
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

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


CHAPTERR 1 

Generall Introduction 





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. 
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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 Intrinsic 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) 

Intracellular 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 Outline 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. 

25 5 



Activity-dependentActivity-dependent plasticity of neuronal excitability 

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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