 7.4 with KOH). Series resistance was 6 -
200 MO during whole-cell recordings and was compensated for 80%. No correction 
wass made for liquid junction potentials. For cell-attached K+ current recordings, 
pipettess had a resistance of 1.5 - 3 MQ and were filled with (in mM): 120 NaCl, 10 
HEPES,, 3 KC1, 1 MgCl2, and 0.001 TTX (pH = 7.4 with NaOH). For cell-
attachedd Na+ current recordings, pipettes were filled with (in mM): 120 NaCl, 10 
HEPES,, 2 CaCl2, 3 KC1, 1 MgCl2, 30 TEA-C1, and 15 4-A (pH = 7.4 with HC1). 
Forr cell-attached recordings, capacitance was reduced by wrapping pipettes in 
parafilm.. Current signals in whole-cell voltage clamp were acquired at 1 kHz and 
filteredfiltered at 500 Hz and voltage signals in current clamp were acquired at 10 kHz and 
filteredfiltered at 3.3 kHz using an EPC9 amplifier and Pulse 8.31 software (HEKA 
Electronik,, Lambrecht, Germany), run on an Apple Mac G3 computer. During 
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cell-attachedd K+ current recordings, voltage signals were acquired at 10 kHz and 
filteredd at 3.33 kHz. During cell-attached Na+ current recordings, voltage signals 
weree acquired at 200 kHz and filtered at 66.7 kHz. Na+ currents were averaged 
overr 10 consecutive sweeps. Background activity was blocked by bath application 
off  100 uM AP5, 20 - 50 |iM CNQX and 2 0 - 1 00 ^M bicuculline-methochloride 
orr bicuculline-methiodide. All chemicals were purchased from Tocris (Bristol, UK) 
orr Sigma (Zwijndrecht, The Netherlands). 

DataData analysis 

Synapticc events were detected and analyzed using a custom-made procedure in 
Igorr (Wavemetrics, Lake Oswego, USA) as described previously (Van Hooft, 
2002).. The input resistance of CA1 pyramidal neurons was calculated from 
voltage-responsess to hyperpolarizing current injections in current clamp (at t ~ 750 
mss of the 1 s hyperpolarizing pulse). K+ currents were leak-corrected off-line using 
thee calculated impedance from a 10 mV prepulse recorded with each trace. K+ 

conductancee (g) was calculated as follows: 
g (V)= I (V) / (V-V r c v) ) 

wheree Vrev is the reversal potential of K+ currents (-90 mV). The conductance (g) 
ass a function of voltage (V) was fitted by a Boltzmann equation: 
g(V)) = gn.ax / 1+exp (Vh - V /Vc) 

wheree gmax is the maximal conductance, Vh is the potential of half-maximal 
activationn and Vc is the slope parameter. Na+ currents were leak-corrected by a P/4 
procedure.. Na+ currents were fitted to a Goldman-Hodgkin-Katz equation using a 
Boltzmannn function to determine the sodium permeability as a function of voltage: 

II  00 = ft» «V 
11 +exp Vh-V V 

V, , 

M M 
[N<L L 

expp (-aV) 

11 - exp (-aV) 

zFF _ 
withh a = — and gmax - a F 

p p 
ourr o 

wheree F is the Faraday constant, R is the gas constant, T represents the absolute 
temperature,, z is the valence, gmax is the maximal conductance, Po is the maximal 
permeability,, Vh is the potential of half maximal activation and Vc is the slope 
parameter. . 

68 8 



ChapterChapter 4 

Notee that in the cell-attached configuration, the pipette potential and the resting 
membranee potential are in series to form the local transmembrane potential, i.e. a 
pipettee potential of 0 mV refers to the resting membrane potential. In this 
recordingg configuration, applying a positive pipette potential results in membrane 
hyperpolarizationn and applying a negative pipette potential results in membrane 
depolarization,, which is exactly opposite to sign conventions in the whole-cell 
configuration.. In the text and figures, we give membrane potentials relative to the 
restingg membrane potential, but we use the standard sign convention that negative 
potentialss indicate a hyperpolarization and positive potentials indicate a 
depolarization.. All values are given as mean  SEM. Differences were tested by a 
pairedd or unpaired Student's /-test as appropriate. P < 0.05 is used to indicate a 
significantt difference. 

Results s 

BlockingBlocking background activity increases excitability ofCAl neurons 

Inn order to characterize the level of background activity present in hippocampal 
slices,, we recorded spontaneous synaptic events in the whole-cell patch clamp 
configurationn before and after blockade of background activity. In control 
conditions,, the mean frequency of spontaneous synaptic events recorded from 
CA11 pyramidal neurons at a holding potential of-60 mV was 1.7  0.3 Hz (« = 6). 
Afterr blockade of AMPA, NMDA and GABAA receptors, which mediate fast 
excitatoryy and inhibitory neurotransmission, by bath application of CNQX, AP5 
andd bicuculline, the mean frequency was reduced to 0.01  0.01 Hz in — 5, P < 
0.05,, Fig. 1). 

AA Control B 

N-- 1.6 

|| 12 

§§ 0.8 
O" " 

ü:: o.4 

Controll Antagonists 

Fig.. 1. Background activity in the in vitro slice preparation 
A.A. Spontaneous synaptic events were recorded in the whole-cell patch clamp configuration in control 
conditionn and after bath application of antagonists for AMPA (20-50 uM CNQX), NMDA (100 uM 
AP-5)) and GABAA (20-100 uM bicuculline) receptors. B. The mean frequency of spontaneous 
synapticc events was 1.7  0.3 Hz (« = 6) in control condition and 0.01  0.01 Hz in - 5) after bath 
applicationn of antagonists. Asterisk indicates P < 0.05. 
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Too investigate whether background activity affects neuronal excitability in vitro on a 
rapidd time-scale, we studied the firing properties of CA1 pyramidal neurons before 
andd after blockade of background activity. The perforated patch clamp 
configurationn was used in order to minimize perturbation of the intracellular milieu 
andd signaling pathways. In control condition, CA1 pyramidal neurons generated 
actionn potentials in response to depolarizing current injections, but after 1 5 - 20 
minutess of blockade of synaptic activity, the mean frequency of evoked action 
potentialss had increased compared to control. In response to the largest current 
injectionn of 90 pA, the firing frequency had increased by 20  4% (n — 4, Fig. 2A). 
Thiss increase was partly reversed upon washing out of the AMPA-, NMDA - and 
G A B A AA  receptor antagonists. Concomitant with the increase in firing frequency, 
CA11 neurons displayed a slightly depolarized mean resting membrane potential 
(control:: -57  3 mV, antagonists: -53  2 mV, wash: -58  4 mV, n - 4, Fig. IB) 
andd an increased input resistance (control: 248  20 MQ, antagonists: 337  43 
MQ,, wash: 315  3 MQ, n = 4, P < 0.05 for control versus antagonists, Fig. 2Q, 
whichh were both partly reversed upon washout. These results indicate that 
blockadee of synaptic input leads to rapid changes in the intrinsic membrane 
propertiess of CA1 

A A 
1400 m' 

2000 n 

Vrest t 

Vrest t 

LLL 1 . 
"O O 
CD D 

E E 

II 0.. 

-50 0 

Fig.. 2. Blockade of synaptic activit y rapidl y increases excitabilit y 
A.A. Firing responses of CA1 pyramidal neurons in response to a depolarizing current injection of 80 
pAA before and after blockade of synaptic activity. Below example traces the mean input-output 
relationshipp in control situation (C), after blockade of activity by antagonists (A) and after washout of 
antagonistss (W). FF denotes the firing frequency B. Blockade of background activity slighdy 
depolarizedd the resting membrane potential of CA1 pyramidal neurons, which pardy reversed after 
washoutt of the antagonists. C. Blocking background activity by application of antagonists also 
increasedd the input resistance of neurons, which partlv reversed after washout of the antagonists. 
Asteriskss indicate P < 0.05. All data represents mean  SEM of 4 neurons. 
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IncreaseIncrease in excitability is correlated to a decrease in I? currents 

Changess in the intrinsic excitability of neurons are mediated by voltage-gated 
conductances.. We therefore set out to determine which voltage-gated 
conductancess were modulated after blockade of background activity. Cell-attached 
recordingss from the soma of CA1 pyramidal neurons were made to investigate K+ 

conductances.. K+ currents were evoked by depolarizing patches to membrane 
potentialss between +10 to + 150 mV relative to resting membrane potential after a 
conditioningg hyperpolarizing prepulse of -75 mV. Depolarization of patches 
typicallyy evoked a sustained outward current component, which was occasionally 
accompaniedd by an initial fast component (Fig. 3A). Simultaneous bath application 
andd inclusion of 10 mM 4-aminopyridine (4-AP) and 30 mM tetraethylammonium 
chloridee (TEA) in the pipette solution blocked both the fast, transient component 
andd the sustained component (data not shown). The properties of the sustained K+ 

currentt component were established before and after blockade of background 
activity.. Already after 10 minutes of bath application of the AMPA-, NMD A- and 
G A B A AA receptor antagonists, a significant decrease in current amplitudes was 
apparentt compared to separate control recordings from patches in which ACSF 
wass superfused. After 20 minutes of antagonist application, K+ current amplitudes 
weree 46  9% of those in control patches (n = 7 for both control and antagonist 
condition,, P < 0.05, Fig 3B). At this time-point we determined complete I-V 
relationshipss and calculated K+ conductances by fitting the I-V relationship with a 
Boltzmannn equation (see Methods). After 20 minutes in control condition, the 
maximall  K+ conductance was 91  5% of that at t = 0, whilst the K+ conductance 
afterr 20 minutes of blockade of background activity was 52  11% of that at t = 0 
(n(n - 7 for both conditions, P < 0.05, Fig. 3C). The potential of half-maximal 
activationn as well as the slope parameter had slightly changed after 20 minutes of 
recordingg for both control patches and antagonist patches, but these parameters 
didd not differ significantly between the two conditions (control: AVh = -3  3 mV, 
AVCC = -3  2 mV; antagonists: AVh = -8  2 mV, AVC = 2  2 mV, Fig. 3D). 
Thesee results indicate that the maximal conductance, but not the voltage-
dependentt properties of a sustained K+ current is significantly reduced after 
blockadee of background activity. 

IncreaseIncrease in excitability is not correlated to a change in Na+ currents 

Anotherr likely candidate that could mediate an increase in excitability is the 
voltage-gatedd Na+ current. To test whether Na+ currents were also modulated by 
thee blockade of background activity, we recorded Na+ currents from somatic 
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Fig.. 3. Reduced delayed K+ conductance after  blockade of background activity 
A.A. K+ currents in somatic patches in control condition and after blockade of activity (antagonists) in 
thee slice. Blocking background activity reduced the amplitude of K+ currents. For further analysis, 
amplitudess were determined at the end of current traces (squares). Example traces are averages of 5 
consecutivee sweeps. B. Normalized K+ current amplitudes in time while either standard ACSF 
(Control)) or antagonists were washed in. After 20 minutes of blocking activity, K+ current amplitudes 
weree 46  9% of control. Data points represent mean  SEM of 7 cells. Asterisks indicate P < 0.05. 
C.C. Mean conductance plots of K+ currents in control- and antagonist condition after 20 minutes of 
activity-blockade.. Both were normalized to their own controls at t - 0. Data points represent mean
SEMM of 7 cells. D. Changes in the voltage-dependent properties of K+ currents from control patches 
andd after 20 minutes activity-blockade by antagonists. There were no significant differences in either 
parameterr between the two conditions. Data points represent mean  SEM of 7 cells. 

patches.. Depolarizing the somatic membrane to a relative membrane potential of 
++ 10 to +120 mV from a 1000 ms hyperpolarizing prepulse at -30 mV resulted in 
fastt transient inward currents (Fig. 4A). A series of consecutive single 
depolarizationss to a relative membrane potential of +60 mV were given to follow 
Na++ current amplitudes in time in control condition and during bath application of 
antagonists.. Fig. 40 shows that the amplitude of the Na+ current tended to 
decreasee in time. However, the decrease was similar in control condition and in the 
presencee of antagonists (Fig. 4B). Properties of Na+ currents were determined in 
control-- and antagonist condition after 20 minutes of blockade of background 
activity.. In control condition, the Na+ conductance after 20 minutes of standard 
ACSFF perfusion was 52  3% of that at t = 0, whilst the Na+ conductance after 20 
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minutess of activity-blockade by antagonists was 46  6% of that at t=0 in — A for 
control,, n = 6 for antagonist, Fig. AC). The potential of half-maximal activation 
(Vh)) had shifted slightly towards less depolarized values in both conditions when 
comparedd to its own control at t = 0 (control: AVh = -5  3 mV, antagonists: AVh 
== -11 2 mV Fig. AD). However, this shift in Vh was not significantly different 
betweenn the two groups. The slope parameter (Vc) had also shifted slightly in both 
groups,, but again there was no significant difference between control- and 
antagonistt conditions (control: AVC = 3  1 mV, antagonists: AVC = 4  3 mV). 
Thesee results show that neither the conductance, nor the voltage-dependence of 
activationn of Na+ currents are affected by blockade of background activity. 
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Fig.. 4. Increase in excitabilit y is not associated wit h a change in Na+ conductance 
A.A. Na+ currents from somatic patches before and after blockade of activity by synaptic antagonists. 
Examplee traces are averages of 10 consecutive sweeps. B. Both in control condition and in the 
presencee of antagonists, Na+ currents displayed some rundown in time, indicating that blockade of 
activityy has no effect on Na+ current amplitudes. C. Mean amplitude plots of Na+ currents in control-
andd antagonist condition after 20 minutes of activity-blockade. Both were normalized to their own 
controlss at t = 0. D. Changes in voltage-dependent properties of Na+ currents from somatic patches 
afterr 20 minutes in control and antagonists condition. There were no significant differences in either 
parameterr between the two conditions. Data points represent mean  SEM of 4 - 6 cells. 
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Discussion n 

Inn this study we investigated whether changes in background activity in the in vitro 
slicee preparation of the hippocampus affects membrane excitability by determining 
neuronall  input-output gain. We show that a strong reduction in background 
activity'' leads to an increased excitability of CA1 pyramidal neurons, which is 
expressedd as a leftward shift in the input-output relationship. This indicates that 
pyramidall  neurons have a reduced threshold for synaptic activity to evoke action 
potentials.. Recordings from somatic patches showed that blockade of activity 
resultedd in an adaptive decrease in a sustained voltage-gated K+ conductance with 
noo significant changes in the fast voltage-gated Na+ conductance. These data 
suggestt that CA1 pyramidal neurons respond to changes in background activity by 
activelyy resetting the dynamic range of their input-output relationship and that this 
rapidd gain-setting mechanism is expressed as an adaptive modulation of a voltage-
gatedd sustained K+ conductance. 

Thee somatic patch recordings of both K+ and Na+ currents suggest that the 
adaptivee reduction in K+ currents is responsible for the increase in excitability as 
recordedd in whole-cell perforated patch mode. This reduction appeared to be due 
too a change in maximal conductance, rather than a change in voltage-dependent 
propertiess of the sustained K+ current. Recently, it was shown that glutamate 
stimulationn causes a rapid dephosphorylation of delayed rectifier K+ channels 
(Kv2.11 channels), a translocation of these channels to the membrane and a shift in 
thee voltage-dependent activation of the delayed rectifying current in cultured rat 
hippocampall  neurons (Misonou et at., 2004). The change in voltage-dependence of 
activationn resulted in an increase in K+ current and this effect was already apparent 
afterr 10 minutes of glutamate stimulation. These results are similar, but opposite to 
thee results described here since stimulation with glutamate mimics an increase in 
synapticc activity. However, we did not observe a change in voltage-dependent 
propertiess of the sustained K+ conductance, but rather a decrease in maximal 
conductance.. This suggests that modulation of conductance and voltage-
dependentt properties of K+ currents are complementary mechanisms that regulate 
neuronall  excitability. 

Severall  studies have shown that voltage-gated conductances can be modulated in 
ann adaptive or homeostatic manner by synaptic activity. Most of these mechanisms 
weree found to occur after long-term changes in activity over days (Turrigiano et al, 
1995;; Desai et al, 1999; Baines et al., 2001; Aptowicz et al, 2004), although it also 
hass been shown that homeostatic modulation of voltage-gated conductances can 
occurr after a few hours of changes in activity (Golowasch et al, 1999). However, 
moree recent studies have shown that homeostatic modulation of voltage-gated 
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conductancess can also occur on a more rapid time scale of minutes (Baines, 2003; 
Nelsonn et al., 2003; Van Welie et al., 2004). The fact that several of these 
mechanismss have been described at different time scales suggests the existence of 
aa range of different underlying molecular mechanisms that may include modulation 
off  ion channel density by either transcriptional or translational regulation as well as 
modulationn of ion channel function by posttranslational mechanisms such as 
phosphorylationn or dephosphorylation. It wil l be important to investigate how 
thesee modulatory mechanisms relate to the levels and duration of the changes in 
activity.. One study reported activity-dependent changes in Na+ and K+ channel 
conductancess that occurred only after modulating activity for more than 24 hours 
(Desaii  et at, 1999). In that study, blocking activity in cultured neocortical neurons 
forr 24 hours resulted in an increase in excitability which was correlated to an 
increasee in Na+ conductance and a decrease in persistent K+ conductance. These 
changess in conductance were not associated with a change in voltage-dependent 
properties,, but rather with changes in channel density. Our results are equivalent to 
thee results from Desai et al. (1999) except for the fact that we did not see an 
increasee in Na+ conductance and that the increase in excitability that we report is 
alreadyy apparent after 1 0 - 20 minutes. Desai et al, (1999) did not however 
investigatee time points shorter than 2.5 hours. It could therefore be that blockade 
off  activity induces modulation of K+ and/or Na+ currents at different time scales. 
Furthermore,, activity was blocked on the postsynaptic side in our experiments, 
whilee in the study of Desai et al., (1999) activity was blocked at the presynaptic side. 
Thiss might have important implications for the mechanisms induced. 

Backgroundd activity in in vitro slices has been shown to be much lower compared 
too that in vivo in cat neocortex (Pare et at., 1998). However, although probably lower 
thann in vivo, the frequency of spontaneous synaptic events in our slices was by no 
meanss negligible (1.7  0.3 Hz, Fig. 2). Few studies have reported on the 
frequenciess of background activity in rat brain slices and this activity is naturally 
highlyy dependent on the configuration of slices and recording conditions. Also, 
developmentall  regulations of ligand-gated receptors have to be taken into account 
withh respect to the absolute level of background activity in in vitro slices. The rats 
usedd in this study were between 14 and 21 days old, whereas it has been reported 
thatt in rats the frequency of spontaneous everts increases until 2 -3 months of age 
(Hsiaa et al., 1998). It wil l therefore ber*»' o study whether in adult rat, where 

thee level of background input ishy  ̂ \ in the in vivo situation, rapid gain-
settingg mechanisms by mod*'*" \ \ ion conductances also exist. 

Inn summary, we have she 
preparationn actively adapt t 
voltage-gatedd K+ conductance 
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Thiss mechanism may act in concert with the previously proposed gain-determining 
roless of background activity (Destexhe et a/., 2003; Shu et al, 2003; Chance et al, 
2002;; Fellous et al, 2003). We conclude that regulation of neuronal excitability is a 
highlyy dynamical process and that voltage-gated ion channels are subject to 
activity-dependentt modulation at more acute time-scales than previously assumed. 
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Abstract t 

Pyramidall  neurons in the subiculum typically display either bursting or regular-
spikingg behavior. Although this classification into two neuronal classes is well 
described,, it is unknown how these two classes of neurons contribute to the 
integrationn of input to the subiculum. Here we report that bursting neurons posses 
aa hyperpolarization-activated cation current (Ih) that is two-fold larger 
(conductance:: 5.3  0.5 nS) than in regular-spiking neurons (2.2  0.6 nS), while Ih 
exhibitss similar voltage-dependent properties in both classes of neurons. 
Furthermore,, bursting and regular-spiking neurons display similar morphology. 
Thee difference in Ih between the two classes is not responsible for the distinct 
firingg patterns, since neither pharmacological blockade of Ih nor enhancement of Ih 
usingg a dynamic clamp affects the qualitative firing patterns. Instead, the difference 
inn Ih between bursting and regular-spiking neurons determines the temporal 
integrationn of evoked synaptic input from the CA1 area. In response to 50 Hz 
stimulation,, bursting neurons, with a large Ih, show ~50% less temporal 
summationn than regular-spiking neurons. Pharmacological blockade of Ih equalizes 
thee amount of temporal summation in both neuronal classes. A computer 
simulationn model of a pyramidal cell with the known properties of either a bursting 
orr a regular-spiking neuron confirmed the pivotal role of Ih in frequency-
dependentt temporal integration of synaptic input. These data suggest that in the 
subicularr network bursting neurons are better suited to discriminate higher 
frequencyy input compared to regular-spiking neurons. 

Introductio n n 

Thee subiculum functions as the output structure of the hippocampus proper and 
getss its main inputs from the CA1 area and the entorhinal cortex as well as from 
severall  other subcortical and cortical areas. Functionally, the subiculum plays a role 
inn certain forms of spatial memory and in mnemonic processing (CTMara et a/., 
2001). . 

Thee identification of the electrophysiological properties of subicular neurons has 
revealedd a categorization into bursting and regular-spiking neurons (Taube, 1993; 
Stewartt & Wong, 1993; Mason, 1993) but there are controversies concerning the 
ionn currents responsible for the intrinsically generated bursting behavior. Some 
studiess suggest that a Ca2+-dependent conductance is responsible for bursting, 
sincee TTX-resistant spikes and humps are present in bursting neurons (Stewart & 
Wong,, 1993; Taube, 1993). In contrast, others (Mattia et a/., 1993; Mattia et a/.y 

1997)) suggest that a Na+ conductance is responsible for burst generation, while 
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Ca2+-dependentt K+ conductances might be important for burst termination. More 
recendy,, it has been suggested that a Ca2+ tail current, mediated by multiple Ca2+ 

channell  subtypes, drives bursting (Jung etal., 2001). 

Independentt from the discussion on which conductance is underlying the ability to 
firee in bursts in subicular neurons, only a few studies have compared the 
electrophysiologicall  properties of the two classes of neurons in detail and to date 
noo study has compared the functional roles of specific voltage-gated conductances 
inn the two classes of subicular neurons. The studies that did report on the 
electrophysiologicall  properties of subicular neurons, however, suggest that there 
aree no obvious differences between the two classes (Taube, 1993; Stewart, 1997; 
Stafff  et al., 2000). The only distinct difference between bursting and regular-spiking 
neuronss that has been reported is the lack of a prominent sag and of rebound 
potentialss in regular-spiking neurons (Stewart & Wong, 1993; Greene & Totterdel, 
1997;; Menendez de la Prida et al., 2003) although other studies did not report this 
differencee (Behr et al., 1996; Taube, 1993; Staff et al, 2000). Depolarizing sags are 
causedd by the activation of the hyperpolarization-activated cation current Ih (Pape, 
1996;; Robinson & Siegelbaum, 2002). We therefore investigated whether bursting 
andd regular-spiking neurons express different levels of Ih and whether Ih displays 
similarr properties in both classes of subicular neurons. Since Ih plays an important 
rolee in synaptic integration in both hippocampal and neocortical pyramidal 
neuronss (Magee, 1998; Magee, 1999; Williams & Stuart, 2000; Berger et al, 2001), 
wee also studied the temporal summation of synaptic input from the CA1 area in 
subicularr bursting and regular-spiking neurons. We show that the Ih in bursting 
neuronss has a two-fold larger conductance than that in regular-spiking neurons, 
whilee the properties of Ih do not differ in both classes of neurons. Furthermore, 
usingg a computer model, we show that the difference in Ih is necessary and 
sufficientt to account for the ~50% difference in temporal summation between 
burstingg and regular spiking neurons as observed experimentally, suggesting that 
burstingg neurons are able to discriminate high frequency input more effectively 
thann regular-spiking neurons. 

Material ss and methods 

PreparationPreparation of slices 

Parasaggitall  slices including the hippocampus and entorhinal cortex (250 ^m) were 
preparedd from male 14- to 28-day old Wistar rats (Harlan, Zeist, The Netherlands). 
Experimentss were conducted according to the ethics committee guidelines of 
animall  experimentation of the University of Amsterdam. After decapitation, the 
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brainn was rapidly removed and placed in ice-cold artificial cerebrospinal fluid 
(ACSF)) containing (in mM): 120 NaCl, 3.5 KC1, 2.5 CaCl2, 1.3 MgS04, 1.25 
NaH2P04,, 25 glucose, and 25 NaHC03, equilibrated with 95% 0 2 and 5% C02 

(pHH = 7.4). Subsequendy, slices were cut using a vibroslicer (VT1000S, Leica 
Microsystems,, Nussloch, Germany) and were allowed to recover for 1 hour at 31 
°C.. Slices were kept at room temperature until use. 

ElectrophysiologicalElectrophysiological recordings 

Subicularr pyramidal neurons were visualized using an upright microscope (Zeiss 
Axioskopp FS2, Oberkochen, Germany) with Hoffman modulation contrast optics 
andd with a VX44 CCD camera (PCO, Kelheim, Germany). Patch clamp recordings 
forr characterization of Ih were made at room temperature (20 - 23 °C) and at 30 -
333 °C for experiments in which synaptic stimulation was performed. For whole-cell 
somaticc recordings, patch pipettes were pulled from borosilicate glass and had a 
resistancee of 2 - 4 MQ when filled with (in mM): 140 K-Gluconate, 10 HEPES, 5 
EGTA,, 0.5 CaCl2, 2 Mg-ATP, and 10 sucrose (pH = 7.4 with KOH). For 
experimentss in which Ih was characterized, biocytin (5 mg/ml) was added to this 
intracellularr solution. After firing characteristics were determined in current clamp 
mode,, 1 |iM tetrodotoxin (Yl'X , Latoxan, Valence, France) was washed in and Ih 
wass recorded in voltage clamp mode. Cells were voltage-clamped at -50 mV and 
currentss were evoked by hyperpolarizing voltage steps (1 s). Series resistance was 6 
-- 20 MQ during whole-cell recordings and was compensated for 80%. Current 
signalss in voltage clamp were acquired at 1 kHz and filtered at 500 Hz, while 
voltagee signals in current clamp were acquired at 10 kHz and filtered at 3.3 kHz 
usingg an EPC9 amplifier and Pulse 8.31 software (HEKA Electronik, Lambrecht, 
Germany)) run on an Apple Mac G3 computer. No correction was made for liquid 
junctionn potentials. 

SynapticSynaptic stimulation 

AA pair of tungsten stimulation electrodes (diameter of 70 (im, separated by ~ 40 

(im)) was used for bipolar stimulation of the alveus on the border of CA1 and 

subiculum.. The intensity of the 200 jxs stimuli ranged from 300 - 900 l̂A and the 

distancee from the site of stimulation to the recording electrode ranged between 

2000 - 1000 urn. Glutamatergic NMDA receptors were blocked with 50 \iM AP5 

andd G A B A - A receptors were blocked with 20 \iM bicuculline methochloride. 

G A B A - BB receptors were blocked by 200 (iM saclofen. For blockade of Ih) 20 uM 

ZD72888 was used. All chemicals were purchased from Tocris (Bristol, UK). 

83 3 



Activity-dependentActivity-dependent plasticity of neuronal excitability 

DynamicDynamic clamp 

AA dynamic clamp, in which a model of Ih provided the It, current depending on the 
actuall  recorded cell voltage, was used to artificially manipulate the amplitude of Ih 
ass described previously (Van Welie et al., 2004). A PC with data acquisition card 
(Nationall  Instruments, Austin, USA) sampled membrane voltage at 5 kHz and 
injectedd Ih with the same sampling rate. The voltage dependence and kinetics of Ih 
weree as described previously (Van Welie et al., 2004), while the amplitude of Ih was 
controlledd by the external input gain of the HEKA amplifier. The static and 
dynamicc properties of Ih in the dynamic clamp were verified with the standard 
voltagee clamp protocols. 

MorphologicalMorphological analysis 

Cellss were filled with biocytin (5 mg/ml, dissolved in the pipette solution) during 
recordings.. Slices were fixed overnight in 4% paraformaldehyde and 1% 
glutaraldehydee at 4°C. After washing in PBS, slices were treated with 3% hydrogen 
peroxidee in order to quench endogenous peroxidases and permeabilized with 2% 
Triton.. Biocytin was visualized using an avidin-HRP-DAB reaction (ABC Elite 
peroxidasee kit, Vector Laboratories, Burlingame, USA) according to the 
instructionss of the manufacturer. Slices were coverslipped with Mowiol. Cells were 
reconstructedd using a drawing tube, and the drawings were digitized using a 
graphicall  tablet. 

DataData analysis 

Forr whole-cell experiments, hyperpolarization-activated currents were leak 
correctedd off-line using a custom-made procedure in Igor Pro (Wavemetrics Inc., 
Lakee Oswego, USA). The time constant of activation of Ih was determined by 
fittingg a single exponential function to the start of current trace. The Ih 
conductancee (gh) was calculated using 

gh(V)) = Ih(V) / (V - V«v). 
wheree Vrev is the reversal potential of Ih. The relationship of conductance (gh) as a 
functionn of voltage (V) was fitted by a Boltzmann equation 
gh(V)) = gmax / (1 + exp (V - Vh / Vc) 
wheree gmax is the maximal conductance, Vh is the voltage of half-maximal 
activationn and Vc is the slope factor. The input resistance was determined from the 
voltage-responsess at the end of hyperpolarizing current injections. In current 
clampp recordings, the sag ratio was calculated by dividing the steady-state voltage 
byy the peak voltage response to a hyperpolarizing current injection of 200 pA. In 
experimentss in which synaptic stimulation was used, temporal summation was 
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calculatedd as the relative increase in the amplitude of the synaptic depolarization 
duringg a train of five EPSPs: 
Summationn factor = (EPSP5 - EPSP1) / EPSP1 
Tracess were averaged over 1 0 - 30 sweeps. All values are given as mean + SEM. 
Unlesss stated otherwise differences were tested by Student's /-test. P < 0.05 is used 
too indicate a significant difference. 

ComputerComputer modeling 

Thee interpretation of our data was verified by a modeling study, using the 
NEURONN simulation environment (v5.6, Hines & Carnevale, 1997). Since 
reconstructedd subiculum neurons are not yet available, we used a pyramidal type 
neuronn from area CA1 that resembled the typical shape of the pyramidal cell 
classess observed in the subiculum (see results) and that has been used in other 
modelingg studies (Migliore et al.y 2004). The morphology defines a compartment 
modell  consisting of a realistically dimensioned soma with apical and basilar 
dendrites.. The aim of the model study was to investigate synaptic summation 
aroundd resting potential below firing thresholds, so we did not implement the 
correctt firing pattern of subicular neurons. The voltage dependence and kinetics of 
Ihh were implemented as observed experimentally in bursting and regular-spiking 
neuronss at 30 - 33 °C, but with one extension: for all Ih channels located in the 
dendriticc compartments more than 100 |im away from the soma, the activation 
functionn was shifted 8 mV in depolarizing direction, based on dendritic recordings 
madee in hippocampal CA1 pyramidal neurons (Magee, 1998). All other sodium and 
potassiumm currents were lumped into two leak conductances, their values 
determinedd by specific boundary conditions (see results). All ion concentrations 
weree implemented as stationary values, resulting in fixed reversal potentials for the 
ionicc currents. 

Results s 

MorphologyMorphology and distribution of bursting and regular-spiking neurons 

Combinedd current- and voltage clamp experiments were made from neurons in the 
subiculumm at room temperature (20 - 23 °C). Filling neurons with biocytin present 
inn the pipette solution allowed staining of recorded neurons to investigate 
morphologyy and location. From a total of 55 neurons, recorded from locations 
randomlyy chosen in the subiculum (see bottom part of Fig. IB), 35 (64%) were 
classifiedd as bursting neurons, 17 (31%) as regular-spiking neurons and 3 (5%) as 
fast-spikingg neurons. A burst was defined by a high frequency of the first two 
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actionn potentials (> 200 Hz) that rode on a depolarizing potential followed by a 
longg (tens of ms) afterhyperpolarizing potential (Fig. \A). A distinction between 
weak-burstingg (1 burst per current injection) and strong-bursting (multiple bursts 
perr current injection) neurons was not made. Regular-spiking neurons responded 
too current injections with trains of action potentials and never with a burst, 
regardlesss of the amplitude of the depolarization. Fast-spiking neurons presumably 
weree interneurons and they were not further considered in this study. 

Bothh bursting and regular-spiking neurons were typical projection neurons with 
pyramidal-likee shaped somata (Fig. IB). In some neurons the axonal arbors could 
bee followed, but quantitative analysis of projection areas was not feasible due to 
thee frequent cutting of axons by the slicing procedure. Fig. IB shows the schematic 
locationn of all succesfully stained neurons, suggesting that there is no relation 
betweenn the location of subicular neurons and their firing pattern. Both classes of 
neuronss are present throughout the deep-superficial and proximal-distal axes of 
thee subiculum. The membrane properties determined in current clamp mode 
(Tablee 1) showed no differences in resting membrane potential or capacitance of 
burstingg versus regular-spiking neurons. However, bursting neurons displayed a 
largerr sag in response to hyperpolarizing current injection (bursting: sag ratio of 
0.699  0.02, n = 22, regular-spiking: sag ratio of 0.88  0.02, n = 13, P < 0.05). 
Furthermore,, the input resistance of bursting neurons (79  3 MQ, n — 22) was 
considerablyy smaller than the input resistance of regular-spiking neurons (115  12 
MO,, n ~ 13, P < 0.05). The latter observation suggests that bursting neurons 
possess a larger conductance at resting membrane potential. Both bursting and 
regular-spikingg neurons displayed anodal break potentials that in some cases 
initiatedd rebound potentials, but like the sags, these were larger in bursting neurons 
thann in regular-spiking neurons (Fig. \A). 

Two-foldTwo-fold difference in Ih conductance between bursting and regular-
spikingspiking neurons 

Afterr determining the firing mode of subicular neurons in current clamp, the 
recordingg configuration was switched to voltage clamp and Ih was characterized. A 
protocoll  in which a range of hyperpolarizing voltage steps were given from a 
holdingg potential o f -50 mV was used to elicit Ih. In bursting neurons, this resulted 
inn slowly activating inward currents that were considerably larger in amplitude than 
thosee in regular-spiking neurons (Fig. 2A). The I-V relationship of Ih showed that 
thee threshold for Ih activation is around -60 mV in both classes of neurons and 
thatt the I-V relationship displayed inward rectification (Fig. 2B). The maximal 
conductancee of Ih in bursting neurons was 5.3  0.5 nS (» = 22) and 2.2  0.6 nS 
(»» = 11) in regular-spiking neurons (Fig. 2C, P < 0.05). The potential of half-
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maximall  activation (Vh) was -76  2 mV for bursting neurons and -73 + 2 mV for 
regular-spikingg neurons. Slope parameters (Vc) were 8.8  0.2 mV and 8.7  0.6 
mVV respectively. Vh and Vc were not significantly different in both classes of 
neurons.. At 30 - 33 °C, the maximal conductance of Ih in bursting neurons was 6.1 

 0.5 nS (n = 18) and 3.2  0.9 nS in — 7) in regular-spiking neurons (Table 1), 
withh no differences in either Vh or Vc (Table 1). These results show that bursting 
neuronss in the subiculum posses an Ih that is two-fold larger than Ih in regular-
spikingg neurons, while the voltage-dependence of Ih is similar in both classes of 
neurons. . 

Deep p 
Proximall - j - Distal 

Superficial l 

 Bursting (B) 

oo Regular-spiking (RS) 

Fig.. 1. Bursting and regular-spiking neurons in rat subiculum 
A.A. Typical voltage responses of a bursting and a regular-spiking neuron in rat subiculum in response 
too a hyperpolarizing (200 pA) and a depolarizing (250 pA) current injection. Holding potential was -
600 mV. Upper and lower traces are enlargements to show burst and regular-spiking patterns in 
responsee to depolarizing current injections and anodal break potentials following hyperpolarizing 
currentt injections. Note that the depolarizing sag and anodal break potentials are larger in bursting 
neurons.. B. Staining of biocytin-filled neurons showed that both bursting and regular-spiking neurons 
appearedd to be projection neurons with pyramidal shape-like somas. The location of all succesfully 
stainedd neurons are shown in the lower scheme of the hippocampal formation, showing that both 
burstingg and regular-spiking neurons are located throughout the deep-superficial and proximal-distal 
axes. . 
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Ihh currents typically activate slowly, and the time constant of activation decreases 
uponn hyperpolarization. The different subunits that underlie functional Ih channels 
(HCN11 - 4) display different activation kinetics. To investigate whether the Ih in 
burstingg and regular-spiking neurons display differences in kinetics, we fitted 
currentt traces with single exponential functions to determine the time constants of 
activationn as a function of voltage (Fig. 3A). In bursting as well as in regular-
spikingg neurons, the time constant of activation decreased with increasing 
hyperpolarizationn indicating a faster activation. However, at no given voltage did 
thee mean time constant differ significandy between the two classes of neurons. 
Thee reversal potential of Ih was determined by a voltage protocol in which a 
hyperpolarizationn to -120 mV was followed by a range of step depolarizations (Fig. 
3B).. Extrapolation of a linear fit  between -120 mV and -60 mV resulted in the 
reversall  potential of Ih. The mean reversal potential of Ih in bursting neurons was -
255  1 mV (« = 17), which was not significantly different from the mean reversal 
potentiall  in regular-spiking neurons (-25  3 mV, n - 9). These results show that 
thee voltage-dependent characteristics of Ih do not differ between bursting and 
regular-spikingg neurons, suggesting that a substantial difference in subunit 
compositionn of Ih in the two classes of neurons is unlikely. 

Bursting g 

B B 

1000 pA 

Voltagee (mV) 
-1200 -100 -80 -60 

ii  i i _ 

-100 0 

-2000 3 

-3000 5= 

LL -600 

Regular r -spiking g 

^"* fc——  WW 

2000 ms 

MOOpA A 

-1000 -80 
Voltagee (mV) 

Fig.. 2. I h in burstin g and regular-spiking subicular  neurons 
A.A. Subicular neurons were voltage-clamped at the soma at room-temperature and Ih was evoked by a 
rangee of hyperpolarizing voltage-steps (-50 to -120 mV) from a holding potential of -50 mV. The 
amplitudee of Ih in bursting neurons is two-fold larger than Ih in regular-spiking neurons. B. I-V 
relationshipp of Ih in bursting and regular-spiking subicular neurons displaying inward rectification and 
aa threshold of activation around -60 mV. C. Mean Ih conductance as a function of voltage in bursting 
andd regular-spiking neurons. Mean conductance plots were fitted to a Boltzmann equation. All data 
representt mean  SEM of 22 bursting cells and 13 regular-spiking cells. 
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Fig.. 3. Ih characteristics in bursting and regular-spiking neurons 
A.A. Ih current traces were fitted to single exponential functions to obtain time constants of activation 
forr both bursting and regular-spiking neurons. Time constants of activation did not differ 
significandyy between the two classes of neurons. Data represent mean  SEM of 22 bursting cells 
andd 13 regular-spiking cells. B. Reversal potentials of Ih in bursting and regular-spiking neurons were 
determinedd by a voltage protocol in which depolarizing steps were induced (-120 to -60) from a 
hyperpolarizedd holding potential (-120 mV). The lower panel shows typical examples for a bursting 
andd regular-spiking neuron. 

II hh does not determine Bring mode of subicuiar neurons 

Givenn the two-fold difference in Ih between bursting and regular-spiking neurons, 
wee examined the role of Ih in determining the firing pattern of the two classes of 
neurons.. In bursting neurons, we blocked the large Ih with the Ih antagonist 
ZD72888 (20 \iM). Application of ZD7288 abolished Ih (Fig. 4A, middle panel) and 
consequentlyy abolished the depolarizing sag (Fig. 4A, compare upper and lower 
panel).. Furthermore, blockade of Ih abolished anodal break potentials and rebound 
actionn potentials. Although blocking Ih in 3 out of 4 neurons affected the number 
off  action potentials within the burst, the qualitative nature of the burst did not 
changee (Fig. 4A, lower panel). In regular-spiking neurons, we enhanced the 
relativelyy small Ih by making use of a dynamic clamp model (Fig. 4B, middle panel). 
Increasingg Ih 2 - 8 times enhanced the sag and tended to reduce the frequency of 
actionn potentials. Increasing Ih also augmented the anodal break potentials. 
However,, increasing Ih in the regular-spiking neurons never resulted in burst-firing. 
Thesee results indicate that the sole manipulation of the amplitude of Ih does not 
changee the firing mode of subicuiar neurons from burst-firing into regular-spiking 
orr vice versa. 
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Fig.. 4. I h does not determine firing  mode of subicular  neurons 
A.A. Upper panel shows the voltage responses of a bursting neuron in response to a hyperpolarizing 

currentt injection (200 pA) and a depolarizing current injection (250 pA). Ih was consequendy blocked 

byy application of the lh blocker ZD7288 (middle panel, 20 uM). Blocking Ih obliterated the sag in 

responsee to the hyperpolarizing current injection and in 3 out of 4 neurons, affected the number of 

actionn potentials within the burst (lower panel). Also, the anodal break potential and the rebound 

potentiall  were abolished by blockade of Ih. The qualitative nature of the burst did however not 

changee by blockade of lh. B. Upper panel shows the voltage responses of a regular-spiking neuron to 

aa hyperpolarizing current injection (200 pA) and a depolarizing current injection (250 pA). Note the 

smalll  depolarizing sag due to the small Ih current amplitudes in regular-spiking neurons. Increasing 

thee current amplitude of lh by a dynamic clamp model of Ih (middle panel, see Methods) by 8 times 

increasedd the sag and the anodal break potential, but did not however convert regular-spiking 

neuronss into bursting neurons (lower panel). 

BurstingBursting neurons display Jess temporal summation ofEPSPs 

Ihh strongly affects the temporal integration of synaptic inputs in both hippocampal 
CA11 and neocortical pyramidal neurons (Magee, 1998; Magee 1999; Williams & 
Stuart,, 2000; Berger et al. 2001). We therefore investigated the temporal integration 
off  synaptic input in subicular bursting and regular-spiking neurons. Since the CA1 
areaa is one of the main input pathways to the subiculum and the final synaptic relay 
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Membranee properties 

233 C 

Burstingg (n=22) 

Regular-spikingg (n=13) 

333 C 

Burstingg (n = 18) 

Regular-spikingg (n=7) 

Sagg ratio 

0.699 2 

0.888  0.02 (*) 

Sagg ratio 

0.744  0.02 

0.833  0.04 (*) 

R-inputt (M£i) 

799 3 

1155  12 (*) 

R-inputt (Mn) 

599  5 

977  13 (*) 

Capacitancee (pF) 

322 4 

299 7 

Capacitancee (pF) 

177 3 

144 4 

RMPP (mV) 

-599  2 

-588  2 

RMPP (mV) 

-599  1 

-588  1 

Ihh properties 

233 C 

Burstingg (n=22) 

Regular-spikingg (n=13) 

333 C 

Bursterr (n=18) 

Regular-spikingg (n=7) 

gmaxx (nS) 

5.33  0.5 

2.22 6 (*) 

gmaxx (nS) 

6.11 5 

3.22  0.9 (*) 

V l / 22 (mV) 

-766 2 

-733 2 

V l / 22 (mV) 

-722 1 

-755 2 

Vcc (mV) 

8.88  0.2 

8.77  0.6 

Vcc (mV) 

10.77  0.8 

10.88  1.1 

t a t - 1 2 00 (ms) 

1177 6 

1333 9 

TT at -120 (ms) 

355  3 

422 8 

Tablee 1. Membrane properties and properties of Ih in bursting and regular-spiking neurons in rat 
subiculum.. Experiments were performed at 23 °C for characterization of Ih and at 33 °C for 
experimentss in which synaptic stimulation was used. 

inn the hippocampus proper, the alveus, at the border of the CA1 area and the 
subiculum,, was stimulated to evoke subthreshold EPSPs (1.5 - 4 mV) in subicular 
neurons.. Single EPSPs in regular-spiking neurons had similar rise times (2.8  0.4 
ms),, but slower decay kinetics (44 1 ms, n = 7) than the single EPSPs observed 
inn burst-firing neurons (3.0  0.2 ms and 18.2  0.2 ms, respectively, n - 13, P < 
0.055 for the decay, Fig. SA). The EPSCs that underlie these EPSPs, recorded from 
thee somata of the neurons under voltage clamp were not different between 
burstingg and regular-spiking neurons (rise time: 1.7  0.2 ms, n - 15 and 1.5  0.3 
ms,, n — 6 respectively, time constant of decay: 7.4  0.7 ms, n - 16, and 7.4  2.4 
ms,, n - 6, respectively). Temporal summation of synaptic input was investigated in 
currentt clamp at two different stimulation frequencies (20 and 50 Hz). At 20 Hz 
stimulation,, bursting and regular-spiking neurons showed the same moderate level 
off  temporal summation (bursting: 34  11 %, n - 10, regular-spiking: 29  4 %, n 
-- 6, Fig. 5A). However, in response to input of higher frequency (50 Hz), bursting 
neuronss showed only half the temporal summation (57  16 %, n = 9) of that 
observedd in regular-spiking neurons (133  24 %, n - 6, P < 0.05, Fig 5/4). To 
confirmm the pivotal role of Ih in temporal summation of synaptic input, we blocked 
Ihh with ZD7288 (20 (iM) in both classes of neurons. In bursting as well as in 
regular-spikingg neurons, ZD7288 increased the time constant of decay of single 
EPSPss (43  11, n - 5 and 43  3, n - 4, respectively, Fig. SB). In addition, the 
differencee in temporal summation between the two classes of neurons was 
abolished.. The mean level of summation at a stimulation frequency of 50 Hz with 
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Fig.. 5. Burstin g neurons display less temporal summation of EPSPs 
A.A. EPSPs in response to a single subthreshold stimulation and to a 20 Hz and 50 Hz stimulation in 

bothh bursting and regular-spiking neurons. Holding potential was -65 mV and evoked EPSPs had an 

amplitudee of 1.5 - 4 mV. Stimulations were performed at 30 - 33 "C. Summation factors were 

expressedd as the percentual increase in synaptic depolarization during a train of 5 EPSPs: (EPSP5-

EPSP1)/EPSP1.. In response to 50 Hz stimulation bursting neurons display significantly less 

temporall  summation of EPSPs. B. Blockade of lh by 20 uM ZD7288 abolished the difference in 

temporall  summation between bursting and regular-spiking neurons. Stimulation artefacts in current 

tracess were deleted for displaying purposes. 
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Ihh blocked was 138  45 % {n - 4) in bursting neurons and 141  38 (« = 4) in 
regular-spikingg neurons (Fig. SB). The mean level of summation at a stimulation 
frequencyy of 20 Hz with Ih blocked was 104  32 % (n = 5) in bursting neurons 
andd 79  22 % (« = 4) in regular-spiking neurons. These results indicate that 
burstingg neurons display less temporal summation compared to regular-spiking 
neurons.. Furthermore, the different levels of Ih between bursting and regular-
spikingg neurons appear to be critical for the distinct levels of temporal summation 
betweenn the two classes of neurons. 

ComputerComputer simulations confirm the role of distinct levels of Ih in 
temporaltemporal summation of synaptic input 

Inn order to verify the role of Ih in determining the different temporal summation 
off  synaptic input in bursting in regular-spiking neurons, we implemented a model 
off  a pyramidal neuron with different Ih levels, and examined the effects on synaptic 
integration.. In accordance with our measurements, the same neuron morphology 
wass used for bursting and regular spiking neurons (Fig. GA). The model was then 
tunedd to the following boundary conditions: 1) The ratio for K+ and Na+ leak in 
eachh compartment was set to attain a uniform resting membrane potential of -65 
mV.. The absolute value was scaled to match the recorded impedance of bursting 
andd regular-spiking neurons. An additional electrode leak in the soma 
compartmentt of >250 MQ was added. Cell impedance was measured using exacdy 
thee same procedure as in the experiments. 2) Ih was implemented assuming a 
densityy gradient in the dendrite that reached its maximum 500 (im from the soma. 
Thee existence of a gradient for HCN1 subunits in subicular neurons has been 
demonstratedd (Lörincz et al., 2002). We implemented a gradient of 1:7 based on 
previouss physiological studies on the Ih in hippocampal CA1 pyramidal neurons 
(Magee,, 1998). Simulated voltage clamp experiments on the model cell were 
performedd to confirm that Ih as measured in the soma matched the experimental 
data.. 3) Uniformly over the membrane surface of the dendrite (starting at 100 |im 
beloww the soma, dots in Fig. (L4), glutamatergic synapses were implemented as 
changess in membrane conductance with rise and fall time constants as recorded at 
thee soma of 0.5 ms and 7.4 ms, respectively, and a reversal potential of 0 mV. A 
fractionn of the synapses (55 in total, Fig. GA) were activated synchronously and 
thiss resulted in an EPSP that, when recorded from the soma, had time constants 
forr rise (3.2 ms and 3.8 ms for bursting and regular-spiking model neuron, 
respectively)) and decay (23 ms and 44 ms for bursting and regular-spiking model 
neuron,, respectively) similar to those obtained experimentally (Fig. 6B). 
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Fig.. 6. Computer  simulation of the role of Ih in temporal summation 
A.A. Morphology of the cell that was used in the modeling study. Dots represent the sites of excitatory 
synapses.. B. Single EPSPs as recorded from the soma of the model neurons with high levels of h, 
(lowerr trace) and low levels of lh (middle trace). In the absence of Ih, to simulate the pharmacological 
blockk of Ih by ZD7288, the EPSPs from the bursting and regular-spiking model neuron overlap 
completelyy (upper trace). C. Temporal summation of simulated EPSPs at 50 Hz under the same 
conditionss as described in B. D. Simulation of the frequency-dependence of temporal summation in 
thee bursting (solid curve) and regular-spiking (dashed curve) model neuron. Data points are the 
experimentallyy obtained values for the summation recorded in bursting (solid symbols) and regular-
spikingg (open symbols) neurons (see Fig. 5). 

Temporall  summation of synaptic input as a function of frequency was analyzed in 
bothh model neurons (high and low levels of Ih), revealing differences that matched 
thee experimental observations (Fig. 6D). The values calculated from simulations 
withh 50 Hz stimulation overlap with the experimentally obtained data (burster: 
87%,, regular: 120%; deleting Ih from the model to simulate the pharmacological 
blockk of Ih by ZD 7288 increased these values to 147% and 144%, respectively, 
Fig.. 6C, D). Simulations with stimulation frequencies of 20 Hz resulted in an 
almostt perfect match for the regular spiking neuron (29 + 4% observed, 20 % 
simulated).. For the bursting neuron, the model predicted less summation than 
actuallyy observed (34  11 % observed, -1 % simulated, Fig. 6D). This difference 
couldd be due to the fact that the model does not take into account several 
presynapticc mechanisms of facilitation which are relevant at these stimulation 
frequencies. . 
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Discussion n 

Thee main finding we report here is that bursting and regular-spiking neurons of 
thee rat subiculum exhibit a considerable difference in Ih. Bursting neurons posses 
ann Ih with a two-fold larger conductance than the Ih in regular-spiking neurons. 
Thee voltage-dependent properties of Ih in both classes of neurons were similar. 
Thee large Ih conductance, which is not causally related to the ability to fire in 
bursts,, ensures less temporal summation of evoked synaptic input onto bursting 
neurons,, which suggests that they are better suited to discriminate high frequency 
input.. This important intrinsic difference between bursting and regular-spiking 
neuronss may provide some information about the physiological relevance of 
havingg bursting and regular-spiking neurons in the subicular network. It should be 
notedd that the Ih conductance at the soma in bursting neurons is quite large 
comparedd to that in other pyramidal neurons such as CA1 pyramidal neurons 
(Magee,, 1998; Magee, 1999) and neocortical neurons (Williams & Stuart, 2000; 
Bergerr et al, 2001). This might indicate a strong functional role for Ih in subicular 
burstingg neurons, as we show here to be the case with respect to the temporal 
integrationn of synaptic input. 

Fromm randomly chosen neurons in the rat subiculum, we found fractions of 
burstingg (64%), regular-spiking (31%) and fast-spiking neurons (6%) that agreed 
welll  with previous studies in the rat (Taube, 1993; Greene & Totterdel, 1997; Gigg 
etet al., 2000) as well as in the guinea pig (Stewart & Wong, 1993). Bursting and 
regular-- spiking neurons did not appear to differ in obvious morphological 
characteristicss and were both dispersedly located throughout the subiculum, which 
alsoo corresponds well to previously reported data (Greene & Totterdel, 1997). 
Burstingg neurons displayed larger sags and lower input resistance compared to 
regular-spikingg neurons, which turned out to be correlated to a two-fold difference 
inn maximal Ih conductance (5.3  0.5 nS versus 2.2  0.6 nS) at both room 
temperaturee and at more physiological temperatures (6.1  0.5 nS versus 3.2  0.9 
nS).. The voltage-dependence, reversal potential and kinetics of Ih did not differ 
betweenn the two classes of neurons. No detectable difference in membrane 
potentiall  between the two classes of neurons were noted, whilst one would expect 
aa relatively depolarized resting membrane potential in bursting neurons due to the 
largerr Ih, which has a reversal potential around -25 mV. This suggests that, in 
additionn to Ih, there may be other voltage-gated or leak conductances that are 
differentt between bursting and regular-spiking neurons. 

Inn hippocampal CA1 and neocortical layer 5 neurons, Ih is present in relatively low 
densitiess at the soma while Ih density steadily increases along the apical dendrite 
towardss the distal dendrites (Magee, 1998; Berger et al., 2001). For subicular 
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pyramidall  neurons, a gradient for HCN1, one of the subunits underlying functional 
Ihh channels, has been reported to exist using high-resolution immunolocalization 
(Lörinczz et al., 2002). In the latter study, no link was made to the physiology of 
subicularr neurons, but the fact that the authors did not report a quantitative 
differencee between sampled neurons may indicate that both bursting and regular-
spikingg neurons display a similar somato-dendritic gradient for Ih. Using a ratio of 
1:7,, based on the distribution of Ih in hippocampal CA1 pyramidal neurons 
(Magee,, 1998), we show that the temporal summation of synaptic input in both 
burstingg and regular-spiking neurons can be qualitatively reproduced in a computer 
simulationn model (Fig. 6C, D). In addition, the model shows that when Ih is absent, 
thee temporal summation in bursting and regular-spiking neurons is equal, conform 
thee experimental data, confirming the pivotal role of Ih in temporal summation. 

Somee studies have suggested that since the passive properties and morphology of 
subicularr neurons appeared to be the same, they might receive input from distinct 
anatomicall  pathways. Indeed, many complex segregational inputs along the 
temporal-septall  and proximal-distal axes of the subiculum have been described 
(CTMaraa et al., 2001). However, the fact that bursting and non-bursting neurons 
havee been reported to be present all along the temporal-septal and proximal-distal 
axes,, suggests that they are not necessarily targeted by distinct anatomical pathway, 
orr at the very least that there may be a large overlap in the inputs that bursting and 
regular-spikingg neurons receive in any particular cross-section of the subiculum. 
Wee do not know whether the difference in Ih conductance exists in bursting and 
regular-spikingg neurons along all the different axes of the subiculum, since we 
testedd only one configuration of slices. However, if so, it is likely that integration of 
inputss from all areas projecting to the subiculum is largely determined by Ih in both 
burstingg and regular-spiking neurons. 

Contraryy to the hypothesis that the two classes of neurons are targeted by distinct 
anatomicall  pathways, there remains the possibility that bursting and regular-spiking 
neuronss project to different areas. Indeed, Stewart (1997) showed, using 
physiologicall  rather than anatomical methods, that subicular neurons do not differ 
inn their input pathways, but that they differ in their projection areas. That study 
showedd that while the response of bursting and regular-spiking neurons to 
orthodromicc stimulation from either CA1, presubiculum or entorhinal cortex did 
nott differ qualitatively, they significandy differed in their responses to antidromic 
stimulationn from these areas. Thus, bursting neurons were antidromically driven 
fromm presubiculum, but not from the entorhinal cortex or CA1, while regular-
spikingg neurons were antidromically driven from entorhinal cortex and CA1, but 
nott presubiculum. Since we have shown that bursting neurons are very well suited 
too reliably transmit high frequency input this could mean that such information is 
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preferentiallyy relayed to the presubiculum while lower frequency input is 
distributedd to all projecting areas by both classes of neurons. 

Thee ability to fire in bursts has been proposed to ensure reliable synaptic 
transmissionn at synapses that have a low probability of transmitter release in 
responsee to single action potentials (Miles & Wong, 1986; Lisman, 1997; Snider et 
a/.,a/., 1998). This means that potentially, burst firing neurons more reliably transmit 
inputt at any frequency compared to regular-spiking neurons. We report here that 
temporall  summation of EPSPs is not significandy different for frequencies up to 
200 Hz for bursting and regular-spiking neurons, while they are different at 50 Hz, 
indicatingg that the advantage of firing in bursts is specifically important at 
frequenciess higher than 20 Hz. In vivo, during waking and rapid-eye-movement 
(REM)) sleep, high frequency input to the subiculum occurs in the form of gamma 
oscillationss (~ 40 - 60 Hz), which have been shown to result from the temporally 
organizedd discharge of hippocampal and entorhinal neurons (Bragin et al, 1995; 
Chrobakk & Buzsaki, 1998). From our results, it therefore seems likely that during 
gammaa oscillations, bursting neurons will more reliably discriminate and transmit 
inputt than regular-spiking neurons. During learning processes this might be useful 
forr the storage and transfer of information, while it might equally play a role in the 
transmissionn of seizures in the subiculum during epilepsy (Harris & Stewart, 2001; 
Cohenn etal, 2002). 
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6.11 Summary of experimental findings 

Thee aim of this thesis was to investigate whether homeostatic plasticity of intrinsic 
excitabilityy induced on a short-term time scale exists in CA1 pyramidal neurons of 
thee hippocampus. The main findings suggest that this is the case and that rapidly 
inducedd plasticity of intrinsic excitability can serve to stabilize neuronal function by 
modulationn of specific voltage-gated ion channels. 

Inn the preceding chapters, the following experimental data was presented: 

Inn chapter 1, I studied the effect of enhanced excitatory input onto hippocampal 
CA11 pyramidal neurons by application of a-latrotoxin or direct glutamate 
applicationn and showed that this induces an ~eight-fold increase of the somatic 
hyperpolarization-activatedd Ih current. This phenomenon was shown to be 
mediatedd by AMP A- and NMDA receptor activation and depolarization-induced 
Ca2++ influx. Experiments using the dynamic clamp method showed that this large 
increasee in Ih reduces the excitability of CA1 neurons. Thus, since it occurs in 
responsee to enhanced excitation, this mechanism serves as a homeostatic 
mechanismm to regulate the excitability of CA1 pyramidal neurons on a time scale of 
minutes. . 

Inn chapter 2,1 further investigated this phenomenon and found that Ih can also be 
upregulatedd by synaptic stimulation of proximal Schaffer collateral fibers 
originatingg in the CA3 area of the hippocampus. By using high or low 
concentrationss of a slow Ca2+ buffer in the internal solution, it was shown that 
intracellularr Ca2+ levels determine the rate of Ih upregulation. In both conditions, Ih 
startedd to increase after approximately 5 - 10 minutes of stimulation and reached 
equivalentt levels after 30 minutes of stimulation. With high Ca2+ buffer in the 
internall  solution, the increase in Ih reduced the excitability of pyramidal neurons by 
causingg a shift in the input-output relationship. With low Ca2+ buffer in the 
internall  solution however, a form of EPSP-spike potentiation occurred in addition 
too the increase in Ih, resulting in no net change in excitability. The effect of the 
increasee in Ih is therefore to homeostatically scale the input-output relationship, 
althoughh this effect can be overruled by additional processes. 

Inn chapter 3, I showed that reducing background activity in the in vitro situation 
inducedd an increase in the excitability of CA1 pyramidal neurons, which appeared 
too be correlated to a downregulation of a sustained K+ current. Blockade of 
backgroundd activity did not induce changes in the fast Na+ current. This adaptive 
mechanismm is induced on a time scale of minutes and since it occurs in response to 
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aa decrease in background activity, it serves as a homeostatic gain-setting 
mechanismm to regulate intrinsic excitability. 

Inn chapter 4, I showed that bursting and regular-spiking neurons in the rat 
subiculumm differ in the levels of Ih they express and I investigated the functional 
consequencess of this on the temporal integration of synaptic inputs onto these 
neurons.. It was shown that bursting neurons display considerably less temporal 
summationn than bursting neurons as a result of their large Ih and it was concluded 
thatt bursting neurons therefore might be better suited to discriminate high-
frequencyy inputs within the subicular network compared to regular-spiking 
neurons. . 

6.22 Molecular  mechanisms of modulation of voltage-gated 
ionn channels 

Inn chapters 2, 3 & 4, I reported two activity-dependent mechanisms of modulation 
off  voltage-gated ion channels that did not appear to involve changes in the voltage-
dependentt properties, but rather involved changes in the maximal conductance of 
thee ion channels. There are two alternative underlying principles of how these 
modulatoryy mechanisms are achieved: 

11 - by a change in the number of channels 
2-- by a change in channel conductance 

Modulationn of the number or density of channels in the membrane could result 
fromm changes in transcriptional control, translational control or from the insertion of spare 
HCNHCN proteins into the membrane. Changes in the single channel conductance of 
ionn channels would require post-translational modulatory mechanisms. Below, all 
fourr of these possible modulatory mechanisms are discussed with respect to the 
phenomenaa presented in chapter 2, 3 & 4. Since most activity-dependent processes 
appearr to use intracellular Ca2+ levels as a sensor, and specifically those presented 
inn chapter 2 & 3, the following focuses on potential Ca2+-dependent modulatory 
mechanismss of ion channels. 

TranscriptionalTranscriptional control 

Transcriptionall  control of the expression of voltage-gated ion channels is generally 
thoughtt to take hours if not days to occur, although relatively rapid initiation of 
transcriptionn mechanisms have been shown to be required for LTP maintenance. 
Thee early induction phase of LTP seems not to require transcriptional control, but 
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thee long-lasting component can be prevented by blocking protein synthesis during 
LTPP induction (Stanton & Sarvey, 1984; Frey et al, 1988; Frey & Morris, 1997; 
Martinn et al, 1998). This transcriptional control of LTP is mediated by intracellular 
Ca2++ levels and multiple pathways appear to exist by which Ca2+ affects gene 
transcriptionn (for review see Finkbeiner & Greenberg, 1998). In general, Ca2+ rises 
couplee to and activate specific intracellular signal transduction cascades that lead to 
phosphorylationn and activation of specific transcription factors. Such transcription 
factorss consequently bind to enhancer elements within the regulatory region of 
geness to interact, recruit and regulate components of the basal transcription 
machinery.. Genes that are sensitive to Ca2+ regulation are so-called immediate early 
geness (IEG). Examples of well-known Ca2+ response elements that can initiate 
transcriptionn of these genes have been identified by studying one of those LEG s, 
thee c-fos gene, and these are the cyclic AMP response element CRE and the 
serum-responsee element or SRE. The main target of CRE, the cyclic AMP element 
bindingg protein or CREB is the best studied Ca2+ activated transcription factor. 
CREBB has a DNA binding region and is thought to bind to DNA in the nucleus 
wheree it can initiate gene transcription once it gets phosphorylated. 
Phosphorylationn of CREB can occur as a result of other Ca2+-dependent 
intracellularr molecules such as calmodulin-kinases CAMKI , II , IV and the protein 
kinasess PKA and PKC. The level and kinetics of CREB phosphorylation 
consequentlyy determines the extent and pattern of gene expression. It has, for 
example,, been shown that there is a relationship between the pattern of 
stimulation,, the induced Ca2+ rise and the subsequent level in gene expression in 
dorsall  root ganglion neurons (Fields et al., 1997). Additionally, it has been 
suggestedd that the site of Ca2+ entry might be a determining factor in the regulation 
off  gene expression, since Ca2+ that binds to its effector molecules within 1 |j,m of 
itss site of entry appeared critical for CREB phosphorylation (Deisseroth et al, 
1996). . 

Thus,, it appears that neuronal activity can rapidly induce multiple Ca2+ dependent 
pathwayss that control gene transcription which might result in long-lasting changes 
inn protein synthesis. 

Thee main problem with gene transcription in relation to the mechanisms presented 
inn this thesis, is that it is unclear whether activity-dependent gene transcription can 
actuallyy result in functional proteins within a time scale of tens of minutes, even 
thoughh this has been suggested to be the case with LTP (Stanton & Sarvey, 1984; 
Freyy et al, 1988; Frey & Morris, 1997; Martin et al, 1998). Moreover, the high-
frequencyy stimulation protocols often used for the induction of LTP will result in 
quitee different Ca2+ dynamics than the stimulations we used in chapter 2 and 3. 
However,, since the time-course of Ih increase is comparable to that of the long 
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lastingg component of LTP, it cannot be ruled out that Ca2+ dependent enhanced 
genee transcription is involved in the regulation of Ih conductance. 

Translations!Translations! control 

Activity-dependentt control of protein synthesis has been far less studied than 
controll  of gene transcription. However, it has been suggested that intracellular 
Ca2++ might regulate the initiation and elongation of polypeptide chains during 
proteinn synthesis on the endoplasmic reticulum (ER, for review see Barish, 1998). 
Thus,, intracellular Ca2+ has been linked to the eukaryotic initiation factor2 (eIF-2) 
thatt binds into a complex with the 40S ribosomal subunit and GTP, which starts 
thee initiation of a polypeptide chain. Some studies have shown that blocking 
proteinn tyrosine kinases or growing neurons under serum free conditions affects 
eIF-22 activity and protein synthesis (Hu et aL, 1993; Alcazar et ai, 1996). This data 
howeverr fails to show a direct link between Ca2+ and its potential effector 
molecules.. After initiation of protein synthesis, there is the translocation step 
wheree polypeptide chains get elongated. This process is catalyzed by eukaryotic 
translationn elongation factor-2 or eEF2. Translocation is achieved through a cycle 
off  GTP binding, ribosome attachment and elongation, followed by GTP 
hydrolysiss and detachment from the ribosome. Ca2+-dependent CAMKI I is known 
too phoshorylate eEF-2, which leads to an inhibition of translocation. This activity 
cann be restored again by protein phosphatase 2A. Since CAMKI I can 
autophosphorylate,, which makes it active for a long period of time, this 
mechanismm has been suggested to provide the molecular switch during LTP in 
whichh the phosphorylated state of CAMKI I is maintained until a reversing 
stimuluss is received (Barish, 1998). One study has explicidy shown that glutamate 
inducedd Ca2+ increases in cultured cortical neurons resulted in increases in eEF-2 
phosphorylationn and inhibition of protein synthesis that closely followed the 
increasess in Ca2+ (Marin et ai, 1997). 

Thus,, although translational control undoubtedly will prove to be a highly complex 
process,, it appears that activity-dependent Ca2+ increases might induce Ca2+-
dependentt inhibition of protein synthesis. It therefore seems unlikely to be 
involvedd in activity-dependent upregulation of Ih (chapters 2 & 3) or the 
downregulationn of the sustained K+ conductance (chapter 4) after a reduction in 
activity. . 

Interestinglyy though, it has been shown that in certain neurons, such as CA3 and 
thalamicc reticular cells, there can be a stark discrepancy between the abundance of 
HCNN mRNA's below the somatic membrane and the (low) expression of 
functionall  Ih channels in the membrane (Santoro et at, 2000). This could indicate 
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thatt there is some form of translational control of HCN transcripts that prevents 
thee translation of mRNA's into proteins. In this case, increased protein synthesis 
couldd occur in response to the appropriate (reversing) stimulus. Since Ca2+ has 
beenn reported to inhibit protein synthesis however, it remains questionable 
whetherr Ca2+ dependent upregulation of Ih is achieved through an increase in 
translationn of mRNA's. 

InsertionInsertion of spare ion channels in the membrane 

Knowledgee of post-translational mechanisms that control protein structure and 
functionn after protein synthesis is limited. This applies especially to the export and 
traffickingg of proteins from the ER to the Golgi apparatus, from where proteins 
leavee packed into vesicles to be inserted into the membrane. Transport from the 
ERR to the Golgi apparatus does appear to be Ca2+ sensitive, but both the ER and 
thee Golgi have their own Ca2+ stores from where they probably sequester Ca2+ to 
regulatee this process. 

Insertionn of channels in the membrane may be mediated by regulated secretion 
thatt is partly dependent on local Ca2+ rises rather than on constitutive secretion 
(Barish,, 1998). Although debated, this hypothesis is supported by the finding that 
silentt synapses can be rapidly converted into functional glutamatergic synapses 
afterr hippocampal LTP (Isaac et al, 1995; Liao et a/., 1995; Durand eta/., 1996; Wu 
etet al.y 1996). Thus, the insertion of cytosolic channel subunits into the surface 
membranee has been shown to be a principle by which activity-dependent insertion 
off  specific subtypes of AMPA receptors can be achieved (Passafaro et a/., 2001; 
Chenn et a/., 2000). Also, chronic CAMKI I sensitive membrane cycling that 
potentiallyy delivers channels to the membrane has been shown to exist in 
developingg hippocampal neurons (Matteoli et a/., 1992; Maletic-Savatic et al> 1995; 
Maletic-Savaticc et al.y 1996). In theory, it does not seem unlikely that similar 
processess could exist that regulate the surface expression of ion channels other 
thann AMPA. Unfortunately however, it is unknown whether there are spare HCN 
proteinss ready to be inserted into the membrane in the cytoplasm. 

Thus,, activity-dependent Ca2+ rises might control the insertion of ion channels into 
thee plasma membrane, although concrete evidence concerning the signaling 
pathwayss involved and the presence of spare subunits of specific voltage-gated ion 
channelss is lacking. 
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Post-translationalPost-translational control of channel conductance 

Oncee channels have been placed in the membrane, there are still numerous ways in 
whichh they can be modulated. The best known activity-dependent post-
translationall  principle is that of phosphorylation and dephosphorylation by kinases 
andd phosphatases of which several are Ca2+ dependent. Most ion channels can be 
phosphorylatedd by protein kinases that transfer the terminal phosphate of ATP 
covalentlyy to hydroxyl groups of serine and threonine or tyrosine residues (Hille, 
1992).. This process can be reversed by protein phosphatases. Ion channel 
phosphorylationn can either increase or decrease the ion flux through the channel or 
affectt channel properties. The exact modulatory effect of phosphorylation and 
dephosphorylationn on specific ion channels therefore remains to be established. 

Withh respect to the results reported in this thesis, single channel recordings would 
bee required to determine whether modulation of single channel conductance was 
involvedd in the reported mechanisms. For the results described in chapter 4 this 
mightt be feasible, but not for the results described in chapters 2 & 3. This is 
becausee the single channel conductance of Ih has not been determined yet in CNS 
neurons,, since it appears to be very low (in cardiac sino-atrial cells it is ~ 1 pS) and 
wouldd require extremely low-noise recordings in order to discriminate between 
channell  conductance and noise. 

PreliminaryPreliminary conclusion on the molecular mechanism of Ih 

upregulation upregulation 

Ass discussed above, it appears that both of the two principle mechanisms, a 
changee in channel density or a change in channel conductance, could underlie the 
mechanismss reported in chapters 2, 3 & 4. For the time being therefore, it remains 
sheerr speculation what modulatory mechanism upregulates Ih downstream from 
Ca2++ since no mechanism can be excluded a priori. 

Thee specificity however by which Ih is targeted by a general signal like a rise in 
Ca2++ could suggest that the site of Ca2+ entry and downstream effector molecules 
aree closely linked to the site of Ih modulation. Thus, it might be worthwhile to 
investigatee which intracellular proteins and effector molecules AMP A, NMD A, 
Ca2+-- and Ih channels are associated with in order to establish whether there are 
correlationss between their intracellular partners. Perhaps that the advent of 
molecularr techniques such as yeast-two-hybrid screening or FRET could shed 
somee light on this question in the near future. Additionally, it might be feasible to 
excludee the involvement of mechanisms at the transcriptional level by intracellular 
applicationn of selective transcription inhibitors. 
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6.33 Plasticity of intrinsi c excitability : reinforcin g versus 
homeostaticc mechanisms 

Fromm this thesis (chapter 2, 3 & 4) as well as from several recently reported 
findingsfindings (Aizenman & Linden, 2000; Egorov et al, 2002; Baines, 2003; Nelson et 
a/.,a/., 2003; Cudmore & Turrigiano, 2004) it is becoming clear that the excitability of 
neuronss is regulated by changes in network activity on relatively short-term time 
scaless (<15 minutes), in addition to plasticity of intrinsic excitability that is induced 
onn longer time scales of hours to days (Aizenman et al, 2003; Golowasch et al, 
1999;; Aptowitz et al, 2004; Turrigiano et al, 1994; Turrigiano et al, 1995; Desai et 
al,al, 1999; Baines et al., 2001). In general, mechanisms of plasticity that are induced 
onn short-term time scales can be either reinforcing or homeostatic in nature in the 
sensee that they either reinforce the direction in which activity changes or they 
counteractt it by maintaining a certain homeostasis in intrinsic excitability. 

ReinforcingReinforcing plasticity of intrinsic excitability 

Plasticityy of intrinsic excitability can serve to reinforce the change in synaptic 
activityy in the sense that increased activity leads to increased excitability and vice 
versa.. This type of rapidly induced plasticity of intrinsic excitability occurs in 
severall  preparations and appears to be mediated by different mechanisms. Thus, in 
deepp cerebellar neurons (DCN) neurons, it has been shown that synaptic activation 
off  NMDA receptors or direct depolarization results in an increased intrinsic 
excitabilityy within several minutes that remains for at least tens of minutes after the 
stimuluss (Aizenman & Linden, 2000; Armano et al, 2000). Also, in entorhinal 
cortexx neurons, increased cholinergic muscarinic drive leads to an immediate 
increasee in excitability that lasts and remains stable for at least 13 minutes after the 
stimulationn (Egorov et al.y 2002). More recently, it was reported that a long-term 
potentiationn of excitability (termed LTP-IE) occurred in LV visual cortex neurons 
afterr inducing these neurons to fire at high-frequencies (30-40 Hz) for 5 minutes. 
Thiss increase lasted for at least 60 minutes (Cudmore & Turrigiano, 2004). 

I tt has been suggested that mechanisms of reinforcing plasticity of intrinsic 
excitabilityy are involved with learning and memory processes, since in several in vivo 
modell  systems, it has been shown that learning processes are correlated with 
increasess in excitability (for review see Daoudal & Debanne, 2003). In both 
invertebratess and in the mammalian brain have such correlations been made. In 
thee marine mollusk Hermissanda crassicornis, classical conditioning of the phototaxic 
responsee correlates to a second messenger induced reduction of K+ currents in 
photoreceptorr cells (Alkon, 1984; Gandhi & Matzel, 2000). Also, in the leech 
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brain,, bidirectional changes in excitability are induced concomitandy with 
sensitizationn and habituation (Burrell et al, 2001). 

Inn the mammalian brain, increases in excitability of neurons in several brain 
structuress are associated with classic eyelid conditioning. Thus, increased 
excitabilityy has been observed in the hippocampus (Disterhoft et al., 1986; Coulter 
etal.,etal., 1989; De Jonge et al., 1990; Sanchez-Andres & Alkon, 1991; Thompson et al., 
1996;; Moyer et al., 1996; Moyer et al., 2000; Oh et al., 2003), in the cerebellum 
(Schreurss et al., 1997; Schreurs et al, 1998) and in the piriform cortex (Saar et al, 
1998,, Saar et al., 2002) after classic eyelid conditioning. These findings led to the 
hypothesiss that synaptic or propagated activity during training may play a role in 
thee induction of plasticity of intrinsic excitability (Daoudal & Debanne, 2003). 
However,, since these changes in excitability were seen days after inducing eyelid 
conditioning,, it is unclear how rapidly induced reinforcing plasticity mechanisms are 
relatedd to this form of learning and memory. 

Onee process that rapid reinforcing plasticity of excitability might be associated 
withh is EPSP-spike potentiation. EPSP-spike potentiation represents an increased 
probabilityy of firing of neurons to a given synaptic input, a process often 
associatedd with LTP. In the CA1 area, it can be induced by tetanization of Schaffer 
collateralss (Andersen et al, 1980; Abraham et al, 1987) or by pairing low frequency 
stimulationn of Schaffer collaterals with high-frequency antidromic conditioning 
(Jesterr et al, 1995). A matter of strong controversy, it has been suggested that 
EPSPP spike potentiation is dependent on a change in the balance between 
excitatoryy and inhibitory drive (Abraham et al., 1987; Chavez-Noriega et al, 1989; 
Luu et al., 2000) and/or on changes in the intrinsic excitability of neurons (Taube & 
Schwartzkroin,, 1988; Daoudal et al, 2002). Since EPSP-spike potentiation has not 
beenn reproduced at the cellular level yet (but see chapter 3 for a form of EPSP-
spikee potentiation induced by low frequency stimulation), its underlying 
mechanismss remain to be elucidated. 

Futuree studies will have to show the functional relevance of rapidly induced 
reinforcingg plasticity of intrinsic excitability. It is however clear that these 
mechanismss can not provide stability in neuronal function. 
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HomeostaticHomeostatic plasticity of intrinsic excitability 

Mechanismss of plasticity of intrinsic excitability that can however rapidly provide 
stabilityy in neuronal networks are homeostatic mechanisms. Homeostatic 
mechanismss of intrinsic excitability have so far only been shown to exist on a time-
scalee of hours to days (Golowasch et a/., 1999; Turrigiano eta/., 1994; Turrigiano et 
a/.,a/., 1995; Desai et a/., 1999; Baines et a/., 2001; Aptowicz et a/., 2004). However, 
severall  findings presented in this thesis (chapter 2, 3 & 4) together with other 
recentt findings (Baines, 2003; Nelson et a/., 2003) show that homeostatic plasticity 
off  excitability can also occur at a time-scale of minutes. These mechanisms are well 
suitedd to rapidly provide and ensure stability of individual neurons and local 
networkss in the face of fluctuating activity levels. 

Thesee findings generate some important questions: 

11 - Are these rapidly induced mechanisms of homeostatic plasticity also rapidly 
reversible? ? 
22 - How do these mechanisms relate to processes of synaptic plasticity? 
33 - What functional relevance do they have? 

1-- The first question is not easy to answer mainly due to limitations in the 
recordingg techniques generally used to study these phenomena in the in vitro slice 
preparationn (for details on recording techniques see box 2, chapter 1). With respect 
too the phenomena reported in chapter 2, 3 and 4 of this thesis, the duration of 
recordingss was restricted by the cell-attached and the whole-cell voltage clamp 
technique.. In chapter 2, I recorded in cell-attached mode from the soma of 
pyramidall  neurons and this showed that increases in Ih lasted throughout the 
lengthh of recordings. This was limited to approximately 30 minutes, since after this 
period;; cell-attached patches tend to become unstable. It was also shown in this 
studyy however, that in the presence of increased synaptic input induced by a-LTX, 
thee increase in Ih could be reversed back to control levels by blockade of 
glutamatergicc AMPA receptors. This suggested a requirement for ongoing AMPA 
receptorr activation in maintaining the effect. When glutamate was puffed onto 
pyramidall  neurons though, the application of glutamate was stopped as soon as Ih 
startedd to increase (within the first 10 minutes), and this showed that Ih kept on 
increasingg and remained stable throughout the remainder of the recording. One 
explanationn for this apparent discrepancy might be that with a-LTX there is also 
enhancedd GABAergic release and the resultant Ca2+ influx and intracellular Ca2+ 

dynamicss might be different in the two conditions. In chapter 3, I show that 
intracellularr Ca2+ levels determine the rate of Ih increase. It can therefore be 
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concludedd that the rate by which Ih increases, the duration of the effect and 
whetherr it is rapidly reversible, probably strongly depends on the induction 
paradigmm and its effect on intracellular Ca2+ dynamics. In chapter 4, K+ currents 
weree reduced by blockade of background activity, which lasted for the duration of 
thee recording. Again, the limitation of the cell-attached technique does not allow 
longerr recordings, making it difficult to asses the duration of the effect as well as to 
testt whether it can be rapidly reversed. 

Inn the study by Nelson et al., (2003) it was shown that a short 5 min period of 
stimulationn of inhibitory synapses or direct hyperpolarization causes an increase in 
firingg rates of vestibular nucleus neurons that lasted for up to 2.5 hours after 
stimulation.. This phenomenon was shown not to be reversible by direct 
depolarization,, but this does not exclude that it could be reversed by another, more 
appropriatee stimulus. 

Takenn together, it appears that the reversibility and the duration of mechanisms of 
homeostaticc plasticity depend strongly on the induction paradigm used. 

2-- The second question will have to be dealt with by future studies, since it has so 
farr not been specifically addressed. The global, homeostatic mechanisms of 
plasticityy of intrinsic excitability that have been reported do not require correlated 
pre-- and postsynaptic activity in order to occur and are therefore independent of 
mechanismss of synaptic plasticity. Since they appear to require such different 
inductionn paradigms, plasticity of intrinsic excitability is probably not causally 
linkedd to synaptic plasticity. This does not exclude however, that correlated pre-
andd postsynaptic activity generally required to induce synaptic potentiation, is also 
ablee to induce plasticity in the intrinsic excitability of neurons. It is therefore likely 
thatt either general or local changes in intrinsic excitability will be proven to co-
existt with processes of synaptic plasticity. 

Thus,, it seems that homeostatic plasticity of intrinsic excitability by modulation of 
voltage-gatedd ion channels is not necessarily associated with synaptic plasticity 
processes,, although it might occur during this type of plasticity. Furthermore, it 
mightt indirectly affect the induction of synaptic plasticity by ensuring stable 
neuronall  properties, thus perhaps creating conditions for synapse-specific synaptic 
potentiationn to occur. 

3-- In the most basic sense, homeostatic plasticity of intrinsic excitability obviously 
functionss to maintain stable neuron input-output relationships and to keep firing 
ratess within certain boundaries at short-term time-scales. It could as such be a 
fundamentall  property of neuronal function, although this will first have to be 
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corroboratedd in other neuronal types. The functional relevance of plasticity of 
intrinsicc excitability will furthermore partly depend upon how plasticity of intrinsic 
excitabilityy and synaptic plasticity relate to one another. Further understanding of 
howw these two types of activity-dependent plasticity interact within neuronal 
networks,, could potentially lead to the formulation of new and more adequate 
learningg rules. 

Inn conclusion, plasticity of intrinsic excitability is a general principle that occurs in 
severall  neuronal types (table 1) and that can be either adaptive or reinforcing in 
nature.. Contrary to reinforcing plasticity of intrinsic excitability, rapidly induced 
homeostaticc plasticity of intrinsic excitability could function to maintain stability in 
singlee neurons and local networks. Unlike long-term plasticity of intrinsic 
excitability,, it can maintain stability on a rapid time-scale and therefore provides 
continuouss stability and selectivity for synaptic inputs. 

Tablee 1 Plasticity of intrinsi c excitability induced on a short-term time scale 

Reinforcingg plasticity of intrinsic excitability 

Brainn structure - cell type Induction protocol Reference 

Cerebellumm - deep cerebellar neurons 100 Hz stimulation Aizenman & Linden 2000 

Cerebellumm - deep cerebellar neurons 100 Hz theta or continous stimulation Armano et al. 2000 

Cortexx - entorhinal cortex layer V cholinergic muscarinic receptor Egorov et al. 2000 
neuronss activation/ depolarizing current injection/ 

10-200 Hz synaptic stimulation 

Cortexx - LV visual cortex neurons depolarizing current injection/ Cudmore & Turrgiano 2004 
intracellularr PKA 

Homeostaticc plasticity of intrinsic excitability 

Brainn structure - cell type Induction protocol Reference 

Drosophilaa - aCC & RP2 internal cAMP/PKA Baines 2003 

Brainstemm - vestibular nucleus neurons 40-80 Hz stimulation of inhibitory fibers Nelson et al. 2003 
// hyperpolarization 

Hippocampuss - CA1 pyramidal neurons CX-latrotoxin induced transmitter release/ Van Welie et al. 2004 
glutamatee application/depolarization 

Tablee 1. Summary of reported reinforcing and homeostatic mechanisms of intrinsic excitability that 
aree induced on a short-term time scale (< 15 minutes). Indicated are the brain structures in which 
theyy were found and the induction protocol that were used to induce the effect. 
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6.44 Effects of voltage-gated ion channels on spatial- and 
temporall  integration of synaptic inputs 

Althoughh not the main focus of this thesis, modulation of voltage-gated ion 
channelss not only affects intrinsic excitability of neurons by determining action 
potentiall  threshold and tiring frequencies, but it also affects the spatial- and 
temporall  integration of synaptic inputs. Especially the hyperpolarization-activated 
ionn current Ih plays an important role in this process. In chapter 5 of this thesis it 
wass shown that two classes of neurons that differ in their firing characteristics, the 
burstingg and regular-spiking neurons in the rat subiculum, express different levels 
off  Ih- Like in other pyramidal neurons such as hippocampal CA1 (Magee, 1998; 
Magee,, 1999) and neocortical neurons (Berger et ai, 2001; Williams & Stuart, 
2000),, Ih determines synaptic integration in subicular neurons. The gradient of Ih 
thatt exists along the apical dendrite of CA1 pyramidal (Magee, 1998) and 
neocorticall  (Berger et al, 2001; Williams & Stuart 2000) neurons and that 
potentiallyy also exists in subicular neurons (Lörincz et al, 2002) is especially well 
suitedd to impact the local integration and summation of synaptic inputs. Ih affects 
EPSPP integration and summation by decreasing input resistance and membrane 
timee constant, resulting in reduced amplitude and faster decay kinetics of the 
EPSP.. This consequently results in a reduced temporal summation of high-
frequencyy synaptic inputs. 

Inn this thesis, experimental data is presented that shows that Ih can readily be 
upregulatedd by increased synaptic excitation (chapter 2 & 3). One could therefore 
speculatee that the different levels in amplitude of Ih in subicular neurons reflect the 
historyy of activity onto these neurons. In the in vitro slice preparation I used, a lot 
off  the inputs that subicular neurons normally receive are cut of. If the difference in 
Ihh that is seen in these slices between bursting and regular-spiking neurons reflects 
aa difference in received levels of activity, this would have to imply that even in the 
inin vitro slice preparation this difference in activity levels should exist. Alternatively, 
aa difference in the level of input onto bursting and regular spiking neurons in vivo 
couldd lead to differences in the expression of HCN subunits at the transcriptional 
levell  that is still reflected in in vitro slices. As argued earlier, changes in gene 
expressionn could be one of the underlying mechanisms of activity-dependent 
modulationn of Ih. Future studies elucidating the molecular mechanisms underlying 
modulationn of Ih will have to reveal whether it is expressed at the transcriptional, 
translationall  or post-translational level. This could subsequently provide some 
cluess as to the underlying principles of the expression of different levels of Ih in 
differentt cell types. 
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Finally,, the hypothesis that activity-dependent modulation of Ih could underlie 
differencess in levels of Ih in different neurons, could be just as relevant with 
respectt to the gradient that exists for Ih in pyramidal neurons. Since CA1 pyramidal 
neuronss receive more excitatory synapses in the distal dendritic regions compared 
too the more proximal regions (Megias et a/., 2001), it could be that the gradient in Ih 
iss induced and maintained by this gradient in excitatory drive. In general, this 
potentiallyy implies that Ih channels could ultimately be present at every neuronal 
sitee where excitatory drive is strong. 

6.55 Conceptual implications surpassing this thesis 

Thee experimental studies presented in this thesis were performed in order to 
investigatee whether short-term homeostatic plasticity of intrinsic excitability exists 
inn hippocampal CA1 pyramidal neurons. The results obtained suggest that this is 
thee case and two mechanisms of activity-dependent modulation of voltage-gated 
ionn channels were found. It therefore appears that voltage-gated ion channels can 
bee modulated in a dynamical fashion that reflects the recent history in activity 
received.. Future experimental studies will have to unveil whether such activity-
dependentt modulation of voltage-gated ion channels is a ubiquitous and 
fundamentall  property of neurons throughout the CNS. If so, future modeling 
studiess could potentially elucidate how short-term homeostatic gain-setting 
mechanismss interact with synaptic plasticity mechanisms to formulate adequate 
learningg rules that describe learning and memory formation and consolidation in 
networkss of the medial temporal lobe. 

Homeostaticc plasticity of voltage-gated ion channels might additionally turn out to 
bee relevant during the development of neuronal networks, since during 
development,, activity levels are changing rapidly and neurons could greatly benefit 
fromm the stability guaranteed by homeostatic plasticity mechanisms. 

II  would like to conclude by stating that voltage-gated ion channels will prove to be 
molecularr structures that are highly sensitive to activity-dependent modulation on a 
rangee of different time-scales and by a range of different mechanisms and that the 
ruless and function of ion channel modulation will greatly enhance the dynamical 
andd computational capacity of individual neurons within neuronal networks and 
consequendy,, our understanding thereof. 
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Abstract t 

Ba2++ is commonly used to discriminate two classes of ion currents: the classical 
inward-rectifyingg K+ current, IK* , is blocked by low milKmolar concentrations of 
Ba2+,, whereas the hyperpolarization-activated cation current Ih is thought not to be 
sensitivee to Ba2+. Here we investigated the effects of Ba2+ on Ih currents recorded 
fromm rat hippocampal CA1 pyramidal neurons, and on cloned Ih channels 
composedd of either HCN1 or HCN2 subunits transiently expressed in HEK 293 
cells.. The results show that low millimolar concentrations of Ba2+ reduce the 
maximall  Ih conductance (IC50 ~ 3 - 5 mM) in both CA1 pyramidal neurons and in 
HEKK 293 cells without specificity for HCN1 or HCN2 subunits. In addition, Ba2+ 

decreasess the rate of activation and increases the rate of deactivation of Ih currents. 
Neitherr the half-maximal voltage of activation, Vh, nor the reversal potential of the 
Ihh channels were affected by Ba2+. The combined results suggest that Ba2+, at 
concentrationss commonly used to block Iicir currents, also reduces the conductance 
off  Ih channels without subunit specificity, and affects the kinetics of Ih channel 
gating. . 

Introductio n n 

Hyperpolarization-activatedd Ih channels are a subset of voltage-gated ion channels 
whichh are expressed in both peripheral and central neurons (Pape, 1996; Robinson 
&&  Siegelbaum, 2002). Ih currents have been identified as a component of the 
anomalouss inward rectification (an increase of conductance upon 
hyperpolarization)) observed in many neurons (DiFrancesco, 1981a; Pape, 1996). Ih 
currentss are distinguished from the classical inward rectifying K+ currents (IK* ) by 
thee fact that Ih channels are permeable to both Na+ and K+, resulting in a reversal 
potentiall  well above the equilibrium potential of K+, and Ih currents activate more 
slowlyy than IK*  currents (DiFrancesco, 1981b; Pape, 1996; Robinson & 
Siegelbaum,, 2002). Furthermore, it is considered axiomatic that IKIT currents can be 
distinguishedd from Ih currents by their sensitivity to Ba2+ ions (Robinson & 
Siegelbaum,, 2002). However, there are a number of studies which show that low 
millimolarr concentrations of Ba2+ can reduce Ih currents recorded from a variety of 
preparationss (Takahashi, 1990; Kamondi & Reiner, 1991; Bayliss et al, 1994; 
Wollmuth,, 1995). In addition, we observed in a previous study that Ba2+ blocks Ih 
currentss recorded from cell-attached patches in rat hippocampal CA1 pyramidal 
neuronss (Van Welie et al, 2002). 

AA family of four subunits, HCN1 - 4, has been cloned which underlies the 
molecularr diversity of Ih channels (Ludwig et al, 1998; Monteggia et al., 2000; 
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Santoroo et aL, 1998). When expressed in heterologous expression systems, each 
subunitt gives rise to a hyperpolarization-activated inward current, albeit with 
distinctt functional properties. It has been shown that the HCN subunits are 
differentiallyy distributed among neurons, giving rise to a functional heterogeneity 
off  Ih channels (Moosmang et aL, 1999; Moosmang et aL, 2001; Santoro et aL, 2000). 
Inn the hippocampus, HCN1 and HCN2 are predominantly expressed, whereas 
HCN33 and HCN4 are present at very low levels, if present at all (Moosmang et aL, 
1999;; Monteggia et aL, 2000; Santoro et aL, 2000; Bender et aL, 2001). In this study, 
wee examined the effect of Ba2+ on Ih currents in rat hippocampal CA1 pyramidal 
neurons,, and tested whether the block by Ba2+ is subunit-specific by expressing 
HCNN subunits in HEK 293 cells. 

Material ss and methods 

SliceSlice preparation 

Hippocampall  slices were prepared as described previously (Van Welie et aL, 2004). 
Briefly,, male Wistar rats (14 - 28 days old) were decapitated and parasagittal slices 
(2500 urn) of the hippocampus were cut on a vibroslicer (725M, Campden 
Instruments,, Loughborough, UK). Slices were allowed to recover for 1 h at 31°C 
inn artificial cerebrospinal fluid (ACSF) containing (in mM): 120 NaCl, 3.5 KC1, 2.5 
CaCl2,, 1.3 MgS04, 1.25 NaH2P04, 25 NaHC03, and 25 glucose, continuously 
bubbledd with 95% 0 2 and 5% C02 (pH = 7.4). Slices were kept at room 
temperaturee until use. 

CellCell Culture 

Humann Embryonic Kidney 293 (HEK 293) cells were maintained in minimum 
essentiall  medium (MEM) supplemented with 10% (v/v) fetal calf serum, 2 mM L-
glutamine,, lOOug/ml penicillin and 100 ug/ml streptomycin at 37 °C in a 
humidifiedd atmosphere containing 5% C02. Cells were plated on 12 mm cover 
slips,, and were transiendy transfected 2 days later with expression vectors for 
mHCNl,, mHCN2 or hHCN2 using the calcium phosphate precipitation method. 
Resultss obtained with mHCN2 and hHCN2 did not differ significandy (data not 
shown).. To detect transfected cells, a vector encoding Enhanced Green 
Fluorescentt Protein (EGFP) was cotransfected at a ratio of 1:5. Medium was 
refreshedd every 2 - 3 days, and cells were used for experiments 1 -3 days after 
transs fection. 
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Electrophysiology Electrophysiology 

Whole-celll  voltage clamp recordings were made from CA1 pyramidal neurons in 
hippocampall  slices, which were visuali2ed using infrared differential interference 
contrastt microscopy on a Zeiss FS2 microscope with a VX44 CCD camera (PCO, 
Kelheim,, Germany). Since a large part of Ih in hippocampal CA1 pyramidal 
neuronss is located in the distal dendrites, a cut was placed in stratum radiatum 80 -
1200 |im parallel to the CA1 pyramidal cell layer, under visual guidance using a 
dissectingg microscope in order to isolate the somatic compartment and minimize 
spacee clamp errors (Van Welie et al, 2004). Patch pipettes were pulled from 
borosilicatee glass and had a resistance of 2 - 4 MQ when filled with (in mM): 140 
K-gluconate;; 10 HEPES; 5 EGTA; 0.5 CaCl2; 2 Mg-ATP, and 10 sucrose (pH = 
7.44 with KOH). Currents were activated by hyperpolarizing voltage steps (1000 
ms)) from a holding potential of -50 mV. 

Whole-celll  voltage clamp recordings from HEK 293 cells expressing either HCN1 
orr HCN2 were made using an Olympus 1X70 inverted microscope with Hoffmann 
modulationn contrast. Transfected cells were detected by the expression of EGFP 
usingg standard epifluorescence. Cells were continuously superfused with external 
solutionn containing (in mM): 135 NaCl, 5 KC1, 2 CaCl2, 1 MgCl2, and 10 HEPES 
(pHH = 7.3 with NaOH). Borosilicate glass pipettes had a resistance of 2 - 4 MQ, 
whenn filled with (in mM): 105 K-gluconate, 30 KC1, 0.5 CaCl2, 5 EGTA, 10 
HEPESS and 2 Mg-ATP (pH = 7.3 with KOH). Currents were activated by 
hyperpolarizingg voltage steps (1000 ms for HCN1 and 2500 ms for HCN2) from a 
holdingg potential of—50 mV. In all experiments, series resistance was compensated 
forr 80%. Current signals in voltage clamp were filtered at 333 Hz and sampled at 1 
kHzz using an EPC9 amplifier and Pulse software (HEKA Electronik, Lambrecht, 
Germany).. BaCl2 was applied via bath perfusion. Experiments were performed at 
roomm temperature. 

DataData analysis 

Off-linee linear leak correction of the currents recorded from HEK 293 cells was 
performedd using the estimated impedance from a 10 mV prepulse recorded with 
eachh current trace. Leak correction of the currents recorded from hippocampal 
slicess was performed off-line using a custom-made procedure in Igor Pro 
(Wavemetricss Inc., Lake Oswego, USA). 
Conductancee was calculated assuming 

g(V)) = I h(V) / (V-V r ev) 
wheree Vrev is the reversal potential of the Ih current. 
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Parameterr estimates of the voltage-dependent activation were obtained by fitting 
thee voltage-dependence of the conductance to the Boltzmann equation: 
g(V)) = ^ / (1 + exp (Vh - V)/V c) 

wheree gmax is the maximal conductance, Vh is the voltage for half-maximal 
activationn and Vc is proportional to the slope of the curve. 
Parameterr estimates of the concentration-dependence of the block of maximal 
conductancee by Ba2+ were obtained by fitting the Hil l equation: 
g(Ba2+)) = gmax / 1+ (IC5o/[Ba2+])nH 
wheree gmax is the maximal conductance, IC50 is the concentration of Ba2+ 

producingg half-maximal block and riH is the Hil l coefficient. The rate of activation 
wass obtained by fitting a single exponential function to the rising phase of the ion 
current.. The rate of deactivation was obtained by fitting a single exponential 
functionn to the deactivation of the ion current upon repolarization from a near-
maximall  activated current at -100 mV. Reversal potentials were obtained by linear 
extrapolationn of the amplitudes recorded from a series of step depolarizations 
fromm a near-maximal activated current at -100 mV. Data analysis was performed 
usingg Igor Pro (Wavemetrics Inc., Oregon, U.S.A.). All results are expressed as 
meann  the standard error of the mean (SEM) of n independent experiments. 
Comparisonss were made using Student's /-test unless indicated otherwise. P < 0.05 
wass used to indicate a significant difference. 

Results s 

BaBa22**  reduces Ih conductance in hippocampal CA1 pyramidal neurons 

Hyperpolarization-activatedd Ih currents were recorded from whole-cell voltage 
clampedd hippocampal CA1 pyramidal neurons by step hyperpolarizations from a 
holdingg potential of -50 mV. The inward currents activated slowly, did not 
inactivatee over a period of 1000 ms (Fig. \A), and were blocked by 50 uM of the 
selectivee Ih antagonist ZD7288 (not shown; Van Welie etal., 2004). The Boltzmann 
fitfit  of the voltage-dependent Ih conductance yielded a potential of half-maximal 
activationn (Vh) of-82.5  1.0 mV {n - 10) and a slope factor (Vc) of 7.8  0.4 mV 
(n(n = 10). The maximal conductance amounted to 1.57  0.09 nS (n = 10). Bath 
applicationn of Ba2+ reduced the maximal conductance in a concentration-
dependentt manner (Fig. IB, Q. At 1 mM the maximal conductance was reduced to 
1.233  0.04 nS (n = 10), which is 80  7 % of control (P < 0.05; Fig. \Q. The Vh 

andd Vc in the presence of Ba2+ (-83.8 2 mV and 6.8  0.9 mV, respectively; n — 
10)) were not significandy different from those in the absence of Ba2+. Apart from 
thee reduction in maximal conductance, the application of Ba2+ also resulted in a 
slowerr activation of the ion current (Fig. \A, D). At -120 mV, the time constant of 

120 0 



Appendix Appendix 

-500 mv 

mVL L -120 0 
10000 ms 

^ ^ 

2500 ms 

MOOpA A 

1.2 2 

1.00 -

0.8 8 

0.6 6 

NN 0.4 

0.2 2 

0 0 

* * 
T T 

1000 uM Ba2* 300 uM Ba2* 1 mM Ba2* 

B B 
CO O 
c c 

o o 
CJ J 

 control 
OO +1 mM Ba2' 

-1200 -100 -80 -60 

Membranee potential (mV) 

8000 1 

~~ 600 H 

-1200 -110 -100 

Membranee potential (mV) 

Fig.. 1. Ba2+ ions reduce the maximal conductance and slow the rate of activation of Ih 
current ss in hippocampal CA1 pyramidal neurons 
A.A. Ii, currents recorded from a whole-cell voltage clamped pyramidal neuron in the presence and 
absencee of 1 mM Ba2+. B. Conductance of Ih versus membrane potential in the presence and absence 
off  1 mM Ba2+. The maximal conductance in the presence of 1 mM Ba2+ is decreased, but the Vh and 
Vcc are unchanged. Solid curves represent the fit  to the Boltzmann equation (see Materials and 
Methods).. Data points represent the mean of 6 - 10 cells + SEM. C. Concentration-dependence of 
thee block of maximal conductance of Ih by Ba2+. Bars represent the mean  SEM of 6 cells. Asterisks 
indicatee P < 0.05. D. Time constant of activation of the Ih currents is increased by Ba2+. Asterisks 
indicatee significant difference from control. Data points represent the mean of 4 - 6 cells  SEM. 

activationn of the ion current was increased from 116 + 9 ms (n — 10) to 160  19 
mss (» = 10) in the presence of 1 mM Ba2+ (P < 0.05, Fig. ID). 

BaBa22**  reduces HCN1- and HCN2-mediated ion current in HEK 293 
cells cells 

Sincee hippocampal CA1 pyramidal neurons express both HCN1 and HCN2 
subunitss (Santoro et a/., 2000), the effects of Ba2+ were examined on HCN1- and 
HCN2-mediatedd Ih currents in HEK 293 cells. Hyperpolarization of HEK 293 
cellss transiently expressing either HCN1 or HCN2 resulted in slowly activating, 
non-inactivatingg inward currents (Fig. 2A). The rate of both activation and 
deactivationn of HCN1 was approximately 2 - 10 fold faster, depending on the 
membranee potential, than those of HCN2 (Fig. 2B, Q. The Boltzmann fit of the 
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voltage-dependentt conductance yielded a Vh and Vc of -73.4  2.4 mV and 9.5
0.88 mV (« = 8) for HCN1, and -85.2  1.2 mV and 7.1  0.6 mV (« = 9) for 
HCN22 (Fig. 2D). The reversal potentials of HCN1 (-27.9  1.0 mV, n = 8) and 
HCN22 (-28.6  1.1 mV, n - 9) were not significandy different (Fig. IE). 
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Fig.. 2. Properties of HCN1 and HCN 2 channels expressed in HEK 293 cells 
A.A. Family of current traces recorded in whole-cell voltage clamped HEK 293 cells transiently 
expressingg HCN1 or HCN2. Note that the HCN2 currents are much slower than the HCN1 
currents.. This is more clearly demonstrated in B and C, which show the voltage-dependence of the 
timee constant of activation (solid circles) and deactivation (open circles) for HCN1 and HCN2, 
respectively.. Data points represent the mean of 4 - 10 cells  SEM. D. Normalized conductance of 
HCN1-- and HCN2-mediated ion currents versus membrane potential. Solid curves represent the fit 
too the Boltzmann equation (see Materials and Methods). Points represent the mean of 8 - 9 cells
SEM.. E. 1-V curves of the HCN1- and HCN2-mediated ion currents. Solid lines are linear fits from -
1000 to -40 mV, and the reversal potential was obtained by extrapolation. Points represent mean of 8-
99 cells  SEM. 

Applicationn of Ba2+ resulted in a rapid, reversible and concentration-dependent 
reductionn of the HCN1- and HCN2-mediated ion current (Fig. 3A, B). The IC5o of 
Ba2++ for the block of the maximal HCN1 conductance amounted to 3.2  0.6 mM 
(n(n - 4 for all data points) and the Hill coefficient amounted to 0.68  0.10 (n = 4). 
Forr HCN2, the IC5n and Hil l coefficient amounted to 5.5  0.6 mM and 0.77
0.07,, respectively {n = 4). In the presence of 1 mM Ba2+, the maximal conductance 
off  HCN1 was 63  11 % of control, and that of HCN2 was 78  5 % of control 
(Fig.. 3B). Neither the Vh and Vc, nor the reversal potential of HCN1- and HCN2-
mediatedd ion currents were affected by Ba2+ (not shown). 
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Parallell  to the effects of Ba2+ on the Ih current in hippocampal CA1 pyramidal 
neurons,, Ba2+ also affected the time constant of activation of HCN1- and HCN2-
mediatedd currents (Fig. 3C, D). At -120 mV, the time constant of activation of the 
HCN1-mediatedd ion current increased from 113  21 ms to 190  19 ms (P < 
0.05;; n — 10) in the presence of 1 mM Ba2+ (Fig. ID). The time constant of 
activationn of the HCN2-mediated ion current at -120 mV increased from 509  52 
mss to 1220  17 ms (P < 0.05; n- 4) in the presence of 1 mM Ba2+. In addition, 
Ba2++ caused an increase in the rate of deactivation (Fig. 3C, D). The time constant 
off  deactivation upon repolarization of the near-maximal activated HCN1-mediated 
currentt at -100 mV to -30 mV decreased from 241 9 ms to 159  21 ms (P < 
0.05;; n ~ 4, Fig 3C) in the presence of 1 mM Ba2+. Similarly, the HCN2-mediated 
currentt deactivated more rapidly in the presence of 1 mM Ba2+, as indicated by the 
decreasee of the time constant of deactivation from 508  27 ms to 387  25 ms (P 
<< 0.05; n - 4, Fig 3D). 

Discussion n 

Thee combined results show that Ba2+ reduces the conductance of both Ih channels 
nativee to hippocampal CA1 pyramidal neurons and cloned Ih channels transiently 
expressedd in HEK 293 cells, and in addition Ba2+ decreases the rate of activation 
andd increases the rate of deactivation of the ion current. The estimated IC50 of 
Ba2++ for blocking Ih is in the low millimolar range, which is similar to the 
concentrationss normally used to block IKU-. It should therefore be taken into 
accountt that Ba2+ may mask a fraction of Ih channels when using Ba2+ in 
experimentss to investigate the physiological role of Ih and/or iKir. 

Thee IC50 of Ba2+ for block of HCN1 and HCN2 was estimated from the fit of the 
concentration-effectt curves and was slighdy different between HCN1 and HCN2 
(3.22 mM and 5.5 mM, respectively; Fig. 35). Although this suggests that the 
reductionn of Ih by Ba2+ does depend on the specific subunit composition of Ih, the 
differencee in IC50 is too small for using Ba2+ as a probe for subunit composition of 
Ihh in native tissue. We were unable to obtain full concentration-effect curves of 
Ba2++ in hippocampal slices because of the poor solubility of Ba2+ in ACSF. 
Nevertheless,, the fraction of the amplitude remaining in the presence of 1 mM 
Ba2++ in hippocampal CA1 pyramidal neurons (80  7%) is in the same order of 
magnitudee as in HEK 293 cells expressing either HCN1 or HCN2 (63  11% and 
788  5%, respectively). This supports the notion that HCN1 and HCN2 subunits 
aree the main molecular components of Ih channels in hippocampal CA1 pyramidal 
neurons. . 
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Fig.. 3. Ba2+ reduces the maximal conductance of HCN1 and HCN 2 
A.A. Currents recorded from a HEK 293 cell transiently expressing HCN1 in the presence and absence 
off  3 mM Ba2+. B. Concentration-dependence of the block of maximal conductance of HCN1- and 
HCN2-mediatedd ion currents by Ba2+. Solid and dashed curves represent the fit  to the Hil l equation 
(seee Material and Methods). Data points represent mean of 3 - 5 cells  SEM. C. Ba2+ increases the 
timee constant of activation, and decreases the time constant of deactivation of HCN1-mediated ion 
currents.. Solid and open circles represent the time constant of activation and deactivation in the 
absencee of Ba2+, and solid and open squares represent those in the presence of 1 mM Ba2+. Data 
pointss represent mean of 4 - 10 cells + SEM. D. Same as in C, but for HCN2-mediated ion currents. 
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Usingg a concatenated construct encoding HCN1 connected to HCN2, it has been 
shownn that the currents through heteromeric HCN1/HCN2 channels activated 
withh kinetics similar to homomeric HCN1 channels, but that the Vh of heteromeric 
channelss is closer to that of homomeric HCN2 channels (Ulens & Tytgat, 2001). 
Basedd on a comparison of these kinetic parameters with those obtained from Ih in 
nativee cells, it was suggested that the Ih in hippocampal CA1 pyramidal cells 
consistss of heteromeric assembly of HCN1 and HCN2 (Ulens & Tytgat, 2001). 
Ourr results are in close agreement with these suggestions: the time constant of 
activationn of Ih in pyramidal cells (116 ms) is similar to that of homomeric HCN1 
(1133 ms), whereas the Vh of Ih in pyramidal cells (-82.5 mV) is similar to that of 
homomericc HCN2 (-85.2 mV). We did not examine the effects of Ba2+ on 
heteromericc assemblies of HCN subunits because the simultaneous expression of 
individuall  subunits without the help of tandem constructs will most likely lead to a 
heterogeneouss population of channels. Nevertheless, the similar efficacies of Ba2+ 

onn both native and cloned Ih channels strongly suggests that Ba2+ exerts its action 
independentt of subunit composition and assembly. From a study of the 
biophysicall  properties of Ih from rod photoreceptors from tiger salamanders, it 
wass concluded that Ba2+ acts inside the permeation pathway of the Ih channel, 
perhapss at one of the ion binding sites at a relative external location (Wollmuth, 
1995).. Given the homology of the ion permeation pathway between the HCN 
subunitss (Santoro et a!., 1998) and the similar effects of Ba2+ on native and cloned 
Ihh channels, it is to be expected that the binding site of Ba2+ is a conserved feature 
amongg HCN subunits, and perhaps indeed a general binding site for ions. 
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Dee doelstelling van dit proefschrift was om te bestuderen of een bepaalde vorm 
vann plasticiteit, oftewel verandering in eigenschappen, bestaat in neuronen in het 
centraall  zenuwstelsel. Als modelsysteem werd hiervoor een hersenstructuur 
gebruiktt die van groot belang lijk t te zijn voor bepaalde vormen van leren en 
geheugen:: de hippocampus. Plasticiteit van neuronale eigenschappen in het 
algemeenn zou vele processen in de hersenen, waaronder die van leren en geheugen, 
kunnenn verklaren. Neuronale plasticiteit is in de afgelopen tientallen jaren 
veelvuldigg bestudeerd, en de focus heeft hierbij vooral gelegen op de plasticiteit 
vann de synapsen. Synaptische eigenschappen blijken namelijk in meerdere 
hersenstructurenn langdurig te kunnen veranderen na specifieke stimulaties van de 
synapsen.. De processen die hiervoor verantwoordelijk zijn, zijn de afgelopen 
decenniaa deels in kaart gebracht, maar hoe synaptische plasticiteit exact bijdraagt 
aann leer- en geheugen processen is vooralsnog onduidelijk. Het lijk t er dan ook op 
datt synaptische plasticiteit alken leren-en geheugenprocessen niet volledig kan 
verklaren. . 

Eenn andere vorm van plasticiteit die pas in de laatste jaren onder de aandacht is 
gekomen,, is plasticiteit van intrinsieke exciteerbaarheid. De exciteerbaarheid van 
neuronenn is een maat voor hoe makkelijk neuronen reageren op binnenkomende 
signalenn en beschrijft de kans op het genereren actiepotentialen in reactie op deze 
binnenkomendee signalen. Exciteerbaarheid wordt bepaald door de eigenschappen 
vann de voltage-afhankelijke ion kanalen die zich in de membraan bevinden. 
Plasticiteitt van exciteerbaarheid betekent dat er veranderingen in de eigenschappen 
vann deze ion kanalen optreden waardoor het neuron zich anders gaat gedragen en 
inn meer of mindere mate reageert op binnenkomende signalen van andere 
neuronen.. Deze vorm van plasticiteit is tot nu toe alleen bestudeerd (en dus 
beschreven)) vanuit het idee dat langdurige veranderingen in activiteit in het 
netwerkk (gedurende uren tot dagen) zouden kunnen leiden tot plasticiteit van 
exciteerbaarheid. . 

Inn dit proefschrift heb ik geprobeerd te onderzoeken of plasticiteit van intrinsieke 
exciteerbaarheidd ook geïnduceerd kan worden na veranderingen in activiteit op een 
relatieff  korte tijdsschaal, namelijk die van de minuten. Ik was bovendien met name 
geïnteresseerdd in het aantonen van mechanismes van homestatische plasticiteit van 
exciteerbaarheid,, aangezien deze vorm van plasticiteit een stabilizerende werking 
opp neuronen kan hebben in een netwerk omgeving waar fluctuaties in activiteit aan 
dee orde van de dag zijn. 

Hieronderr volgt per hoofdstuk een korte samenvatting van de experimentele 
bevindingenn die in dit proefschrift beschreven zijn. 
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H o o f d s t ukk 2 — Homeostatische schaling van exciteerbaarheid door 
synaptischee modulatie van somatische hyperpolarizatie-geactiveerde 
I hh kanalen 

Inn dit hoofdstuk werd bestudeerd hoe een specifieke ion stroom die erg belangrijk 
iss voor de exciteerbaarheid van neuronen, de hyperpolarizatie-geactiveerde Ih 
stroom,, gereguleerd wordt wanneer de activiteit in de hippocampus voor enkele 
tientallentientallen minuten sterk verhoogd wordt. Ih werd bestudeeerd in pyramidaal 
neuronenn in het CAI gebied in de hippocampus en het bleek dat in deze cellen de 
Ihh stroom sterk vergroot werd wanneer de activiteit in de hippocampus voor 
tenminstee 10 minuten verhoogd was. De verhoging in activiteit werd initieel 
opgewektt door middel van het spinne-gif (X-latroxine, een gif dat ervoor zorgt dat 
neuronenn al hun neurotransmitters afgeven. Aangezien de meeste neuronen in de 
hippocampuss echter de neurotransmitter glutamaat afgeven, heb ik vervolgens 
getestt of de verhoging in Ih werd veroorzaakt door glutamaat. Toediening van 
glutamaatt resulteerde in een Ih verhoging in dezelfde orde grootte als wanneer het 
helee netwerk geactiveerd werd door oc-latrotoxine. Tijdens glutamaat applicatie 
begonn Ih na ongeveer 5 - 10 minuten geleidelijk toe te nemen en bereikte een 
stabiell  nivo na ongeveer 20 minuten. Verdere experimenten toonde aan dat de Ih 
verhogingg gemedieerd wordt door activatie van AMPA- en NMDA receptoren 
(tweee door glutamaat geactiveerde ion kanalen) en dat een verhoging van 
intracellulairr Ca2+ noodzakelijk is. 

Vervolgenss werd bekeken wat de effecten van een verhoging in Ih zijn voor de 
exciteerbaarheidd van CAI pyramidaal neuronen. Omdat deze experimenten niet 
gedaann konden worden met dezelfde techniek als waarmee de verhoging van Ih 
werdd vastgesteld (de cell-attached patch-clamp techniek), werd een relatief nieuwe 
techniekk gebruikt om het effect van een verhoogde Ih te bestuderen. Deze 
techniek,, de dynamic clamp techniek, houdt in dat je met behulp van computer 
modell  de eigenschappen van een specifieke ion stroom simuleert en dan als het 
waree deze stroom toe kan voegen aan het neuron waaraan je meet (of vice versa: 
eenn ion stroom in het neuron uit kan schakelen). Je kan hiermee dus de 
eigenschappenn van een neuron veranderen zonder gebruik van farmaca en heel 
specifiekk de functie van een bepaalde ion stroom bestuderen. Op deze wijze werd 
dee Ih stroom in CAI pyramidaal neuronen verhoogd om te zien wat het effect 
hiervann was op het de exciteerbaarheid van deze neuronen. Dit toonde aan dat 
dezee neuronen minder actiepotentialen genereren dan in de controle situatie, en 
duss dat een verhoogde Ih leidt tot een verlaagde exciteerbaarheid van deze 
neuronen. . 
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Uitt deze experimenten concluderen we dat verhoogde activiteit leidt tot een 
verhogingg van Ih, hetgeen vervolgens de exciteerbaarheid van CAI pyramidaal 
neuronenn verlaagt. Er is hier dan ook sprake van een homeo statisch mechanisme 
omdatt het de verandering in netwerk activiteit tegenwerkt. 

H o o f d s t u kk 3 - Activiteits-afhankelijk e synaptische modulat ie van 

somat ischee I h is afhankelij k van intracellulair e Ca2+ n ivo' s 

Inn hoofdstuk 3 werden de resultaten uit hoofdstuk 2 nog wat verder uitgewerkt en 
bekekenn of electrische stimulatie van de synapsen in de hippocampus ook tot 
modulatiee van Ih leidt. Een continue laag-frequente (5 Hz) stimulus bleek 
voldoendee om Ih te vergroten met een tijdsverloop dat equivalent was aan dat van 
glutamaatt stimulatie in hoofdstuk 2. Deze electrische stimulus had geen bijeffecten 
opp de synaptische eigenschappen in de hippocampus. Om het effect van 
intracellulairr Ca2+ op de Ih vergroting te bestuderen, werden twee verschillende 
concentratiess van een langzame, intracellulaire Ca2+ buffer gebruikt. Deze 
experimentenn toonden aan dat met een hoge concentratie Ca2+ buffer (en dus 
weinigg vrij Ca2+ in de cel), Ih na 5 - 10 minuten langzaam en gradueel begon toe te 
nemenn tot tenminste 30 minuten van stimulatie. Met een lage concentratie Ca2+ 

bufferr (en dus meer vrij Ca2+ in de cel), begon Ih ook na 5 - 10 minuten toe te 
nemen,, maar bereikte al na enkele minuten een stabiel, hoog nivo. Na 30 minuten 
vann stimulatie bereikte de amplitude van Ih echter dezelfde waarde in de twee 
condities,, hetgeen aangeeft dat niet zozeer het optreden van het effect, maar wel de 
snelheidd van het effect bepaald wordt door de hoeveelheid intracellulair Ca2+. De 
verhogingg in Ih bleek een verhoging in de absolute conductantie te behelsen en 
hieldd geen veranderingen in de biofysische eigenschappen van Ih in. Met de lage 
Ca2++ buffer zagen we ook nog een ander effect: neuronen waren makkelijker tot 
vurenn te brengen m.b.v de synaptische stimulatie. Het is onduidelijk waardoor dit 
effectt veroorzaakt werd, maar het lijk t er op dat Ca2+ meerdere membraan 
eigenschappenn kan beinvloeden. 

Vervolgenss werd ook in dit hoofdstuk het effect van een verhoogde Ih op de 
exciteerbaarheidd vastgesteld, maar dit keer kon dit gezien de gebruikte techniek, de 
whole-celll  patch-clamp techniek, wel tegelijk met de verhoging in Ih bestudeerd 
worden.. Hieruit bleek dat in de conditie met hoge Ca2+ buffering, de verhoging in 
Ihh tot een verlaging van de exciteerbaarheid leidt, terwijl in de conditie met hoge 
Ca2++ buffering, de situatie iets ingewikkelder lag. In deze situatie zagen we het 
bovengenoemdee bij-effect op synaptische eigenschappen, die neuronen 
makkelijkerr tot vuren bracht. Aangezien dit effect hier samen met de verhoging in 
Ihh optrad, was er netto gezien geen effect op exciteerbaarheid. Een ander 
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bijverschijnsell  van de synaptische stimulatie, dat echter in beide buffer condities 
optrad,, was dat de vorm van de actiepotentiaal gewijzigd was. Deze verandering 
werdd waarschijnlijk veroorzaakt door de modulatie van een ander voltage-
afhankelijkk ion kanaal, en verdoezelt waarschijnlijk enigzins het effect van Ih op de 
exciteerbaarheid. . 

Inn conclusie werd in dit hoofdstuk aangetoond dat Ih ook verhoogd kan worden 
doorr synaptische stimulatie en dat de hoeveelheid intracellulair Ca2+ bepalend is 
voorr de snelheid waarmee Ih verhoogd word. 

H o o f d s t u kk 4 — Adaptati e van een K* conductant ie reguleert 

exciteerbaarheidd in reactie op veranderingen in achtergrond activiteit 

i nn h ippocampale CAI  pyramidaal neuronen van de rat 

Inn dit hoofdstuk werd bestudeerd wat het effect is van het verlagen van de 
achtergrondd activiteit op K+ en Na+ stromen in hippocampale CAI pyramidaal 
neuronen.. De achtergrond activiteit in een neuronaal netwerk is het geheel aan 
neurotransmitterr afgifte, hetzij geïnduceerd door actiepotentialen, hetzij 
geinduceerdd door spontane fusie van neurotransmitter blaasjes met de membraaan 
vann de synaps. De achtergrond activiteit aanwezig in de hippocampus in de in vitro 
situtatiee leidt zelden tot het spontaan vuren van CAI pyramidaal neuronen. De 
hypothesee die getest werd, was of deze achtergrond activiteit de input-output 
relatiee van CAI pyramidaal neuronen bepaalt. De input-output relatie van 
neuronenn is de relatie tussen de hoeveelheid input in de vorm van neurotransmitter 
geactiveerdee receptoren en de output in de vorm van actiepotentialen. De 
achtergrondd activiteit stelt dus een soort minimum aan activiteit dat er altijd is en 
duss bepaalt dat alleen neurortransmitter signalen die boven de achtergrond 
uitstijgen,, in staat zijn om neuronen te laten vuren. De achtergrond informatie kan 
duss bepalend zijn voor het bereik van de input-output relatie. 

Hett bijna volledig reduceren van de achtergrond activiteit d. m. v blokkade van 
postsynaptischee neurotransmitter receptoren, leidde tot een verhoging van de 
exciteerbaarheidd van CAI pyramidaal neuronen. Dit betekent dat deze neuronen 
makkelijkerr tot vuren waren te brengen dan voordat de activiteit geblokkeerd werd. 
Dee voornaamste ion stromen die het genereren van actiepotentialen reguleren, zijn 
Na++ en K+ ion stromen. Een verhoging in exciteerbaarheid zou veroorzaakt 
kunnenn worden door een verlaging van K+ stromen of een verhoging in Na+ 

stromen.. Uit de experimenten bleek dat het reduceren van de achtergrond activiteit 
resulteerdee in een verlaging van de K+ stroom, en niet in een verhoging in Na+ 
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stromen.. De verlaging in de K+ stroom bestond uit een verlaging van de absolute 
conductantiee en niet zozeer uit veranderingen in de eigenschappen van K+ kanalen. 

Uitt deze experimenten concluderen we dat een verlaging van de achtergrond 
activiteitt kan leiden tot een verhoging van de exciteerbaarheid van CAI pyramidaal 
neuronen,, een effect dat waarschijnlijk gemediëerd word door een adaptatie van de 
K++ conductantie. 

Hoofdstukk 5 — Verschillende nivo's aan Ih bepalen de specifieke 
temporelee integratie in burstende en regelmatig vurende neuronen in 
hett subiculum van de rat 

Inn hoofdstuk 5 werden de gevolgen van verschillende nivo's aan Ih op de integratie 
vann synaptische input bekeken in twee klassen van neuronen die uit zichzelf al 
verschillendee hoeveelheden van Ih bleken te hebben: de burstende en de regelmatig 
vurendee neuronen in het subiculum. Het subiculum is een hersengebied dat zich 
naastt het CAI gedeelte van de hippocampus bevindt en zijn input krijgt vanuit het 
CAII  gebied. De neuronen in het subiculum vertalen die input vervolgens in een 
outputt die richting de corticale gebieden gaat. Het subiculum is dus de laatste 
structuurr in de hippocampale formatie van waaruit informatie doorgegeven wordt 
aann de hogere corticale gebieden. Het bestaan van de twee klasses neuronen in het 
subiculumm is al veelvuldig beschreven: de burstende neuronen vuren in reactie op 
inputt in een burst van 2 - 3 actiepotentialen, gevolgd door enkele regelmatige 
optredendee actiepotentialen, terwijl de regelmatig vurende neuronen alleen maar 
enkelee actiepotentialen genereren. Hoe duidelijk dit verschil in vuurgedrag ook is, 
menn heeft vooralsnog geen enkel idee waarom deze twee klasses van cellen bestaan 
inn het subiculum en of ze verschillend bijdragen aan de overdracht van signalen uit 
hett CAI gebied richting de cortex. 

Dee meeste studies waarin men neuronen in het subiculum heeft bestudeerd, 
vondenn geen verschillen in de electrofysiologische eigenschappen van de twee 
klassenn cellen. Echter, enkele studies rapporteerden een verschil in de 
"depolarizerendee sag" die aanwezig is in deze cellen in reactie op een 
hyperpolarizatiee van de membraan. Deze sag wordt meestal veroorzaakt door de 
activatiee van Ih, dus dit verschil in sag leek te duiden op een verschil in Ih. Een 
dergelijkk verschil zou belangrijke consequenties kunnen hebben voor de integratie 
vann synaptische signalen in het subiculum en daarom werd de Ih stroom in de twee 
klassenn subiculum neuronen bestudeerd en het bleek dat de burstende neuronen 
eenn 2x zo grote Ih stroom hebben dan regelmatig vurende cellen. Dit verschil 
bestondd enkel uit een verschil in conductantie want er waren geen verschillen in de 
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bioo fysische eigenschappen van Ih in de twee klassen neuronen. Het verschil in Ih 
conductantiee bleek sterk de mate van temporele summatie van synaptische input te 
bepalenn aangezien de burstende neuronen twee keer minder summatie vertoonden 
dann de regelmatig vurende cellen. Deze laatste resultaten werden bevestigd in een 
theoretischh model van subiculum neuronen. 

Uitt deze experimenten concluderen we dat vanwege het verschil in Ih conductantie, 
dee burstende neuronen in het subiculum beter geschikt zijn om hoog-frequente 
informatiee door te geven. Aangezien sommige studies hebben gesuggereerd dat 
dezee twee klassen subiculum neuronen verschillende projectiegebieden hebben, 
kann dit belangrijke gevolgen hebben voor de manier waarop informatie 
doorgegevenn wordt naar de hogere corticale gebieden. 

A p p e n d i xx — Lage affiniteit s blokkade van natieve en gekloneerde 

hyperpolarizatie-geactiveerdee I h kanalen door  Ba2+ ionen 

Inn dit laatste experimentele hoofdstuk werd onderzocht of Ba2+ ionen effect 
hebbenn op de Ih stroom. De reden om dit te bestuderen was dat het algemeen 
aangenomenn wordt dat Ba2+ gebruikt kan worden om Ih te isoleren van een andere 
hyperpolarizatie-geactiveerdee stroom, de inward rectifier, aangezien de inward 
rectirfierr geblokkeerd wordt door Ba2+ en Ih niet. Gedurende de experimenten die 
gedaann werden voor hoofdstuk 2 werd het echter opgemerkt dat Ba2+ de verhoging 
vann Ih in een aantal gevallen voorkwam en daarmee dus wel degelijk gedeeltelijk Ih 
kanalenn leek te blokkeren. Gezien de axiomatische aanname dat Ba2+ geen effect 
heeftt op Ih, was het de moeite waard om dit verder te onderzoeken. 

Hett effect van Ba2+ op Ih in CAI pyramidaal neuronen in hippocampale plakken, 
alsmedee het effect van Ba2+ op kanalen geformeerd door de gekloneerde subunits 
vann Ih, de HCN subunits, werd vastgesteld. Na de karakterisatie van Ih in CAI 
pyramidaall  cellen in plakken in controle situatie, werden verschillende 
concentratiess aan Ba2+ ionen ingewassen om het effect op Ih vast te stellen. Dit liet 
zienn dat Ih dosis-afhankelijk werd geblokkeerd door Ba2+ ionen. Bij een 
concentratiee van 1 mM Ba2+ werd de totale stroom voor ongeveer 20% geblokeerd. 
Ba2++ blokkeerde op een vergelijkbare wijze de gekloneerde Ih kanalen. De twee 
voornaamstee subunits die in de hippocampus tot expressie komen, de HCN1 en 
HCN22 subunits, werden afzonderlijk tot expressie gebracht in HEK 293 cellen. De 
tweee types Ih kanalen die op deze wijze apart konden worden bestudeerd bleken 
evenn gevoelig te zijn voor blokkade door Ba2+, resulterende in 22 - 27 % block bij 
eenn 1 mM Ba2+ concentratie. De concentratie van Ba2+ waarbij ongeveer de helft 
vann Ih geblokkeerd werd, was 3 -5 mM. Dit is binnen de range van concentraties 
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diee doorgaans gebruikt worden om Ih te isoleren. Bestudering van de biofyskhe 
eigenschappenn van Ih liet zien dat Ba2+ hoofdzakelijk de conductantie van Ih 
beinvloedt.. Hiernaast had Ba2+ zowel in de hippocampus plakken als in de HCN 
kanalenn effect op de snelheid van activatie en deactivatie van Ih. Ih activeert 
langzamerr en deactiveert sneller in de aanwezigheid van Ba2+. 

Dee conclusie die te trekken valt uit deze experimenten is dat men voorzichtig moet 
zijnn in het gebruik van Ba2+ als middel om Ih te isoleren van de inward rectifier. 
Hoewell  het effect van Ba2+ op Ih niet erg groot is, maskeert het toch zo'n 20 
procentt van de totale stroom en beinvloedt het bovendien de kinetiek van Ih. 

Conclusie e 
Samenvattendd tonen de resultaten in dit proefschrift aan dat homeostatische 
plasticiteitt van neuronale exciteerbaarheid ook op kan treden op een tijdschaal van 
minuten,, in aanvulling op vergelijkbare mechanismes die optreden op een 
tijdsschaall  van uren tot dagen. Dit heeft als belangrijke consequentie dat neuronen 
inn staat blijken te zijn om hun exciteerbaarheid te stabilizeren tijdens snelle 
veranderingenn in netwerk activiteit. Dergelijke stabilizatie mechanismes zijn 
mogelijkk erg belangrijk voor het implementeren van leer- en geheugen regels in 
neuronalee netwerken. De toekomst zal uit moeten wijzen of deze mechanismes 
ookk in andere structuren van het brein optreden en daarmee of dit een algemeen 
prinicipee van functioneren van neuronen is. 
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