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ChapterChapter 6 

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 intrinsic excitability: reinforcing 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 

109 9 



Activity-dependentActivity-dependent plasticity of neuronal excitability 

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 intrinsic 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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