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Abstract 
 

The dendrites of most CNS neurons integrate synaptic signals from hundreds-to-

thousands of neurons from a variety of brain regions to give rise to neuron-type specific 

action potential output. These complex computations are determined by the excitability 

(active properties) of dendrites due to the expression of myriads of voltage-gated ion 

channels in their membrane. The properties and expression levels of these ion channels in 

the membrane are characteristic for a given neuron type and their sub-cellular 

compartments (e.g., proximal versus distal dendrites). Thereby, the intrinsic excitability 

of dendrites determines the rules for plasticity and computation. Any change in the 

expression pattern or biophysical properties of these voltage-gated ion channels will alter 

the intrinsic excitability of neurons. Plasticity of intrinsic excitability—henceforth called 

intrinsic plasticity—can be triggered by various neuromodulators, activity patterns, 

disease states, or learning paradigms. The functional consequences of intrinsic plasticity 

for neuronal functioning will depend on the nature of the change (e.g., increase or 

decrease in excitability), its cellular localisation (e.g., neuron-wide or global versus 

individual dendritic branch), and its time course (transient, long-term). There is 

increasing evidence linking this form of plasticity to processes such as memory formation 

and disease. In this chapter, we will give an overview of the repertoire of ion channels in 

the dendrites of mammalian neurons, and discuss the concept of dendritic intrinsic 
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excitability, its plastic modulation, and its pathological alteration in a number of CNS 

disorders. 

 

 

Introduction 
 

The traditional view of dendrites is that they are merely passive structures that collect 

synaptic inputs to transfer them to the soma. Over the past 20 years or so it has become clear 

that dendrites have active properties, shaping information transfer along the dendritic tree. 

These active properties enable dendrites to perform local computations such as the generation 

of spikes, and they are required for certain forms of synaptic and non-synaptic plasticity. 

Most neuron types possess elaborate dendritic arbours that receive and integrate excitatory 

and inhibitory inputs from numerous other neurons to give rise to cell-type specific firing 

patterns. The computational properties of these dendrites are therefore crucial for information 

processing within the neuron. 

Dendrites contain a great variety of voltage-gated sodium (Na
+
), calcium (Ca

2+
), 

potassium (K
+
) and hyperpolarization-activated and cyclic nucleotide-gated (h) channels, as 

well as voltage-independent ion channels, which play an important role in determining the 

excitability of the neuron either locally or globally (Migliore and Shepherd, 2002; Magee, 

2008; Nusser, 2008; Nusser, 2012). The properties and expression levels of these channels are 

characteristic for a given neuron type and their sub-cellular compartments (e.g., soma versus 

dendrites). As such, the repertoire and subcellular distribution pattern of ion channels 

expressed constitutes a major factor determining the functional heterogeneity of neuron types 

(Nusser, 2012). Any change in the subcellular distribution, density, biophysical properties, or 

activity level of these voltage-gated ion channels will alter the intrinsic excitability of neurons 

(Zhang and Linden, 2003; Frick and Johnston, 2005; Remy et al., 2010). Henceforth, the 

plasticity of intrinsic excitability is called intrinsic plasticity to distinguish it from synaptic 

plasticity. Dendritic intrinsic plasticity can be triggered by various neuromodulators, activity 

patterns, disease states, or learning paradigms (reviewed in Zhang and Linden, 2003; Frick et 

al., 2004; Frick and Johnston, 2005; Disterhoft and Oh, 2006; Benito and Barco, 2010; 

Mozzachiodi and Byrne, 2010). 

We will begin our discussion by describing the ion channels implicated in the regulation 

of active dendritic properties. We will then move onto discussing the plasticity of dendritic 

excitability. In the last part of the chapter we will review examples of disorders linked to 

pathological changes in ion channel function and/or expression. For simplicity, we will 

discuss mainly studies performed on mammals with particular focus on what is known about 

dendritic excitability in the hippocampus, neocortex and cerebellum. For more information 

about changes in global intrinsic excitability (Benito and Barco, 2010; Mozzachiodi and 

Byrne, 2010) as well as studies on invertebrates please refer to Laurent and Borst (2008). 

 

 

The Dendritic Ion Channel Landscape 
 

Voltage-dependent ion channels are typically composed of monomeric or tetrameric 

pore-forming transmembrane proteins with a specific selectivity for certain ions (Na
+
, Ca

2+
, 

K
+
, or Cl

-
). These pore-forming subunits are associated with auxiliary subunits, as well as a 



Plasticity and Pathology of Dendritic Intrinsic Excitability 43 

range of other molecules, such as scaffolding proteins, which serve to modulate their 

properties or subcellular location (reviewed in Vacher et al., 2008; Zamponi and Currie, 2013; 

Leterrier et al., 2010; Jensen et al., 2011; Lai and Jan, 2006; Gutman et al., 2005). Differential 

splicing and editing of their mRNAs, as well the formation of heteromers and additional post-

translation modifications at the protein level further extends their diversity (reviewed in Cerda 

and Trimmer, 2010; Vacher et al., 2008; Jan and Jan, 2012; Lipscombe et al., 2013; Zamponi 

and Currie, 2013; Wahl-Schott and Biel, 2009). Voltage-gated ion channels are classified into 

a number of broad categories based on their selectivity for certain ions, for example K
+
, Na

+
, 

Ca
2+

, or their activation by hyperpolarisation (i.e., hyperpolarisation activated and cyclic 

nucleotide-gated channels). For the purposes of this review, we will, for the most part, limit 

our discussion to these major classes, which form the majority of channel types present in 

mammalian dendrites. 

 

 

Voltage-Gated Na+ Channels 
 

Voltage-gated Na
+
 channels (Nav subunits) are essential for the fast influx of Na

+
 ions 

underlying membrane depolarisation, thereby increasing membrane excitability (Hille, 2001). 

Their activation permits the active backpropagation of action potentials (AP) into the 

dendrite, the genesis of Na
+
-mediated dendritic spikes and the amplification of synaptic 

potentials (reviewed in Magee, 2008). 

Of the ten known Nav family members, four subunits (Nav1.1, 1.2, 1.3, and 1.6) are 

expressed in the rodent/human brain with cell-type specific subcellular expression patterns 

(Table 1). Nav1.3 expression is thought to be limited to the embryonic and early postnatal 

rodent brain (reviewed in Vacher et al., 2008), however several reports suggest that it may 

also be expressed in the neocortex and hippocampus of young adult or adult rodents 

(Westenbroek, et al., 1992; Xu et al., 2013). Nav1.1 subunits are expressed in the 

somatodendritic compartment of layer (L) 5 neocortical neurons, CA1 and CA3 pyramidal 

neurons, and Purkinje cells (Gong et al., 1999), as well as in the axons of hippocampal and 

neocortical parvalbumin-positive interneurons (Ogiwara et al., 2007). Nav1.6 is expressed in 

the apical dendrites of L5 pyramidal neurons of the neocortex and CA1 region of the 

hippocampus and the dendrites of Purkinje neurons (Krzemien, et al., 2000). Studies of the 

exact Nav subunits responsible for dendritic Na
+
 currents are elusive due to the absence of 

specific inhibitors for each subtype. Recent EM-based mapping of dendritic Nav1.6 in the 

apical dendrites of CA1 pyramidal neurons suggests that there is a gradient of these subunits 

along the somatodendritic axis, declining in density with distance from soma (Lörincz and 

Nusser, 2010). In addition, functional gradients may exist due to changes in the 

phosphorylation state of Na
+
 channels across their dendritic arbour (reviewed in Magee, 

2008). This phosphorylation (at least in CA1 pyramidal neurons) is most likely mediated 

through protein kinase C (PKC) and can result in a depolarised shift in the activation curve at 

more proximal versus distal dendritic locations (Gasparini and Magee, 2002). Another 

interesting phenomenon is the presence of two populations of Na
+
 channels with differing 

inactivation kinetics, namely fast and slow (i.e., requiring seconds for complete recovery, in 

CA1 pyramidal neurons that appear to be differentially distributed between the dendrites and 

soma (Colbert et al., 1997; Jung et al., 1997; Mickus et al., 1999). The population of channels 

with slow inactivation kinetics is more prominent in the dendrites compared to the soma. It 



Maria Szlapczynska, Audrey Bonnan, Melanie Ginger et al. 44 

has been suggested that these two populations are the result of differing phosphorylation 

states (Colbert and Johnston, 1998) or Nav channels with a different molecular composition 

(Magee, 2008).  

Mutations in the genes encoding all of the aforementioned subunits are associated with 

inherited epilepsy (Meisler and Kearney, 2005; Estacion et al., 2010; Oliva et al., 2012). In 

addition, certain disorders may lead to the inappropriate or ectopic expression of subunits not 

normally expressed in the brain (Schaller and Caldwell, 2003; Hains et al., 2005; Verret et al., 

2012). 

 

Table 1. Summary of CNS-specific Nav channel subunits, their genes and subcellular 

localisation. Adapted from Vacher et al., 2008. The previous name of each subunit  

is given in parenthesis to aid comparison with prior literature 

 

Subunit Gene Localisation Representative 

references 

Nav1.1 

(Type I) 

SCN1A Somatodendritic 

 

Gong et al., 1999; 

Westenbroek, et al., 

1989 

 

Nav1.2 

(Type II) 

SCN2A Axonal, mostly limited 

to axon initial segment 

Nav1.3 

(Type III) 

SCN3A Somatodendritic Westenbroek et al., 

1992 

Nav1.6 

(Type VIII) 

SCN8A Axon initial segement, 

somato-dendritc 

Lörincz and Nusser, 

2010; Krzemien et al., 

2000 

 

 

Voltage-Gated Ca2+ Channels 
 

Voltage-gated Ca
2+

 channels (Cav subunits) permit dendritic Ca
2+

 transients in response 

to excitatory stimuli in the dendrite (Hille, 2001; Berridge, 1998; Catterall, 2000). Low-

voltage activated Ca
2+

 channels (T-type) are activated by subthreshold postsynaptic 

potentials, whereas high-voltage activated Ca
2+

 channels are opened by backpropagating APs 

(bAPs) and are required for the generation of dendritic Ca
2+

 spikes (Magee et al., 1995; 

Schiller et al., 1995; Schiller et al., 1997; Larkum, et al., 1999a; Frick et al., 2003). The Ca
2+

 

influx mediated by Ca
2+

 channels not only increases dendritic excitability, but can also have a 

range of down-stream consequences for the neuron including the activation of Ca
2+

-

dependant signalling pathways (e.g., Dolmetsch et al., 2001) and activity-dependent gene 

transcription (reviewed in Catterall, 2000; Zamponi and Currie, 2013). Ca
2+

 channels thus 

provide a link between membrane excitability and other dynamic cellular processes. 

Ca
2+

 channels are classified into five main families based on their activation/inactivation 

kinetics, susceptibility to antagonists (Table 2) and ability to be modulated by intracellular 

signalling pathways (reviewed in Catterall, 2000; Zamponi and Currie, 2013). Ca
2+

 channels 

are composed of a macromolecular complex comprising a pore-forming (s1)-subunit, an 

s2- and a -subunit, as well as several auxiliary subunits and calmodulin (reviewed in 

Zamponi and Currie, 2013; Vacher et al., 2008). The s1-subunit is a single 24-

transmembrane domain comprising four pseudosubunits, which form the channel pore, as 

well as N-terminal and C-terminal cytoplasmic domains, which are the targets of regulatory 
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molecules. The cytoplasmic domains are, for example, targets for modulation by G-protein 

coupled receptors and intracellular signalling pathways, such as Ca
2+

/calmodulin-dependent 

protein kinase II (CaMKII; reviewed in Zamponi and Currie, 2013, Catterall et al., 2000; 

Vacher et al., 2008).  

All five Ca
2+

 channel types have some dendritic expression. L-type, R-type and T-type 

Ca
2+

 channels appear to be exclusively somatodendritic (reviewed in Vacher et al., 2008). N- 

and P/Q-type channels, although present in dendrites, are typically expressed at much higher 

densities in the axon (Johnston and Narayanan, 2008). In spite of these broad rules, the 

expression of individual subunits within a family can vary markedly. For example, the T-type 

subunit Cav3.1 is primarily limited to the soma and proximal dendrites of pyramidal neurons 

in a range of brain areas, whereas Cav3.3 is expressed along the entire length of the dendrite 

(in addition to the soma) in the same neurons. Cav3.2 shows a pattern of distribution that is 

somewhat intermediate between the two (McKay et al., 2006).  

Ca
2+

 currents of all major types have been detected in the dendrites of many CNS 

neurons (reviewed in Magee, 2008; Johnston and Narayanan, 2008). These can be 

distinguished on the basis of their voltage-dependence and sensitivity to a number of specific 

inhibitors/antagonists (reviewed in Magee, 2008), however, the individual subunits 

responsible for these currents cannot be distinguished in this manner (Johnston and 

Narayanan, 2008). Mutations in Cav channel-encoding genes have been implicated in a 

number of neurological disorders (reviewed in Catterall, 2011). 

 

 

K+ Channels 
 

K
+
 channels are crucial regulators of membrane excitability. These channels represent the 

most diverse group of ion channels and can be further subdivided into several groups based 

on their pore-forming -subunits (Luján, 2010; Johnston and Narayan, 2008). These -

subunits can be classified into voltage-dependent (Kv) subunits, inward rectifier (Kir) 

subunits, two-pore (K2P) subunits, subunits activated by intracellular Ca
2+

 (KCa), and those 

activated by intracellular Na
+
 (KNa). 

 

Voltage-Gated K+ Channels  

Voltage-gated K
+
 channels (Kv subunits) represent the largest and most diverse group of 

voltage-gated ion channels (Vacher et al., 2008; Luján, 2010). Their -subunits consists of 

one six-transmembrane pore-forming domain that co-assembles with three other -subunits to 

form the tetrameric pore-forming domain (reviewed in Vacher et al., 2008). This permits the 

formation of heteromeric pore-forming subunits, increasing the molecular diversity of K
+
 

channels (reviewed in Vacher et al., 2008). Further functional diversity is achieved through 

the association of the pore-forming subunits with various -subunits (reviewed in Vacher and 

Trimmer, 2011; Pongs and Schwarz, 2010).  

 



 

Table 2. Summary of characteristics and major alpha contributing subunit of Cav channel subtypes.  

Adapted from Vacher et al., 2008; Catterall WA, 2000; Perez-Reyes
 
and Schneider, 1994 

 

Channel 

type 

s1 

subunit 

Gene name Activation 

threshold 

Deactivation 

rate 

Inactivation rate Subcellular location Specific agonist 

L-type Cav1.2 

Cav1.3 

CACNA1C 

CACNA1D 

High Fast Slow Soma, dendrites, 

spines 

Dihydro-pyridine 

(DHP) 

P/Q-type Cav2.1 CACNA1A High Fast Very slow or 

moderate 

Axons, soma and 

dendrites 

ω-Agatoxin 

N-type Cav2.2 CACNA1B High Fast Moderate Axons, soma and 

dendrites 

ω-CTx-GVIA 

R-type Cav2.3 CACNA1E High Fast Fast Soma and dendrites None 

T-type Cav3.1 

Cav3.2 

Cav3.3 

CACNA1G 

CACNA1H 

CACNA1I 

Low Slow Fast Soma and dendrites None 

 

 

 

 

 

 

 

 

 

 



 

Table 3. Summary of characteristics and major alpha subunits of dendritic Kv channel subtypes.  

Adapted from Vacher et al., 2008 

 

Subunit Gene name Type of current Drosophila 

homologue 

Cellular localisation Commentary 

Kv1.1 KCNA1 Transient Shaker Axon, some dendritic  

Kv2.1 KCNB1 Inward rectifier Shab Mostly proximal 

dendrites and soma 

Localisation regulated by activity1 

Kv2.2 KCNB2 Inward rectifier Shab Soma and dendrites  

Kv3.1 KCNC1 Sustained K+ 

current 

Shaw Axonal or 

somatodendritic 

Localisation depends on splice form2 

Kv3.2 KCNC2 Sustained K+ 

current 

Shaw Soma, dendrites  

Kv4.2 KCND2 A-current Shal Somatodendritic Membrane localisation regulated by 

activity3 

Kv4.3 KCND3 A-current Shal Somatodendritic  

Kv7.2 KCNQ2 M-current none Mostly axonal, some 

somato dendritic 

Detected in dendrites in caudate 

putamen4 and parvalbumin-positive 

neurons of dentate gyrus 5 

Kv7.3 KCNQ3 M-current none Axons, soma, dendrites  

Kv7.5 KCNQ5 M-current none Soma, dendrites  
1
Misonou et al., 2006 

2
Ozaita et al., 2002 

3
Kim et al., 2007 

4
Cooper et al., 2001 

5
Nieto-Gonzalez and Jensen, 2013 
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A summary of the major dendritically localised Kv -subunits is presented in Table 3. 

Since the prototypic Kv subunits were initially identified by mutant screens in Drosophila, 

rather than by biochemical analysis, they are often known by the name of their Drosophila 

homologue (i.e., Shaker, Shab, Shaw, Shal). Within neurons, these channels fulfil numerous 

functions, for example, as generators of sustained currents (Kv1.1, Kv3.1, Kv3.2), delayed 

rectifying currents (Kv2.1, Kv2.2) or transient A-type currents (Kv1.4, Kv4.2, Kv4.3). The Kv7 

subfamily (a separate group of channels with limited homology to the other Kv subunits) 

comprises the channels responsible for M-current (Luján, 2010). 

Arguably, the most studied members of the dendritic Kv family are the channels 

responsible for the rapidly activating and inactivating A-type K
+
 current (composed of the 

subunits Kv4.2 and Kv4.3). Kv4.2 is regulated by a number of intracellular signalling 

pathways and kinases, including the extracellular-signal-regulated kinase (ERK), PKC and 

CaMKII, and has been implicated in numerous plasticity paradigms as well as several 

pathologies (e.g., Schrader et al., 2009; Lugo et al., 2008; Varga et al., 2004; Gross et al., 

2011; Lockridge and Yuan, 2011; Lugo et al., 2012; Morozov et al., 2003; see also below). It 

has been suggested that Kv4 channels play a role in synaptic integration, modulation of 

backpropagating APs, and in the gating of dendritic spiking in response to diverse inputs 

arriving from different sources, in neocortical and hippocampal neurons (Hoffman et al., 

1997; Frick et al., 2003; Burkhalter et al., 2006). This is exemplified by the pronounced 

gradient of A-type current recorded along the apical dendrites of CA1 pyramidal neurons 

(Hoffman et al., 1997), or the compartmentalised expression of both Kv4.2 and Kv4.3 subunits 

observed in the primary visual cortex (Burkhalter et al., 2006). Interestingly, in the apical 

dendrites of CA1 neurons, this gradient of current is not reflected in a similar gradient of 

Kv4.2 protein and is likely mediated through other means such as modulation or modification 

of the -subunits or auxiliary subunits (Kerti et al., 2012; see also Vacher and Trimmer, 

2011). 

 

Other K+ Channels 

Numerous other (non Kv-type) K
+
 channels may also play a role in dendritic physiology, 

such as the inward rectifier subfamily (Kir) that includes the G-protein-coupled inwardly 

rectifying K
+
 (GIRK; also known as Kir3) channels, the two-pore domain K

+
 channels (K2P), 

members of the Ca
2+

-dependent K
+
 channel subfamily (KCa; comprising the BK and SK 

channels), and members of the Na
+
-dependent K

+
 channel subfamily (KNa; comprising the 

Slack and Slick channels). GIRK channels, for instance, are voltage-independent and 

activated by binding of G protein subunits, resulting in long-lasting membrane 

hyperpolarisations (Luján et al., 2009). The two-pore domain K
+
 channels provide a leak 

current that contributes to the resting membrane potential and suppresses membrane 

excitability. In dendrites, this current may reduce the summation of excitatory postsynaptic 

potentials (EPSPs; Day et al., 2005). Ca
2+

-/Na
+
-dependent K

+
 channels require changes in the 

concentration of intracellular ions (BK, SK: Ca
2+

; Slack, Slick: Na
+
) for their activation, 

either in a voltage-dependent (e.g., BK channels) or -independent (e.g., SK channels) manner. 

Ca
2+

-dependent K
+
 channels contribute to the fast/slow afterhyperpolarisation during trains of 

APs, thereby regulating the re-polarisation of APs and the neuronal firing pattern. BK 

channels are also important regulators of dendritic excitability by reducing AP 

backpropagation efficacy and increasing the threshold for dendritic Ca
2+

 spikes (Benhassine 
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and Berger, 2009). Na
+
-dependent K

+
 channels contribute to the AP repolarisation, the slow 

afterhyperpolarisation following repetitive firing, and the firing rate adaptation (reviewed in 

Bhattacharjee and Kaczmarek, 2005). 

 

 

Hyperpolarisation-Activated and Cyclic Nucleotide-Gated Channels  

(H Channels) 
 

Hyperpolarisation–activated and cyclic nucleotide-gated channels (HCN) are the 

molecular correlate of Ih (the current mediated by h channels). Ih exerts a diverse range of 

functions in the dendrites. It contributes to the resting membrane potential, acts as a resonator 

conductance, suppresses temporal and spatial summation of synaptic input, and decreases the 

efficacy of backpropagating APs (Berger et al., 2001; Williams and Stuart, 2000b; 

Chevaleyre and Castillo, 2002; Kole et al., 2006; Tsay et al., 2007; Angelo et al., 2007; 

Brager and Johnston, 2007; Zemankovics et al., 2010). Most of its actions reduce dendritic 

excitability and the impact of synaptic input in driving the AP output of neurons. On the other 

hand, Ih causes rebound depolarisations following membrane hyperpolarisations that 

contribute to the generation of dendritic plateau potentials or spikes (Aizenman and Linden, 

1999; Engbers et al., 2011). 

H channels are composed of four pore-forming ‗alpha‘-like subunits with similar 

structural organisation to the alpha units of Kv channels (Luján, 2010). These pore-forming 

domains are also associated with auxiliary subunits, which in part determine the localisation 

and active properties of these channels and also provide an interface with cellular signalling 

pathways (reviewed in Wahl-Schott and Biel, 2009; Biel et al., 2009; Lewis et al., 2010). 

HCN1 and HCN2 are the two major subunits responsible for Ih in neocortex and hippocampus 

(Notomi and Shigemoto, 2004), where they are primarily localised to the dendrites. The other 

subunits (HCN3 and HCN4) may be the predominant subunits in other brain regions, but their 

subcellular expression has not been studied in detail. In the neocortex and hippocampal CA1 

region, HCN1 and HCN2 co-localise and are thus thought to form hetero-tetramers, however, 

HCN1 and HCN2 exhibit different patterns of expression in early postnatal life (Brewster et 

al., 2007). H channels are also expressed in interneurons. Although their expression appears 

very sparse in neocortical interneurons, HCN1 immunoreactivity has been observed in 

hippocampal parvalbumin-positive interneurons (Lörincz et al., 2002; Brewster et al., 2002). 

Ih has been measured in the dendrites of both L5 pyramidal neurons of the neocortex and CA1 

pyramidal neurons of the hippocampus. In both cases Ih exhibits a dramatic gradient with 

densities of this current increasing along the length of the apical dendrite, up to the major 

branch point (Magee, 1999; Williams and Stuart, 2000b). A recent study examining this 

current in the distal dendrites of CA1 neurons suggest this dramatic gradient does not, 

however, extend into the distal tuft region in CA1 pyramidal neurons (Bittner et al., 2012). 

This contrasts with immunohistochemical data (Notomi and Shigemoto, 2004) showing a 

continuation of this gradient into the distal tuft and furthermore suggests a different 

integrative mechanism in the tuft (Bittner et al., 2012). The function of this variation in 

current densities may be to permit scaling of different synaptic inputs from vastly different 

sources over the different strata of the hippocampus. Furthermore, evidence suggests that 

appropriately timed spatially segregated excitatory input is critical for the correct 

development of this gradient of Ih (Shin and Chetkovich, 2007). In the neocortex, the density 
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of functional h channels present in the membranes of distal dendrites increases in a 

developmentally-specific manner from early postnatal life to young adulthood, although the 

density of proximal channels is unchanged (Atkinson and Williams, 2009). Ih thus plays a 

role in the developmental maturity of dendritic properties. Additionally, Ih exerts a diverse 

range of functions in the dendrite from the summation of synaptic input to its coupling to the 

AP output of neurons. Dysfunction of h channels has been linked to a number of disorders, 

most notably epilepsy and certain pain disorders (reviewed in Poolos and Johnston, 2012; 

Benarroch, 2013). 

 

 

Plasticity of Dendritic Excitability 
 

Any form of cognitive, sensory or motor processing requires neurons to integrate 

physiologically relevant incoming synaptic information and to convert it into a pattern of 

precisely timed AP output. To accomplish this, neuronal dendrites continuously ‗evaluate‘ the 

strength, spatial and temporal distribution of synaptic potentials, as well as govern the 

efficacy with which these signals are propagated. They also give rise to local regenerative 

events, determine the AP output at the soma and its active backpropagation back into the 

dendrites (Frick and Johnston, 2005; London and Häusser, 2005; Spruston, 2008; Johnston 

and Narayanan, 2008). As already discussed, the fundamental mechanism allowing dendrites 

to perform their complex computations is the specific subcellular distribution and biophysical 

properties of voltage-gated ion channels. 

The manner in which information is processed and conveyed has important functional 

consequences, both at the exact time of neuronal activation as well as in the future. That is 

why another critical aspect of dendritic function is to govern various forms of synaptic and 

non-synaptic plasticity. Neural plasticity is most frequently studied as a change in the efficacy 

of synaptic transmission. This is because the number of potentiated synapses, their local 

clustering and temporal pattern of activation are all thought to underlie information transfer 

and storage (Mayford et al., 2012). However, neuronal plasticity encompasses more than just 

chemical and morphological modifications at the level of the synapse. This dynamic process 

also includes the remodelling of neuronal circuits (Chklovskii et al., 2004), neurogenesis 

(Deng et al., 2010; Marín-Burgin and Schinder, 2012), and changes in intrinsic excitability 

(Zhang and Linden, 2003; Frick and Johnston, 2005; Mozzachiodi and Byrne, 2010). We now 

know that intrinsic excitability plays an important role in behavioural learning and in the 

processing of sensory/motor stimuli. Additionally, it has been suggested to serve as a 

mechanism for metaplasticity, memory allocation or even part of the memory trace itself 

(Helmchen et al., 1999; Xu et al., 2012; Zhang and Linden, 2003; Frick et al., 2005; Zhou et 

al., 2009; Mozzachiodi and Byrne, 2010).  

In this section we review some of the basic mechanisms of dendritic information 

processing as well as what is known about the plasticity of dendritic excitability. We also 

touch upon the interaction between dendritic excitability and synaptic plasticity. Wherever 

possible, we attempt to draw links between behavioural/in vivo studies and dendritic 

plasticity.  
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Action Potential Backpropagation 
 

APs are electrical events, usually initiated in the axo-somatic region that travel forward 

along the axon but that can also propagate back into the dendrites (Stuart et al., 1997b). AP 

backpropagation can occur passively, being shaped by the passive electrical properties of the 

neuron (Stuart et al., 1997b) and its dendritic morphology (Vetter et al., 2001), but also 

actively, due to the presence of voltage-gated Na
+
 channels expressed along the dendritic 

membrane (Stuart and Sakmann, 1994; Johnston et al., 1996; Stuart et al., 1997b). The 

efficacy of AP backpropagation is highly variable between different neuronal types (for 

reviews see Stuart et al., 1997b; Sjöström et al., 2008). For example, in cerebellar Purkinje 

neurons, where the density of dendritic Na
+
 channels is low, the backpropagation of APs is 

mostly passive. This results in significant voltage attenuation as the AP spreads throughout 

the dendritic tree (Stuart and Häusser, 1994). On the other side of the spectrum, in the 

dopaminergic neurons of substantia nigra, where backpropagation is highly active, the 

distance dependent voltage attenuation is very small (Häusser et al., 1995; Gentet and 

Williams, 2007). In pyramidal neurons of neocortical L5 (Stuart and Sakmann, 1994; Nevian 

et al., 2007; Grewe et al., 2010), L2/3 (Waters et al., 2003) and hippocampal CA1 (Spruston 

et al., 1995; Golding et al., 2001) AP backpropagation efficacy can be placed in the 

intermediate range. Consequently, the potential spread is active but may also be incomplete 

failing to invade distal dendritic branches. AP backpropagation critically depends on the 

presence of Na
+
 channels, however the degree and manner of this retrograde propagation is 

sensitive to the activity of a range of voltage-gated ion channels (Colbert et al., 1997; 

Hoffman et al., 1997; Jung et al., 1997; Migliore et al., 1999; Berger et al., 2003), prior 

neuronal activity (Spruston et al., 1995; Magee and Johnston, 1997; Stuart and Häusser, 2001; 

Sjöström and Häusser, 2006), and neuromodulation (Häusser et al., 1995; Hoffman and 

Johnston, 1999; Gentet and Williams, 2007). BAPs are known to occur both in vitro (Stuart 

and Sakmann, 1994; Spruston et al., 1995; Nevian et al., 2007; Grewe et al., 2010) and in vivo 

(Buzsáki et al., 1996; Waters et al., 2003; Bereshpolova et al., 2007).  

AP backpropagation plays an important role in the regulation of dendritic excitability. It 

provides feedback information into the dendrites about axonal output, causes postsynaptic 

depolarisation and triggers Ca
2+

 influx into the cell through the activation of voltage-gated 

Ca
2+

 channels, creating an important link between electrical events and Ca
2+

-dependent
 

intracellular signalling cascades (Jaffe et al., 1992; Christie et al., 1995; Frick et al., 2003; 

Waters et al., 2003). When bAPs are paired with incoming EPSPs the result is a supralinear 

Ca
2+

 influx into the cell, which further increases dendritic excitability and facilitates synaptic 

integration (Waters et al., 2003; Frick and Johnston, 2005; Sjöström et al., 2008). If the 

amount of the resulting dendritic depolarisation is sufficient, the generation of dendritic Ca
2+

 

spikes can in turn evoke burst firing at the soma, a phenomenon called BAC firing (Larkum et 

al., 1999b). When appropriately timed with EPSPs, bAPs can also induce long-term 

potentiation (LTP) and depression (LTD) through spike-timing-dependent-plasticity protocols 

(STDP; Magee and Johnston, 1997, Letzkus et al., 2006; Sjöström and Häusser, 2006; for 

review on STDP see Dan and Poo, 2006).  
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Dendritic Spikes 
 

The synchronous activation of multiple spatially clustered synapses can result in large 

transient depolarisations, reflecting the opening of voltage-gated Na
+
 and Ca

2+
 channels. This 

locally generated supralinear membrane event is called a dendritic spike (Häusser et al., 2000; 

Gulledge et al., 2005; Major et al., 2013). In some dendrites, the activation of voltage and 

ligand-gated N-methyl-D-aspartate (NMDA) receptors can result in an NMDA spike (Schiller 

et al., 2000; Schiller and Schiller, 2001; Rhodes, 2006; Larkum et al., 2009; Major et al., 

2013). Dendritic spikes were first observed in cerebellar Purkinje neurons (Llinás and 

Sugimori, 1980) and in hippocampal pyramidal cells (Wong et al., 1979; Benardo et al., 

1982). Now, it is now known that dendritic spikes occur in many different cell types (Amitai 

et al., 1993; Chen and Shepherd, 1997; Larkum et al., 1999a; Martina et al., 2000; Goldberg 

et al., 2004; Kitamura and Häusser, 2011; Katona et al., 2011) both in vitro and in vivo 

(Helmchen et al., 1999; Waters et al., 2003; Larkum et al., 2007; Kitamura and Häusser, 

2011; Xu et al., 2012; Lavzin et al., 2012; Losonczy et al., 2008; Makara et al., 2009). In 

pyramidal neurons, Na
+
 channels mediate dendritic spikes at proximal locations (Amitai et 

al., 1993; Ariav et al., 2003; Nevian et al., 2007), whereas the more distal spikes are generally 

mediated by voltage-gated Ca
2+

 channels (Schiller et al., 1997; Stuart et al., 1997b; Larkum et 

al., 1999b). NMDA spikes are most likely to occur in basal (Schiller et al., 2000; Nevian et 

al., 2007) and tuft dendrites (Larkum et al., 2009) and they can play an important role in the 

supralinear integration of synaptic inputs (Mel, 1993; Polsky et al., 2004; Larkum et al., 

2009).  

Dendritic spikes are regenerative events because they arise from membrane 

depolarisation and cause further depolarisation (Larkum et al., 1999a; Häusser et al., 2000). 

They are also heterogeneous in nature, with some spreading efficiently towards the soma 

(Chen and Shepherd, 1997; Martina et al., 2000; Larkum and Zhu, 2002) and others 

remaining constricted to the local dendritic area (Schiller et al., 1997; Golding and Spruston, 

1998; Losonczy and Magee, 2006; Losonczy et al., 2008). Strong somatic stimulation above a 

particular frequency, called the critical frequency, can result in local electrogenesis in the 

form of dendritic Ca
2+

 spikes (Stuart et al., 1997a; Larkum et al., 1999a; Williams and Stuart, 

2000a; Berger et al., 2003; Larkum et al., 2007). The critical frequency threshold can be 

influenced by changes in the dendritic membrane potential and depends on the presence of Ih 

currents (Berger et al., 2003). If dendritic spikes are large enough they can trigger somatic 

APs and burst firing (Golding and Spruston, 1998; Williams and Stuart, 1999; Larkum et al., 

1999b; Larkum and Zhu, 2002). Dendritic spikes play an important role in sensory processing 

as well as in the timed integration of synaptic inputs (Helmchen et al., 1999; Xu et al., 2012; 

Lavzin et al., 2012; Breton and Stuart, 2009). 

 

 

Synaptic Integration 
 

The excitability of a neuron determines its propensity to generate an AP from incoming 

synaptic inputs. The spatial and temporal pattern of synaptic activation is therefore critical for 

determining the neuronal output, not only at the precise time of activation but also in the 

future. The large distribution of synaptic inputs together with the cable filtering properties of 

dendrites could however decrease the precision with which a neuron can determine and 
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integrate incoming synaptic signals. This could in turn increase the variability of AP firing 

and decrease the effectiveness of temporal coincidence detection (Magee, 2000). Early data 

from intracellular recordings and neuronal models suggested that a significant attenuation of 

synaptic potentials occurred between the site of initiation and the soma (Stuart et al., 1997b; 

Williams and Stuart, 2003b). We now know, however, that dendrites possess active 

mechanisms that can reduce the dependence of synaptic effectiveness on input location 

(Johnston et al., 1996; Yuste and Tank, 1996; Magee, 2000; Gulledge et al., 2005; Sjöström et 

al., 2008).  

EPSP summation can be influenced by dendritic Na
+
, A-type K

+
 and Ca

2+
 channels 

(Lipowsky et al., 1996; Schwindt and Crill, 1996; 1997; Cash and Yuste, 1998; 1999; Magee 

and Johnston, 2005) but h channels seem to be of particular importance for subthreshold 

integration. This is due to their specific activation kinetics as well as their subcellular gradient 

of distribution. In pyramidal neurons of CA1 and neocortical L5, these channels are 

distributed non-uniformly and their density is increased severalfold in distal dendrites when 

compared to proximal dendrites (Magee 1998; 1999; Lörincz et al., 2002; Williams and 

Stuart, 2000b). They are activated by membrane hyperpolarisation but result in membrane 

depolarisation (Robinson and Siegelbaum, 2003). At depolarised membrane potentials these 

channels are deactivated, which effectively results in a hyperpolarising outward current 

occurring during synaptic activity. Consequently, the activation of h channels reduces the 

duration of inhibitory postsynaptic potentials (IPSPs; Williams and Stuart, 2003a), whereas 

their deactivation reduces the duration of EPSPs (Magee, 1998; 1999). Because of the 

specific distribution gradient of h channels, their activity has strongest consequences for the 

temporal/spatial summation of distal synaptic inputs. This distance-dependent normalisation 

of temporal summation overcomes the passive filtering of neuronal dendrites causing synaptic 

potentials measured at the soma to sum similarly regardless of the input location (Magee, 

1999; 2000).  

 

 

Activity-Induced Plasticity of Dendritic Excitability 
 

Previous neuronal firing activity, local membrane depolarisations or the interaction of the 

two can significantly alter the efficacy of AP backpropagation, dendritic spike generation and 

synaptic integration. For example in neocortical L5 (Stuart and Sakmann, 1994) and in 

hippocampal CA1 neurons (Spruston et al., 1995; Golding et al., 2001) a train of APs induced 

in the soma causes a reduction in the amplitude of bAPs when measured along the apical 

dendrite. This decrease in amplitude follows a slow, voltage-dependent slope of recovery and 

is coupled with a significant decrease in dendritic Ca
2+

 transients (Jaffe et al., 1992; Callaway 

and Ross, 1995; Spruston et al., 1995). Such long-lasting voltage attenuation is due to a 

prolonged inactivation of dendritic Na
+
 channels (Stuart and Sakmann, 1994; Jung et al., 

1997) in CA1 pyramidal neurons, and also to the activity of A-type K
+
 channels (Colbert et 

al., 1997; Hoffman et al., 1997).  

Voltage-dependent A-type K
+
 channels play a key role in regulating the amplitude of 

bAPs (Hoffman et al., 1997; Migliore et al., 1999; Frick et al., 2003; Martina et al., 2003). 

These rapidly activating and inactivating channels provide transient outward currents and are 

present in high densities in the dendrites of pyramidal neurons (reviewed in Sjöström et al., 

2008; Spruston, 2008). The pharmacological block of A-type K
+
 channels by 4-
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Aminopyridine (4-AP) increases dendritic AP amplitude in a dose-dependent manner 

(Hoffman et al., 1997). The deletion of the Kv4.2 gene almost completely eliminates A-type 

K
+
 currents from CA1 pyramidal neurons leading to an increase in bAP amplitude and the 

associated Ca
2+

 influx (Chen et al., 2006). Kv4.2 has phosphorylation sites for protein kinase 

A (PKA), PKC, CaMKII and mitogen-activated protein kinase (MAPK; Adams et al., 2000; 

Anderson et al., 2000; Yuan et al., 2002). The activation of these kinases by the 

neurotramsitters glutamate (via mGluRs), dopamine, noradrenaline and acetocholine 

decreases the activity of these channels and leads to an increase in bAP amplitude (Hoffman 

and Johnston, 1998; 1999). 

Dendritic membrane depolarisation and synaptic activity can also overcome bAP 

amplitude attenuation through a rise in intracellular Ca
2+

 mediated by CaMKII (Magee and 

Johnston, 1997; Stuart and Häusser, 2001; Sjöström and Häusser, 2006; Tsubokawa et al., 

2000). When bAPs are paired with subthreshold EPSPs, the resulting dendritic depolarisation 

promotes the recruitment of Na
+
 channels and/or K

+
 channel inactivation causing a 

facilitation of AP backpropagation (Hoffman et al., 1997; Migliore et al., 1999; Stuart and 

Häusser, 2001; Gasparini et al., 2007). Moreover, synaptic input that is precisely timed with 

AP firing in an STDP protocol increases bAP amplitude in the potentiated dendritic region 

via a change in A-type K
+
 currents (Frick et al., 2004).  

The activity-dependent modulation of bAP amplitude may have important behavioural 

relevance. Quirk et al. (2001) showed that as rats gained experience of a given environment 

there was an experience-dependent decrease in bAP amplitude attenuation (Quirk et al., 

2001). In mitral cells in the olfactory bulb, repetitive somatic stimulation mimicking odour-

induced activity causes an enhancement of AP backpropagation into the distal lateral 

dendrites. This is mediated by a supralinear increase in Ca
2+

 transients along the dendrites 

(Margrie et al., 2001).  

Evoked neuronal activity can also produce a long lasting modulation of Ca
2+

 transients. 

Local applications of glutamate to the basal dendrites of neurons in the prefrontal cortex 

result in Ca
2+

 plateaus that persist beyond the duration of dendritic spikes. These plateaus are 

spatially restricted to the input site and are governed by NMDA-mediated small amplitude 

depolarisation (Milojkovic et al., 2007). The persistence of Ca
2+

 transients may have 

important consequences for the integration of spatially or temporally neighbouring synaptic 

inputs. Inhibitory input, on the other hand, can block Ca
2+

 influx into the cell and selectively 

prevent the induction of Ca
2+

 spikes (Tsubokawa and Ross, 1996; Larkum et al., 1999b; 

Larkum et al., 2007). In CA1 pyramidal neurons, supralinear synaptic input inhibits 

subsequent dendritic spikes in that specific input region due to the slow inactivation of Na
+
 

channels. If this supralinear synaptic input is strong enough to evoke a somatic AP, then the 

resulting bAP attenuates subsequent dendritic spikes in all dendritic branches (Remy et al., 

2009). 

 

 

Dendritic Excitability and Sensory Processing 
 

Active dendritic mechanisms are recruited during the normal processing of sensory 

information as well as following sensory deprivation. For example, in vivo recordings from 

anaesthetised rats performed in the distal dendrites of neocortical pyramidal neurons in the 

barrel cortex show that whisker stimulation results in complex spikes coupled with large Ca
2+
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transients. These complex spikes arising from local EPSPs caused by whisker deflections are 

large and slow depolarisations with superimposed bursts of Na
+ 

APs (Helmchen et al., 1999). 

The spiny stellate neurons of L4 also play an active role in shaping the responses to whisker 

sensing through the generation of NMDA spikes (Lavzin et al., 2012). Sensory deprivation, 

on the other hand, caused by whisker trimming, results in a significant lowering of the critical 

frequency threshold necessary for the generation of dendritic Ca
2+

 spikes. This is most likely 

mediated by a reduction in h channel density, which occurs as a consequence of sensory 

deprivation (Breton and Stuart, 2009). 

Dendritic spikes can also mediate the integration of inputs from spatially separated and 

functionally distinct neuronal pathways, provided that their co-activation is temporally 

synchronous. For example, in an object-location task mice are trained to lick a water port for 

a reward when a certain object is positioned in the ‗correct‘ location. The mice use their 

whiskers to sense in which location the object is positioned at a given time and they have to 

withhold licking if the object is in the ‗wrong‘ location. During whisker touches at particular 

object locations, large-amplitude, global Ca
2+

 signals occur throughout the apical tuft 

dendrites of L5 pyramidal neurons in the barrel cortex. These are a result of pairing the 

vibrissal sensory input with the activity of the primary motor cortex (Xu et al., 2012). The 

threshold and duration of this dendritic electrogenesis, and the resulting integration of 

information from different dendritic compartments is controlled by K
+
 channels (Harnett et 

al., 2013).  

 

 

Dendritic Excitability and Learning 
 

One of the first accounts of learning induced plasticity of dendritic excitability in 

mammals comes from intracellular dendritic recordings performed in cerebellar Purkinje cells 

of rabbits that underwent delay eyelid conditioning. In this learning task rabbits are taught to 

associate a tone (conditioned stimulus) with either an air puff or a weak periorbital electrical 

stimulation (unconditioned stimulus). In brain slices from animals that underwent this form of 

associative conditioning, the threshold for evoking a dendritic Ca
2+

 spike was reduced when 

compared to controls. Interestingly, the lower threshold for dendritic spike initiation was still 

present one month after training (Schreurs et al., 1997; 1998).  

Dendritic excitability is also likely to play an important role during exploratory learning. 

By using specific input patterns designed to match those occurring during exploratory sharp 

waves (SPW; O'Neill et al., 2006) and a transient application of carbochol to imitate the 

neuromodulatory state of exploratory behaviour (Hasselmo and Giocomo, 2006) it is possible 

to mimic an exploratory state in acute hippocampal slices (Losonczy et al., 2008). A protocol 

providing such spatially clustered and temporally synchronous input results in increasing the 

coupling between two proximal dendritic branches in a process called branch strength 

potentiation (BSP). BSP means that after stimulation a weak terminal daughter branch that 

originates from a strong parent dendrite becomes strengthened. These daughter branches 

evoke stronger and larger dendritic spikes with an enhanced probability of spreading into the 

strong parent branch. This form of plasticity is branch specific as it is restricted only to the 

specific branches stimulated. Similar results can be obtained by pairing local dendritic spikes 

with bAPs using an associative theta-pairing protocol (Losonczy et al., 2008). Behaviourally, 

when an animal is exposed to an enriched environment, there is an increase in the dendritic 
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spike strength in daughter branches coupled to strong parent dendrites closely resembling the 

pattern of BSP (Makara et al., 2009). This compartmentalised form of dendritic plasticity is 

most likely caused by a downregulation of dendritic Kv4.2 channels (Losonczy et al., 2008; 

Makara et al., 2009). 

The activity of voltage-dependent A-type K
+
 channels is indeed required for normal 

behavioural learning. Kv4.2 knockout mice have been shown to have spatial learning 

impairments in the Morris water maze task (Lockridge and Yuan, 2011) as well as in 

contextual fear conditioning (Lugo et al., 2012). In contrast, HCN1 channels were shown to 

constrain spatial learning and memory. Upon the forebrain-restricted deletion of the HCN1 

gene, mice show an improvement in spatial learning in the Morris water maze task as well as 

an enhanced short and long-term memory of the platform location. This could partially be 

explained by the fact that HCN1 deletion results in an enhancement in theta frequency 

oscillations, which are thought to be important for spatial memory encoding and storage 

(Nolan et al., 2004). Interestingly, however, HCN1 channel activity is critical for the normal 

learning of motor coordination due to its role in mediating synaptic input integration by 

cerebellar Purkinje neurons (Nolan et al., 2003).  

 

 

Dendritic Excitability and Synaptic Plasticity 
 

LTP and LTD are the most studied cellular correlates of learning and memory. LTP and 

LTD can be defined as a long-lasting and persistent increase or decrease, respectively, in 

synaptic efficacy (Bliss and Lømo, 1973; Bliss and Collingridge, 1993; Malenka and Nicoll, 

1999). We now know that dendritic excitability can induce or be induced by LTP (Johnston et 

al., 2003). Metaplasticity is a phenomenon whereby synaptic and cellular activity can induce 

neuronal changes, which in turn alter the neuron‘s ability to undergo subsequent synaptic 

plasticity (Abraham and Bear, 1996). It has therefore been suggested that dendritic plasticity 

could act as a substrate for metaplasticity (Frick and Johnston, 2005; Chen et al., 2006).  

LTP induction is accompanied by a persistent and local NMDA receptor-dependent 

increase in dendritic excitability. This plasticity is manifested by an augmentation of the bAPs 

amplitude and an accompanying boost in Ca
2+

 signals. More importantly, the increase in 

dendritic excitability favours the backpropagation of APs into the potentiated dendritic region 

(Frick et al., 2004). This enhancement in excitability is mediated by a hyperpolarised shift in 

the inactivation curve of A-type K
+
 channels resulting in a reduction of the transient A-type 

K
+
 current allowing the AP to backpropagate more efficiently (Watanabe et al., 2002; Frick et 

al., 2004). This change in dendritic excitability is local and persistent and depends on MAPK 

activation. When MAPK is blocked, LTP can still be induced by strong stimulation but the 

associated change in dendritic excitability is no longer present (Rosenkranz et al., 2009). The 

activation of MAPK is linked to PKA activity. In CA1 neurons PKA acts on MAPK to 

modulate A-type K
+
 currents and bAP amplitude (Yuan et al., 2002) and is necessary for LTP 

induction (Huang and Kandel, 1994; Nguyen and Kandel, 1996).  

When bAPs are paired with local subthreshold EPSPs in a theta burst stimulation 

protocol the result is a boost of the dendritic AP amplitude, an increased Ca
2+

 influx and a 

consequent induction of NMDA receptor-dependent LTP (Magee and Johnston, 1997; Frick 

et al., 2004; Sjöström and Häusser, 2006). Most likely, this process is mediated by the 

inactivation of A-type K
+
 channels resulting in an increased efficacy of AP backpropagation. 
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The enhancement in AP backpropagation then provides the necessary depolarisation for the 

release of the voltage-dependent Mg
2+

 block of NMDA receptors and the subsequent 

induction of LTP (Watanabe et al., 2002). More importantly, LTP does not occur when bAPs 

are blocked by a local application of TTX to the proximal dendritic region. Even though 

synaptic potentials and somatic APs can still be evoked, LTP is no longer induced (Magee 

and Johnston, 1997).  

BAPs can act as a bidirectional switch between LTP and LTD induction causing the sign 

of the potentiation to be dependent upon the precise timing of bAP and/or the location of the 

activated synapses (Letzkus et al., 2006; Sjöström and Häusser, 2006). Using the same 

potentiation protocol Sjöström and Häusser (2006) induced LTP at proximal synapses and 

LTD at more distal synapses of neocortical pyramidal neurons. This distance-dependent 

switch in the synaptic potentiation sign is due to the unreliable propagation of APs into distal 

dendritic branches. LTD could be switched to LTP at distal synapses by a local depolarisation 

of the dendritic membrane during the potentiation protocol. The pairing of bAPs with local 

membrane depolarisations resulted in supralinear Ca
2+

 signals, which were then able to boost 

the otherwise-decaying bAP and result in LTP induction (Sjöström and Häusser, 2006). 

BAPs are not necessary for the induction of LTP under all conditions. It is possible that 

when AP propagation is blocked by TTX application and/or hyperpolarisation, dendritic 

spikes can provide the Ca
2+

 influx and depolarisation necessary to induce LTP (Golding et al., 

2002). Dendritic spikes also seem to be critical for LTP induction when APs do 

backpropagate. The precise pairing of high frequency somatic AP bursts with EPSPs results 

in supralinear increases in Ca
2+

 signals that leads to the activation of NMDA receptors 

(Kampa and Stuart, 2006).  

The induction of LTP and LTD is also accompanied by changes in dendritic excitability 

linked to the up or downregulation of h channel activity (Wang et al., 2003; Fan et al., 2005; 

Brager and Johnston, 2007). This bi-directional plasticity and the associated changes in h 

channel function have important consequences for the summation of synaptic potentials. 

Additionally, LTP induction has been shown to alter the resonance frequency of neurons also 

through the modulation of h channels (Narayanan and Johnston, 2007, 2008). This has 

important consequences for membrane potential oscillations, which are thought to be 

involved in memory encoding and network synchronisation (Buzsáki, 2002; Engel et al., 

2001). 

 

 

EPSP-Spike Potentiation 
 

The induction of LTP results in a persistent potentiation of synaptic responses (Bliss and 

Lømo, 1973). However, LTP in the hippocampus also results in an enhanced probability that 

the postsynaptic neurons will fire APs to a given excitatory input (population spike). This 

phenomenon is termed EPSP-spike potentiation (E-S potentiation, Bliss et al., 1973). E-S 

potentiation is strongly mediated by inhibitory synaptic transmission and it has been 

suggested that E-S potentiation is a result of an alteration in the balance between excitation 

and inhibition following LTP induction (Abraham et al., 1987; Chavez-Noriega et al., 1989). 

However, it is known that hippocampal E-S potentiation can be induced in the absence of 

inhibition (Asztely and Gustafsson, 1994; Jester et al., 1995; Daoudal et al., 2002). This 

suggests that an additional component might be necessary for E-S potentiation, namely 
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intrinsic changes in excitability (Taube and Schwartzkroin, 1988; Daoudal et al., 2002). One 

piece of supporting evidence comes from Wang et al. (2003), who showed that LTP induction 

in CA1 pyramidal neurons causes a supralinear increase in EPSP summation. This increase is 

mediated by a downregulation of dendritic h channels (Wang et al., 2003), which are known 

to reduce the temporal summation of synaptic inputs (Magee, 2000; Poolos et al., 2002). LTD 

on the other hand reduces the linearity of spatial EPSP summation. It is known that the 

supralinearity of spatial and temporal synaptic input summation can shape the spiking activity 

of the neuron (Magee, 1999; 2000). Indeed, Xu et al., (2005) found that LTP induction 

increased intrinsic excitability. This was manifested by a progressive decrease in AP 

threshold that could serve as a mechanism for E-S potentiation. This change was definitely 

due to intrinsic properties because it occurred in the presence of synaptic activity blockers as 

well as GABAA and GABAB blockers and is likely to be mediated by a hyperpolarised shift in 

the activation curve of voltage-gated Na
+
 channels (Xu et al., 2005).  

In contrast to Wang et al. (2003) and Xu et al. (2005), Fan et al. (2005) showed that LTP 

induction resulted in a global decrease in neuronal excitability. This was marked by an 

increase in AP threshold and more somatically injected current necessary to evoke the same 

number of APs as before LTP induction. These changes were mediated by an upregulation of 

h channels (Fan et al., 2005). These seemingly conflicting results have recently been 

reconciled by Campanac et al., (2008), who showed that different LTP induction protocols 

could affect h conductance differently. A strong theta-burst protocol results in a homeostatic 

upregulation of Ih conductance, whereas more moderate levels of LTP induced through STDP 

protocols trigger E-S potentiation through the downregulation of Ih conductance (Campanac et 

al., 2008).  

In conclusion, the wide variety of membrane voltage-gated ion channels endows 

dendrites with their active properties that are critical for neuronal information processing and 

plasticity. Most excitatory synapses are made onto dendrites and it is the dendrites then that 

govern the manner and efficacy with which synaptic input is integrated and propagated into 

the rest of the neuron. This means that any alteration in signal processing that occurs at the 

level of the dendrites will critically alter the output message of the neuron. This endows 

dendrites with significant computational power and thus makes them important targets for 

neuronal plasticity research.  

 

 

Pathological Changes in Dendritic Excitability 
 

Alterations in the function and/or expression levels of dendritic voltage-gated ion 

channels may be implicated in a number of CNS disorders (Table 4). These so-called 

channelopathies can be inherited or acquired, or sometimes results a mix of both in some 

groups of disorders, as illustrated below for epilepsy related dysfunctions (Beck and Yaari, 

2008; Mantegazza et al., 2010; Poolos and Johnston, 2012).  

 



 

Table 4. Examples of ion channels involved in CNS disorders 

 

CNS disease Ion channels  Structure Changes in dendritic excitability Ref. 

Alzheimer‘s 

disease 

Kv4.2 channels 

Decreased/blocked A-type 

current 

 

 

Increased A-type current 

 

Nav1.1 channels 

Decreased expression / 

Decreased somatic excitability 

 

Hippocampus 

 

 

 

Cerebellum 

 

 

Cortical interneurons 

 

- Increased bAP amplitude 

 

 

 

- Decreased excitability? 

 

 

- Decreased excitability? 

 

 

Good and Murphy, 

1996; Xu et al., 1998; 

Chen et al., 2005; 

Morse et al., 2010 

Ramsden et al., 2001; 

Plant et al., 2006 

 

Verret et al., 2012 

Autism 

Spectrum 

Disorders 

BK channels 

Disruption of the KCNMA1 gene 

 

Kir4.1 channels 

Mutations in the KCNJ10 gene 

 

L-type Ca2+ channels 

Deletion of the CACNA1C gene 

Deletion of the CACNA2D4 gene 

 

T-type Ca2+ channels 

Mutations in the CACNA1H gene 

 

 

Genome studies 

 

 

Genome studies 

 

 

Genome studies 

Genome studies 

 

 

Genome studies 

 

- Altered dendritic excitability? 

 

 

- Altered dendritic excitability? 

 

 

- Altered dendritic excitability? 

- Altered dendritic excitability? 

 

 

- Altered dendritic excitability? 

 

Laumonnier et al., 2006 

 

 

Sicca et al., 2011 

 

 

Smith et al., 2012 

 

 

 

Splawski et al., 2006 

 

 



 

Table 4. (Continued) 

 

CNS disease Ion channels  Structure Changes in dendritic excitability Ref. 

Bipolar 

Disorders 

L-type Ca2+ channels 

Genetic variation in CACNA1C 

M-type K+ channels 

Altered expression of KCNQ2, 

KCNQ3 

 

Genome studies 

 

Post-mortem studies 

 

 

- Altered dendritic excitability? 

 

- Increased excitability? 

 

Bhat et al., 2012 

 

For review, Judy et al., 

2013 

Down 

Syndrome 

Kir3.2 and Kir4.2 channels 

Located on the DCR1 region of 

the chromosome 21 

 

Genome studies 

 

 

- Increased excitability? 

 

Ohira et al., 1997; 

Gosset et al., 1997 

EAST 

Syndrome 

 

Kir4.1 channels 

Mutated channels showed 

altered function 

 

Overexpression in 

HEK cells 

 

- Increased excitability? 

 

Reichold et al., 2010 

Episodic 

Ataxia 

 

Kv1.1 channels 

Mutated channels showed 

smaller currents and altered 

gating properties 

 

- Overexpression in 

Xenopus Oocytes  

 

- Increased excitability? 

 

Adelman et al., 1995; 

Zerr et al., 1998 

Epilepsy 

 

Inherited 

epilepsy 

 

 

 

 

 

 

Nav1.1 channels 

Loss of function mutations 

 

Nav1.2 channels 

Impaired channel function 

 

 

 

 

 

Hippocampus and 

Cortex 

 

Neocortex primary 

cultures 

 

 

 

 

- Decreased AP firing in 

GABAergic neurons 

 

- Decreased excitability? 

 

 

 

 

 

Reviewed in Catterall et 

al., 2010 

 

Scalmani et al., 2006; 

Misra et al., 2008 

 

 



 

CNS disease Ion channels  Structure Changes in dendritic excitability Ref. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acquired 

epilepsy 

 

Kv7.2/7.3 channels (M-type K+ 

current) 

Decreased stability, altered 

gating 

Increased excitability 

 

T-type Ca2+ channels 

Mutated channels showed 

altered gating properties 

 

BK channels 

Mutated channels showed gain 

of function 

 

A-type K+ channels 

Decreased Kv4.2 expression and 

A-type current 

 

Na+ channels 

Increased Na+ currents 

 

 

H channels 

Decreased HCN1 activity 

 

 

T-type Ca2+ channels 

Increased T-type currents 

 

  

 

 

Hippocampus 

 

 

 

 

Overexpression in 

HEK cells 

 

 

Overexpression in 

Xenopus oocytes 

 

 

Hippocampus 

 

 

 

Hippocampus 

 

 

 

Hippocampus and 

entorhinal cortex 

 

 

Hippocampus 

 

 

 

 

- Increased dendritic excitability 

due to increased AP firing rate? 

 

 

 

- Altered dendritic integration? 

 

 

 

- Altered neuronal and dendritic 

excitability? 

 

 

- Increased bAP amplitude 

 

 

 

- Increased neuronal bursting  

Increased bAP/ Altered STDP? 

 

 

- Increased dendritic excitability 

/Decreased dendritic resonance 

 

 

- Increased intrinsic burst firing 

 Increased bAP/ altered 

STDP? 

Reviewed in Miceli et 

al., 2011. 

Soldovieri et al., 2006; 

Soldovieri et al., 2007 

Peters et al., 2005 

 

 

Khosravani et al., 2004 

 

 

 

Du et al., 2005 

 

 

 

Bernard et al., 2004; 

Chen et al., 2006; Lugo 

et al., 2008 

 

Chen et al., 2011 

 

 

 

Shah et al., 2004; Jung 

et al., 2007; Marcelin et 

al., 2009; Jung et al., 

2011 

Becker et al., 2008 

 



 

Table 4. (Continued) 

 

CNS disease Ion channels  Structure Changes in dendritic excitability Ref. 

 BK channels 

Gain of function 

Downregulation, reduced 

expression 

 

SK channels 

Functional downregulation 

 

Neocortex 

Hippocampus (CA3) 

 

 

 

Hippocampus 

 

- Increased firing 

- Increased excitability? 

 

 

 

- Increased dendritic excitability 

 

Shruti et al., 2008 

Pacheco-Otalora et al., 

2008 

 

 

Cai et al., 2007 

Fragile X 

Syndrome 

L-type Ca2+ channels 

Decreased expression of Cav1.3, 

altered Ca2+ signaling 

 

H channels 

Increased HCN1 expression 

 

 

Kv4.2 channels 

Decreased Kv4.2 expression 

Increased Kv4.2 expression 

 

Kv3.1b channels 

Decreased Kv3.1b 

immunoreactivity and current 

 

BK channels 

Decreased BKCa1.1 expression 

 

Frontal/Prefrontal 

cortex 

 

 

Hippocampus 

 

 

 

Hippocampus 

Hippocampus 

 

 

Brainstem 

 

 

 

Neocortex 

 

- Decreased dendritic Ca2+ 

signaling/ Altered STDP 

 

 

- Reduced EPSP temporal 

summation/Reduced 

excitability? 

 

- Altered dendritic excitability/ 

dendritic function? 

 

 

- Altered firing rate  Altered 

bAP / STDP? 

 

 

- Altered neuronal firing/ 

dendritic excitability? 

 

Chen et al., 2003; 

Meredith et al., 2007 

 

 

Brager et al., 2012 

 

 

 

Gross et al., 2011 

Young-Lee et al., 2011 

 

 

Strumbos et al., 2010 

 

 

 

Liao et al., 2008 

 



 

CNS disease Ion channels  Structure Changes in dendritic excitability Ref. 

Parkinson‘s 

Disease 

H channels 

Reduced h channels expression 

and h current 

 

External Globus 

Pallidus 

 

-Altered dendritic function/ 

Reduced resonance? 

 

Chan et al., 2011 

Schizophrenia L-type Ca2+ channels 

Genetic variation in CACNA1C 

 

BK channels 

Decreased expression of BK 

mRNA 

 

Genome studies 

 

 

Post-mortem studies, 

Prefrontal cortex 

 

- Altered dendritic excitability/ 

function? 

 

- Altered neuronal firing/ 

dendritic excitability? 

 

Bhat et al., 2012 

 

 

Zhang et al., 2006 

Timothy 

Syndrome 

L-type Ca2+ channels 

Mutated channels showed 

altered gating properties 

 

Overexpression in 

HEK cells  

 

- Altered dendritic function/ 

Reduced dendritic spikes? 

 

Barrett and Tsien, 2008 
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The relation of a channelopathy to the etiology of a CNS disorder is often difficult to 

assess. Indeed, ion channel dysfunctions can contribute to pathogenesis but can also be the 

consequence of a pathological state. For example, specific mutations in the Cav1.2 subunit of 

L-type Ca
2+

 channels are the cause for Timothy syndrome (Splawski et al., 2004), whereas in 

Alzheimer‘s disease the presence of Aß peptides aggregates consequently modulate Kv4.2 

subunits of A-type K
+
 channels (Chen, 2005; Dong et al., 2012). In the following section we 

will describe examples of channelopathies in some neurodevelopmental, neuropsychiatric, 

neurodegenerative, and acquired CNS disorders. We will summarise established links 

between channelopathies and dendritic pathophysiology in these disorders, or attempt to make 

this link where it seems likely. 

 

 

Neurodevelopmental Disorders 
 

Several voltage-gated ion channel dysfunctions have been linked to neurodevelopmental 

disorders, in particular to Autism Spectrum Disorders (ASD) and related syndromes such as 

Fragile X Syndrome (FXS) and Timothy Syndrome (TS). Most of the molecular advances in 

our understanding of the pathophysiology of these disorders stem from studies using suitable 

mouse models of genetic syndromes associated with ASD, such as FXS, Timothy‘s 

Syndrome, and Rett Syndrome (Hampson et al., 2012). 

 

Autism Spectrum Disorders (ASD) 

ASD affect more than 1% of the population and are characterised by impaired social 

interaction, communication difficulties and stereotyped behaviours (Baio, 2012). However, 

the etiology of ASD remains largely unknown despite the identification of several genetic and 

environmental risk factors (Benvenuto et al., 2009). Many genes have been associated with 

the development of ASD, including genes encoding proteins important for the formation and 

plasticity of synapses (Benvenuto et al., 2009; Smith and Sadee, 2011), as well as voltage-

gated Ca
2+

 channels (Krey and Dolmetsch, 2007). Amongst the voltage-gated Ca
2+

 channels, 

mutations in subunits for T-type and L-type Ca
2+

 channels have been repeatedly identified in 

patients diagnosed with ASD (Splawski et al., 2006; Smith et al., 2012). T-type Ca
2+

 channels 

are expressed both in the shaft and spines of dendrites in CA1 pyramidal neurons (Christie et 

al., 1995; Sabatini and Svoboda, 2000), and in dendritic spines of neocortical pyramidal 

neurons (Koester and Sakmann, 2000). In CA1 pyramidal neurons, low-threshold activated T-

type Ca
2+

 channels open following subthreshold depolarisation during a train of EPSPs, 

producing a local increase in internal Ca
2+

 concentration, which could participate in local 

dendritic integration (Magee et al., 1995). These channels also generate low-threshold spikes 

that lead to burst firing and intracellular Ca
2+

 oscillations (Chevalier et al., 2006). Ca
2+

 influx 

through T-type Ca
2+

 channels may help to stabilise synapses, contribute to the persistence of 

LTP, and be necessary for retrieval of context-associated memory (Magee et al., 1995; Chen 

et al., 2012). L-type Ca
2+

 channels are present in the dendritic shaft of CA1 pyramidal 

neurons (Christie et al., 1995), and in both dendrites and spines in neocortical pyramidal 

neurons (Markram et al., 1995; Koester and Sakmann, 1998). In CA1 and L5 pyramidal 

neurons, these channels contribute to back-propagating AP and to the generation of dendritic 

spikes (Frick et al., 2003; Almog and Korngreen, 2009; Grewe et al., 2010; Perez-Garci et al., 

2013). Furthermore, L-type Ca
2+

 channels contribute to the induction of LTP in 
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hippocampal/neocortical pyramidal neurons (Bi and Pool, 1998; Meredith et al., 2007). Thus, 

modification of any of these Ca
2+

 channels in pathology is likely to alter dendritic excitability, 

as it has for example been described in a mouse model of FXS (Meredith et al., 2007; see 

below).  

 

Fragile X Syndrome (FXS) 

FXS is the most frequently inherited form of intellectual disability and the most well 

characterised cause of ASD, with about one third of FXS patients also diagnosed with ASD 

(Gallagher and Hallahan, 2012). FXS is due to a transcriptional silencing of the Fmr1 gene, 

which encodes the FMRP protein (Pieretti et al., 1991). Several ion channels that are 

important regulators of dendritic function are altered in Fmr1 knockout (Fmr1KO) mice (the 

mouse model for FXS). These ion channels include L-type Ca
2+

 channels, voltage-gated K+ 

channels and h channels (Chen et al., 2003; Meredith et al., 2007; Gross et al., 2011; Lee et 

al., 2011; Strumbos et al., 2010; Liao et al., 2008; Brager et al., 2012). 

L-type Ca
2+

 channel expression levels are decreased in the prefrontal cortex (Chen et al., 

2003; Meredith et al., 2007). The functional consequences of this downregulation are an 

altered Ca
2+

 signalling and a higher threshold for STDP, a form of plasticity relying on 

dendritic excitability (Meredith et al., 2007; see section Dendritic excitability and synaptic 

plasticity).  

Several channels whose expression is altered in Fmr1KO mice fall into the class of K
+
 

channels. Two recent studies present conflicting viewpoints with respect to changes in Kv4.2 

(Gross et al., 2011; Lee et al., 2011), the major subunit of A-type K
+
 channels, highlighting its 

possible alteration in FXS. Gross et al. (2011) observed reduced expression levels of Kv4.2 

subunit in both hippocampus slices and cortical lysates of Fmr1KO mice, and that FMRP 

positively regulated Kv4.2 mRNA translation. Given the known role of these channels in the 

physiology of hippocampal/neocortical neurons (Hoffman et al., 1997; Kim et al., 2005; 

Burkhalter et al., 2006; Carrasquillo et al., 2012), a decrease in A-type K
+
 channels is 

expected to increase dendritic excitability and could therefore contribute to the prevalence of 

epileptic seizures among FXS patients (Hagerman et al., 2009). In contrast, Lee et al., (2011) 

found that FMRP regulates dendritic targeting, and suppresses the translation of Kv4.2 mRNA 

in hippocampal primary cultures under basal conditions, and that this suppression can be 

relieved following NMDAR activation. The different conclusions of these studies could be 

explained by differences in the techniques used, in the genetic background of the Fmr1KO 

mice, or in the age of the animals (Gross et al., 2011; Lee et al., 2011), and more 

investigations are thus still required to rule on the expression state of Kv4.2 in FXS. 

The mRNA for Kv3.1 channels, that produce a fast delayed rectifyer current, has also 

been identified (Darnell et al., 2001) and validated (Strumbos et al., 2010) as a binding target 

for FMRP. In the brain stem of Fmr1KO mice, Strumbos et al. (2010) showed a reduction in 

expression of Kv3.1 in response to acoustic stimulation, associated with a decrease in TEA-

sensitive K
+
 current. Axonal Kv3.1 is known to regulate the neuronal spiking frequency (Gu 

et al., 2012), and could therefore indirectly affect dendritic excitability through the regulation 

of the frequency of bAPs (see section Dendritic spikes). In addition, a splice variant of Kv3.1 

is targeted to the dendrites in hippocampal and L5 pyramidal neurons and could therefore 

play a direct role at this location (Xu et al., 2007; Hay et al., 2011; Gu et al., 2012). 

BK channels — big conductance Ca
2+

- and voltage-activated K
+
 channels — might also 

be altered in FXS. Indeed, western blots from cortical lysates of Fmr1KO mice revealed a 
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decreased expression of the pore forming -subunit of BK channels, KCNMA1 (Liao et al., 

2008). Moreover, a recent study showed that FMRP could directly bind the BKCa channel 4 

accessory subunit, thereby regulating their Ca
2+

 sensitivity (Deng et al., 2013). BK channels 

are important regulators of dendritic excitability controlling AP back-propagation and 

dendritic spike threshold (Benhassine and Berger, 2009). BK channels also play a key role in 

controlling AP firing frequency (Ly et al., 2011), and would hence also indirectly regulate 

dendritic function by determining bAP firing pattern. Dysfunction of these channels in FXS 

could therefore greatly alter both somatic and dendritic activity. For example, their 

downregulation would be expected to alter somatic AP firing, increase AP backpropagation, 

and reduce the threshold for dendritic spikes (Shruti et al., 2008; Benhassine and Berger, 

2009). 

Finally, changes in hyperpolarisation-activated cation channels, or h channels, expression 

have also been reported in Fmr1KO mice (Brager et al., 2012). H channels provide a brake in 

dendritic excitability and dendritic electrogenesis (Williams and Stuart, 2000b; Breton and 

Stuart, 2009). In the mouse model of FXS, Brager et al., (2012) found an increase in HCN1 

subunit expression in the CA1 area of the hippocampus, resulting in an altered h channel-

dependent form of plasticity in CA1 pyramidal neurons. 

Altogether, these studies demonstrate dysfunctions of Ca
2+

, K
+
, BK and h channel 

strongly suggest that dendritic processing is altered in FXS. 

 

Timothy Syndrome (TS) 

TS is a rare disorder characterised by physical and neurological problems expressed 

primarily as cardiac abnormalities and ASD (Splawski et al., 2004). The symptoms of TS are 

caused by an ion channel dysfunction, namely mutations in the Cacna1c gene encoding the 

Cav1.2 subunit of the L-type Ca
2+

 channels (Splawski et al., 2004). Expression of the most 

common mutated form of the gene in HEK cells showed defects in the voltage- and Ca
2+

-

dependent inactivation of the resulting L-type Ca
2+

 channel (Barret and Tsien, 2008). 

Furthermore, the authors showed that the TS mutation greatly slowed the voltage dependent 

inactivation of L-type Ca
2+ 

channels, at the same time increasing the kinetics of the Ca
2+

 -

dependent inactivation. These alterations in the gating properties are likely to lead to 

alterations in Ca
2+

 signalling in dendrites, thereby affecting intrinsic excitability. A decrease 

in Ca
2+

 signalling could, for example, impair dendritic excitability by reducing the occurrence 

and amplitude of dendritic spikes and decreasing the amplitude of bAP. It could also affect 

plasticity processes such as STDP (Meredith et al., 2007). 

 

 

Neuropsychiatric Disorders 
 

Neuropsychiatric disorders, such as schizophrenia and bipolar disorders, are complex 

pathologies, with complicated diagnosis due to their multifactorial symptoms and intricate 

etiology (Sullivan et al., 2012). Dysfunctions in both Ca
2+

 and K
+
 channels, two major classes 

of ion channels determining cellular excitability, have been associated with these disorders.  

Genetic variations in the pore-forming  subunit of L-type Ca
2+

 channels, Cav1.2, were 

found in patients with schizophrenia and bipolar disorders (for review, Bhat et al., 2012). As 

described previously, L-type Ca
2+

 channels are particularly important for dendritic Ca
2+
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signaling and dendritic electrogenesis in neocortical pyramidal neurons (Almog and 

Korngreen, 2009; Grewe et al., 2010; Perez-Garci et al., 2013). This is crucial because the 

neocortex is a pivotal brain structure involved in many cognitive processes such as 

consciousness, attention, decision-making and sensory perception, some of which are altered 

in these two disorders (Arguello and Gogos, 2012).  

Bipolar disorders have also been associated with mutations in KCNQ2 and KCNQ3, the 

genes encoding two K
+
 channels subunits underlying M-type current (for review, Judy and 

Zandi, 2013). Although mainly expressed at the somatic and axonal level, M-type channels 

not only control AP initiation and neuronal excitability, but can also regulate E-S coupling 

(Brown and Passmore, 2009; Shah et al., 2011). Their alterations could therefore also affect 

dendritic information processing.  

In addition, evidence from the literature suggests that BK channels might also be 

dysregulated in schizophrenia. Studies showed that neuroleptics can modulate BK channel 

function, indicating that BK channel openers could be used as alternative pharmacological 

treatment for schizophrenia (Dinan, 1987; Akhondzadeh et al., 2002). More recently, a post-

mortem study from patients diagnosed with schizophrenia showed a reduction in BK channel 

mRNA in the prefrontal cortex of these subjects, compared to controls (Zhang et al., 2006). A 

reduction in BK channels could result in an altered neuronal firing pattern, and increased 

dendritic excitability (see section FXS). Together, these findings argue for a role of BK 

channel dysfunction in the etiology of schizophrenia. 

 

 

Neurodegenerative Disorders 
 

Neurodegenerative disorders are characterised by a progressive neuronal dysfunction, 

often associated with the loss of a neuronal population. The most common neurodegenerative 

diseases are Alzheimer‘s disease (AD) and Parkinson‘s disease (PD), both of which have 

been associated with an alteration in the ion channels involved in neuronal excitability. 

 

Alzheimer’s Disease (AD) 

AD is a progressive and irreversible brain disease leading to dementia and memory loss 

(Small et al., 2001). The accumulation of the amyloid  (A) peptide, leading to the 

formation of so-called amyloid plaques, is a key marker of the disease, and is believed to 

contribute to excitotoxicity and neuronal degeneration (Gandy, 2005). However, how A 

mediates excitotoxicity remains unclear. One mechanism that has been proposed is through 

the modulation of Kv4.2 channels. The first evidence supporting this hypothesis was shown in 

vitro by Good and Murphy (1996). Using hippocampus primary cultures, they demnstrated 

that application of synthetic A to neurons lead to a reduction in A-type K+ current, thereby 

increasing neuronal excitability. An independent study, using cerebellar granule and cortical 

cell cultures, suggested that A effect on A-type K+ current is cell-type specific and depends 

on the aggregation state of the peptide (Ramsden et al., 2001). More recently, Chen (2005) 

reported that A also reduces A-type K
+
 current in a hippocampal slice preparation. More 

specifically, they showed that A inhibits dendritic A-type K+ current, resulting in an 

increase in back-propagating AP amplitude in the apical dendrite and in the associated Ca
2+

 

influx. A could also regulate A-type K
+
 current in CA1 pyramidal neuron oblique dendrites, 
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as suggested by a computational study (Morse et al., 2010). Indeed, using a computer model 

the authors showed that A-type K
+
 channels would be particularly sensitive to A modulation 

in these thin dendrites, and that therefore A accumulation would greatly affect excitability at 

this location. Moreover, a decrease in A-type K+ current could contribute to the 

hyperexciability phenotype found in hippocampal neurons in a mouse model of AD (Busche 

et al., 2012). In summary, A-type K
+
 channels play a major role in regulating dendritic 

excitability in CA1 pyramidal cells, and alteration of their function by A interaction is 

therefore likely contribute to excitotoxity and eventually to neuronal loss in AD. 

More recently, a role for Nav1.1 channels was also found in the pathophysiology of AD 

(Verret et al., 2012). In this study, the authors showed a decrease in Nav1.1 subunit expression 

in parvalbumin-positive interneurons of the parietal cortex of both AD patients and a mouse 

model of AD. In the mouse model of AD, this finding was correlated with impairment in 

inhibitory connections in the parietal cortex and network hypersynchrony (Verret et al., 

2012). Together, their results suggest that a decreased expression of Na
+
 channels in the 

cortex could contribute to the epileptiform activity and seizures observed in AD patients 

(Verret et al., 2012; Vossel et al., 2013). Although Nav1.1 channels are predominantly 

expressed in the axon initial segment in several brain regions (including cerebral cortex and 

hippocampus) thereby controlling AP initiation and propagation (Duflock et al., 2008), they 

are also expressed in the somatodendritic compartment of L5 and CA1 pyramidal neurons 

(Gong et al., 1999) where changes in their expression would alter dendritic excitability. 

 

Parkinson’s Disease (PD) 

PD is a debilitating neurodegenerative disorder characterised by severe motor symptoms 

(Lotharius and Brundin, 2002). It is associated with a loss of dopaminergic neurons in the 

substantia nigra pars compacta, which results primarily in the depletion of dopamine in the 

striatum (Lotharius and Brundin, 2002), a major sub-cortical structure controlling voluntary 

movement. However, another key marker of the disease is the altered activity of the external 

globus pallidus (GPe), a distinct basal ganglia nucleus crucial for movement control. In PD 

the GPe activity becomes rhythmic and synchronous, especially at late-stage of the disease 

(Hammond et al., 2007). Recently, this synchronisation of GPe activity has been associated 

with h channel channelopathy (Chan et al., 2011). In their study, the authors showed that 

depletion in dopamine leads to a decrease in h current in GPe neurons through a 

downregulation of the principal (HCN1-4) and accessory (TRIP8b) subunits underlying to Ih. 

Moreover, they demonstrated that overexpressing HCN2 subunit in vivo in a model of PD 

restored normal activity to the GPe. At the dendritic level, a downregulation of h channels 

could affect EPSP summation, backpropagation efficacy and the threshold for dendritic spikes 

(Kole et al., 2006; 2007). It could notably cause an increase in excitability and Ca
2+

 

electrogenesis, as it has been shown in the context of sensory deprivation (Breton and Stuart, 

2009). This is so far the only example showing that a channelopathy, induced by dopamine 

loss, could contribute to the pathophysiology of PD. 
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Acquired Brain Disorders 
 

Acquired brain disorders are defined as alterations in brain function that are not 

congenital or caused by birth trauma and that are attributable to external trauma. This external 

trauma can in some cases trigger alterations in ion channels function as it has been shown in 

some forms of acquired epilepsy. Indeed, channelopathies are not only associated with 

genetically determined human epilepsies (for review Mantegazza et al., 2010; D‘Adamo et 

al., 2013), but can also be a consequence of brain trauma-induced epilepsies (for review 

Poolos and Johnston, 2012).  

In animal models of acquired temporal lobe epilepsy (TLE), there is a decrease in 

dendritic A-type current, associated with a down-regulation of Kv4.2 expression, and an 

increase dendritic excitability in the hippocampus (Bernard et al., 2004; Su et al., 2008). 

Moreover, post-mortem studies in tissue from patients with hippocampal sclerosis, a common 

feature of TLE, showed a decreased expression of Kv4.2 in hippocampal dendrites (Aronica et 

al., 2009). As described above, A-type K
+
 current regulates AP backpropagation and 

amplitude of EPSPs, and increases the threshold for dendritic spikes (Hoffman et al., 1997, 

Ramakers et al., 2002). Together, these findings argue for a major role of Kv4.2 

dowregulation in epileptogenesis resulting in an overall increase in dendritic excitability. 

Another K
+
 current altered in aquired epilepsy is SK current (small conductance Ca

+
-

activated K
+
 channel-mediated hyperpolarizing outward current). A reduction in SK current 

was, for instance, found in CA1 pyramidal neurons in a chronic TLE model (Schulz et al., 

2012). In hippocampal pyramidal dendrites, SK channels limit the duration of plateau 

potential (Cai et al., 2004). A decrease in this channel function could therefore alter dendritic 

integration and result in an increased dendritic excitability. 

Epileptic seizures can also modulate another key determinant of dendritic excitability: h 

channels (Chen et al., 2001; Shah et al., 2004). Using a rat model of TLE, the authors showed 

that seizures induce a diminution in h currents in the entorhinal cortex, due to a 

downregulation of HCN1 and HCN2 subunits, associated with an increased excitability. In 

another model of epilepsy, a shift in h-current activation curve has been shown in the 

hippocampus following hypothermia-induced seizures (Chen et al., 2001). This modification 

of h channels kinetics resulted in a neuronal hyperexcitability reflected by an increased post-

inhibitory rebound firing (Chen et al., 2001). Based on these findings and on the known role 

of Ih in regulating neuronal excitability, h channels may represent new targets for seizure 

control (Chen et al., 2002). Moreover, following developmental seizures there is a decrease in 

HCN1 expression in CA1 (Brewster et al., 2002), region where HCN1 is also expressed in 

parvalbumin-expressing interneurons (Lörincz et al., 2002; Brewster et al., 2002). Given the 

fundamental role of inhibition in controlling dendritic excitability (Müller et al., 2012), 

altered interneurons activity due to HCN loss could lead to an increased dendritic excitability 

in their pyramidal cell targets.  

Lastly, Ca
2+

 channels function is also likely to be altered in acquired epilepsy. A study in 

CA1 pyramidal cells indeed revealed a significant up-regulation of a T-type Ca
2+

 channels 

associated with elevated burst firing of these neurons after a single episode of status 

epilepticus (Su et al., 2002, reviewed in Yaari et al., 2007).  

Together, these examples emphasise the role of channelopathies in the pathophysiology 

of epileptic syndromes.  
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Conclusion 
 

While the importance of dendrites in information processing is now well established, the 

exact mechanisms governing the plasticity and pathology of dendritic excitability are still not 

fully understood. In the first part of this chapter we have reviewed the distribution and 

function of the major voltage-gated ion channels underlying active dendritic mechanisms. 

Dendritic voltage-gated ion channels are critical regulators of neuronal activity and plasticity 

and their malfunction can have important consequences for a wide range of brain disorders. In 

the second part we have discussed the basic mechanisms of dendritic computation together 

with changes in dendritic excitability induced through somatic firing activity, local membrane 

depolarisations, synaptic potentiation, sensory processing and learning. The field of neuronal 

plasticity research is rapidly expanding providing increasing evidence for the importance of 

intrinsic excitability in metaplasticity, learning and memory allocation. However, the ultimate 

proof of whether or not the intrinsic plasticity serves as part of the memory engram itself still 

needs to be provided. In the final part, we have discussed examples of what is currently 

known about the dendritic channelopathies underlying neurodevelopmental, neuropsychiatric, 

neurodegenerative and acquired brain disorders. Taken together, increasing evidence points to 

the fact that the normal functioning of voltage-gated ion channels is critical for a healthy 

functioning of the brain. A rise in the number of studies focusing on ameliorating alterations 

in ion channel function in CNS disorders supports the notion that voltage-gated ion channels 

are important targets for biomedical research. We hope that our discussion of ‗dendritic 

plasticity‘ will provide a renewed impetus to studies of this phenomenon in both normal 

physiology and disease. 
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