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General discussion

1. Summary of key findings

In this thesis, I investigate mechanisms that control the abundance, localization and function 
of HCN channels within the cell membrane. Dynamic control of HCN channels is pivotal to 
many neuronal functions, including several types of plasticity. Therefore, elucidation of the 
underlying cellular processes will provide important insights into the regulation of neuronal 
excitability in changing physiological contexts. 

In Chapter 2, the novel analysis of HCN channel trafficking in live neurons was carried out. 
Focusing on the two most abundant HCN channel isoforms in the adult hippocampus, we 
found remarkable differences in their trafficking: whereas HCN1 channels were distributed 
in a punctate fashion and exhibited a high degree of mobility along hippocampal dendrites, 
the HCN2 channel isoform was distributed in a relatively diffuse pattern and its vesicular 
transport was markedly reduced. HCN1 channel trafficking depended on the integrity of 
the actin network; in addition, sub-populations of HCN1-containing organelles relied on 
the microtubule network for their long-distance transport. The nature of HCN1 channel 
trafficking unfolded upon application of the excitatory neurotransmitter glutamate: increased 
glutamatergic excitation resulted in a rapid (yet reversible) arrest of channel mobility 
accompanied by increased surface expression. 

To further study molecular processes that influence HCN channel trafficking, I next explored 
the roles of auxiliary proteins in the regulation of the channels; in Chapter 3, we focused 
on TRIP8b, a neuronal-specific, HCN-interacting protein that can influence HCN channel 
surface expression and alter its gating properties. We found that the interaction of HCN 
channels with TRIP8b occurs via two distinct molecular interfaces: one at the C’ terminus 
of the channel and the other at the cyclic-nucleotide binding domain (CNBD). Curiously, 
whereas both domains were necessary for up-regulation of HCN channel surface expression, 
the inhibitory effects of TRIP8b on channel gating were mediated only via interaction with 
the CNBD domain, where TRIP8b competes with cAMP on channel binding. 

Considering the importance of auxiliary proteins in regulating channel trafficking and 
surface expression, and in light of the actin-dependent and isoform-specific properties 
of HCN channel trafficking (Chapter 2), I next set to explore the roles of the actin- and 
HCN1-binding protein filamin A (FLNa). While FLNa is a promising candidate for HCN 
channel regulation in neurons, very little is known about its expression and distribution in 
the adult brain. Therefore, we first characterized the regional and subcellular distribution 
of FLNa in the brain  (Chapter 4). Employing immuno-labeling approaches in adult rat 
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brain slices as well as in mature primary hippocampal neurons, we found specific patterns 
of FLNa expression in distinct neuronal population and sub-cellular compartments. These 
patterns may provide clues to the functional roles of FLNa in the mature brain. Interestingly, 
while immuno-reactive signal of FLNa was present in the dendritic shaft of hippocampal and 
cortical neurons, we could not detect FLNa in spines. Spine exclusion of FLNa may serve 
structural roles in dendritic morphology but may also be relevant to the dendritic localization 
of HCN1 channels, which are typically absent from dendritic spines of neocortical and 
hippocampal principal neurons (Lorincz et al., 2002). 

After characterizing the distribution of FLNa in the brain, I turned to study the mechanisms 
by which it regulates HCN channel localization and function (Chapter 5). Similar to their 
properties in neurons (Chapter 2), we found subunit-specific distribution of HCN channels 
in HEK293 cells: HCN1 distribution was clustered/ punctate, while the distribution of 
HCN2 was diffuse. The clustered appearance of HCN1 depended on the presence of the 
FLNa-interacting domain at the C’ terminus of the channel. Clustering of HCN1 channels 
by FLNa occurred both on the cell surface and in intracellular compartments, with the latter 
being a result of increased internalization and lysosomal targeting. Importantly, increased 
internalization of HCN1 channels was accompanied by reduced Ih, indicating physiological 
significance. Reduction of Ih was rescued by inhibition of the GTPase dynamin. Thus, we 
concluded that FLNa exerts its inhibitory effect on Ih via control of HCN channel endocytosis 
and degradation, in an isoform-specific manner. 

Taken together, these studies provide a new dimension to the complex regulation of HCN 
channel trafficking. In particular, they demonstrate the novel, activity-dependent regulation 
of HCN channel trafficking and surface expression in hippocampal neurons, and provide 
mechanistic insights into the roles of auxiliary proteins.

2. Activity-dependent trafficking of HCN channels: implications 
for neuronal excitability in health and disease

2.1. HCN channel trafficking contributes to the modulation of Ih

Activity-dependent regulation of Ih plays important roles in neuronal plasticity, including 
in various forms of LTP (Fan et al., 2005; Campanac et al., 2008), and LTD (Brager and 
Johnston, 2007). Several protocols of neuronal excitation lead to up-regulation of Ih, and the 
resulting augmented Ih plays a homeostatic role by dampening the intrinsic excitability of the 
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neuron (van Welie et al., 2004; Fan et al., 2005; Narayanan et al., 2010; but see Campanac 
et al., 2008). A key question posed in this thesis involves the mechanisms by which rapid 
(within minutes) regulation of Ih takes place. Pathways that lead to augmented Ih can be 
categorized into two general scenarios: increased number of channels on the membrane, or 
altered function of existing channels (such as gating properties or single channel conductance). 
Whereas modification of existing channels could not be excluded, studies focusing on other 
types of ion channels have implicated important roles for the modulation of channel number 
within the membrane as a powerful means of regulating excitability. This notion led us to 
further investigate such potential mechanisms for HCN channels. 

The abundance of channels on the cell surface can be altered via different pathways, 
including transcriptional, translational and membrane insertion/ internalization. Considering 
the relatively short time frames (minutes) during which Ih is altered, we hypothesized that 
trafficking and surface expression of HCN channels play central roles in the activity-dependent 
regulation of Ih. In Chapter 2, we provide supporting evidence to this notion, by showing that 
HCN1 channel surface expression and trafficking along dendrites of hippocampal neurons 
are rapidly regulated by glutamatergic excitation and calcium influx. The idea that increased 
intracellular calcium augments HCN channel number on the cell surface has been recently 
supported in CA1 hippocampal neurons (Narayanan et al., 2010). Whereas our study used 
global application of glutamate, further research is required to test the potential involvement 
of HCN channel trafficking and surface expression in specific LTP/ LTD paradigms. 

2.2 Not alone: activity-dependent regulation of other ion channels and implications for co-
regulation with Ih.

While being the focus of this thesis, HCN channels cannot be separated from the physiological 
context in which they function.  Because Ih is active at sub-threshold potentials, the functions 
of Ih in regulating neuronal excitability are strongly influenced by the presence and magnitude 
of other intrinsic ion channels (see Chapter 1 and Appendix). Activity-dependent regulation 
of ion channel trafficking has been reported for several other ion channels that control 
dendritic excitability (Misonou et al., 2004; Kim et al., 2007c; Remy et al., 2010). For 
example, down-regulation of the potassium-mediated conductance IA has been observed 
within minutes following glutamatergic excitation. The activity-dependent reduction in IA 
was attributed to re-distribution and internalization of Kv4.2 channels within dendrites of 
hippocampal CA1 pyramidal neurons (Kim et al., 2007c). Similar to mechanisms involved 
in HCN channel surface expression (Chapter 2), Kv4.2 internalization was mediated via 
calcium influx and ionotropic glutamate receptor activation. Thus, discussion of the activity-
dependent effects of Ih on dendritic properties should consider accompanying changes in other 



152

Chapter 6

ion channels, and specifically potassium channels (Santoro and Baram, 2003). The combined 
effects of Ih up-regulation and IA down-regulation following excitation were suggested by 
Jung and Hoffman (2009) to cancel each other during LTP. These authors, in contrast to a 
previous report (Fan et al., 2005), found that up-regulation of Ih during LTP in organotypical 
hippocampal slices did not alter Rin, presumably because down-regulation of IA leads to an 
increase in Rin which offsets the changes mediated by Ih (Jung and Hoffman, 2009).  In 
our hands, biochemical methods showed somewhat larger effects of glutamate application 
on HCN1 surface expression compared with Kv4.2 internalization (Chapter 2), although 
the functional significance of these observation is not known. In invertebrate neurons, an 
activity-independent up-regulation of Ih following increases in IA was suggested to serve a 
homeostatic, compensatory role on the firing rate of pyloric neurons (MacLean et al., 2005), 
implying that the opposite, activity-dependent changes in Ih and IA observed in hippocampal 
CA1 neurons may drive the neuron to a hyper-excitable state. However, the combined effects 
of Ih and IA should be carefully viewed in a context-dependent manner, and are likely to 
be influenced by many other factors including the relative abundance of HCN and Kv4.2 
channels in a neuron, the relative magnitude of their up- or down-regulation, the kinetics 
of the activity-induced changes, the presence and activity-dependent changes of other ion 
channels, as well as additional concurrent alterations in membrane properties.

In conclusion, many events take place following modifications of neuronal input, including 
altered ion channel internalization and insertion. Considering the importance of other intrinsic 
conductances in defining the consequences of Ih augmentation (George et al., 2009),  a more 
holistic approach that considers these contextual factors will be beneficial in understanding 
the physiological consequences of the activity-dependent regulation of HCN channels 
(Dyhrfjeld-Johnsen et al., 2009, and see Appendix).

2.3 When excitability goes awry: implications for epilepsy

Activity-dependent regulation of HCN channel function and trafficking may be relevant not 
only to plasticity processes in the normal brain, but also to altered excitability in pathological 
conditions such as epilepsy. Indeed, dysregualtion of HCN channels in epilepsy has been 
widely reported, both in experimental models and in humans (see Chapter 1). On time 
scales of days to weeks following the initial insult, transcriptional, translational and post-
translational mechanisms are involved in HCN channel dysregulation (Brewster et al., 2002; 
Bender et al., 2003; Brewster et al., 2005; Budde et al., 2005; Powell et al., 2008; Zha et al., 
2008; McClelland et al., 2011). In an animal model of temporal lobe epilepsy, altered surface 
expression and distribution of HCN channels have been reported: up-regulation of HCN1 
surface expression and up-regulated Ih were observed 1 day following insult. However, at 
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the 4 weeks time point, down-regulation of surface expression was observed, accompanied 
by reduced Ih and mis-localization of the channels along the CA1 dendritic field of the 
hippocampus (Shin et al., 2008). At shorter time-scales, a recent study reported the down-
regulation of Ih within one hour following status epilepticus, which progressed during the 
following days (Jung et al., 2011). Importantly, the authors find that while the long-term 
reduction of Ih is associated with reduced HCN1 protein and mRNA levels, no such changes 
accompany the reduction in Ih at the 1 hour time point. Finally, a role for rapid, activity-
dependent up-regulation of Ih has been recently proposed as a homeostatic mechanism aimed 
to oppose hyper-excitability: depletion of Ca2+ stores (as frequently occurs during seizures) 
resulted in augmentation of somatic Ih density within minutes in CA1 pyramidal neurons, 
reducing the input resistance of the membrane and dampening its excitability (Narayanan 
et al., 2010). Thus, complex mechanisms that act at different time-points and involve both 
altered trafficking as well as transcriptional and translational regulation may result in non-
linear alterations of Ih during epileptogenesis.

In Chapters 3-5, the contribution of auxiliary proteins to the regulation of HCN channels is 
highlighted. Both TRIP8b and FLNa are potent regulators of the channels, and (dys)regulation 
of these proteins may lead to altered HCN channel surface expression and thus contribute 
to the altered excitability inherent in the epileptic brain (or function as a compensatory 
mechanism). Decreased interaction between HCN1 and TRIP8b has been reported within 
weeks following kainate-induced seizures, providing a possible mechanistic explanation for 
the down-regulation of HCN1 surface expression and its dendritic mislocalization (Shin et 
al., 2008). Whereas mislocalization of HCN1 along CA1 pyramidal dendrites and reduced 
surface expression have been recently reported in TRIP8b knockout mice, it is currently 
unknown whether these animals exhibit abnormal EEG activity patterns or increased seizure 
susceptibility. 

Currently, there are no data available on the levels, distribution or function of FLNa in the 
epileptic brain. Importantly, dramatic changes in the structure of the actin network have been 
observed following kainate-induced seizures, including beading, spine loss, and decreased 
dendritic filamentous actin mediated by the actin depolymerizing agent cofilin (Zeng et 
al., 2007). The link between these changes and dysregulation of ion channels via altered 
trafficking and surface expression is yet to be explored. 
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3. Modulation of HCN channel surface expression: lessons from 
other ion channels

A central theme in this thesis revolves the dynamic nature of HCN channel trafficking. The 
emerging picture from the combined results in Chapters 2, 3 and 5 is of HCN channels 
as highly regulated proteins; interactions of the HCN channel C’ terminus with auxiliary 
proteins regulate channel trafficking, surface expression, and functional properties. These, 
and potential other mechanisms may contribute to the activity-dependent regulation of HCN 
channels on the cell surface and thus participate in the regulation of excitability. 

Further appreciation of these properties of HCN1 might be gained by looking at well-studied 
trafficking mechanisms of other ion channels. Perhaps the most studied class of ion channels 
in the brain is that of the ionotropic glutamate receptors (and in particular the AMPA- and 
NMDA- receptor type), the principal mediators of fast excitatory transmission in the brain 
(Traynelis et al., 2010). In the past decade, giant steps have been made in understanding the 
distinct mechanisms that control their surface expression. Glutamate receptors are expressed 
along the somato-dendritic axis of neurons, and are present at multiple sub-cellular domains 
including synaptic, extra-synaptic and intracellular compartments (Newpher and Ehlers, 
2008; Choquet, 2010). Regulation of ionotropic glutamate receptor trafficking occurs at three 
levels: (1) lateral diffusion of channels within the cell membrane; (2) insertion (exocytosis) 
of channels into the cell membrane, and (3) internalization and sorting of the channels 
to different endocytic pathways (Newpher and Ehlers, 2008; Choquet, 2010). All three 
mechanisms can occur simultaneously and are interconnected. Together, they determine the 
location, abundance and molecular composition of the receptors in the dendritic membrane. 
The kinetics of these processes can be fast: exchange of receptors on the post-synaptic 
density via lateral diffusion can occur already within tens of milliseconds post-stimulation 
(Heine et al., 2008), and mechanisms regulating channel insertion and internalization have 
been described at the minutes time-scale (Shi et al., 1999; Ehlers, 2000; Yudowski et al., 
2007; Choquet, 2010).

The activity-dependent regulation of glutamate receptors trafficking is complex, and cannot 
be reviewed in full in the scope of this thesis. However, there are several points worth 
discussing when drawing the analogy between these processes and the findings presented in 
this thesis. These will be put forward in the following sections.
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3.1 Auxiliary proteins diversify the regulation of channel/ receptor trafficking and function

Since the original cloning of NMDA and AMPA receptor subunits in the late 80’s and early 
90’s, a staggering amount of information was revealed on the physiology, distribution and 
regulation of these receptors (Traynelis et al., 2010). An important milestone in the field was 
the realization that glutamate receptors assemble in protein complexes and are regulated by 
auxiliary proteins. Indeed, the list of auxiliary proteins that regulate ionotropic glutamate 
receptors is constantly expanding, with new members being discovered literally every year 
(Jackson and Nicoll, 2011). These include the transmembrane AMPA-receptor regulatory 
proteins (TARPs) (Kato et al., 2010), cornichons (Schwenk et al., 2009), CKAMP44 
(Engelhardt et al., 2010), and SynDig1 (Kalashnikova et al., 2010). A detailed comparison of 
the regulatory function of these auxiliary proteins reveals several principles:

1. Auxiliary proteins often exert their effects in more than one way. Thus, many 
of the auxiliary proteins control both surface expression and the biophysical 
properties of the channel (such as channel conductance and desensitization 
kinetics) (Jackson and Nicoll, 2011).

2. Auxiliary proteins often belong to a family of homologous proteins which 
can be selectively expressed in distinct neuronal populations and exert specific 
effects on the receptor (Schwenk et al., 2009; Kato et al., 2010).

3. Auxiliary proteins can exert their effect in a channel-subunit-specific manner 
(Kato et al., 2008; Schwenk et al., 2009).

Thus, interaction of ionotropic glutamate receptors with auxiliary proteins diversifies 
channel function and enables regulation of sub-cellular localization, surface expression and 
biophysical properties across different neuronal populations and in changing physiological 
contexts. Although HCN channel research is lagging behind the well-studied family of 
glutamate receptors, similar principles seem to emerge regarding regulation by auxiliary 
proteins: our results in Chapter 3 show a multi-modal regulation of HCN channels by 
TRIP8b, controlling channel trafficking and gating via distinct mechanisms, and similar 
properties emerge for FLNa, which influences both channel surface expression and gating 
properties (Chapter 5). The regional- and subcellular–specific distribution patterns of 
FLNa (Chapter 4), as well as those of different TRIP8b splice isoforms (Lewis et al., 2009; 
Santoro et al., 2009) may serve a homologous function to the regional specific distribution of 
members of the TARP family (Tomita et al., 2003) by diversifying the regulatory functions 
of HCN channels across neuronal populations. Finally, the regulation of HCN channels by 
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FLNa is channel isoform-specific (Chapter 5), contributing to differences in trafficking and 
surface dynamics between HCN channel isoforms. Thus, auxiliary proteins emerge as an 
important means to control and regulate different properties of ion channels in a flexible and 
selective manner. Future discoveries of novel, HCN-interacting proteins, and/ or research 
into HCN-interacting proteins with yet unknown functions (Kimura et al., 2004) will advance 
our understanding of the dynamic control of these ion channels in their native environment.

3.2 The actin network as a key determinant of channel trafficking and membrane expression

The actin cytoskeleton is an elaborate network of interconnected filamentous polymers that 
support cell structure and regulate a plethora of cellular processes (Cingolani and Goda, 
2008). Both the abundance and morphology of actin in sub-cellular neuronal compartments 
are non-homogenous, with enrichment of actin in dendritic spines. Interaction with actin-
binding proteins confers distinct organization, stability and function of actin, and thus adds an 
important dimension to its multi-purpose functionality (Cingolani and Goda, 2008; Hotulainen 
and Hoogenraad, 2010). Actin dynamics (namely, polymerization and de-polymerization) 
influence receptor insertion and internalization (Zhou et al., 2001; Yang et al., 2008; Liu et 
al., 2010), and are inherent to plasticity processes involved in learning and memory (Lynch 
et al., 2007). In our studies, interaction between HCN1 and the actin-binding protein FLNa 
was found to decrease HCN1 channel surface expression by promoting internalization and 
lysosomal localization (Chapter 5). The non-synaptic localization of FLNa (Chapter 4) 
positions it in a suitable location for interaction with HCN1 channels, which are typically 
absent from post-synaptic sites (Lorincz et al., 2002). Furthermore, by controlling the rates 
of HCN1 channel internalization and degradation (Chapter 5), FLNa may facilitate dynamic 
and activity-dependent regulation of HCN surface expression. Whereas our results indicate 
the involvement of actin dynamics in dendritic trafficking of HCN1 (Chapter 2), it is not yet 
clear whether the activity-dependent arrest of HCN channel trafficking and the concomitant 
up-regulation of its surface expression require FLNa. Thus, while our studies suggest the 
involvement of actin and related complexes in the dynamic modulation of Ih, further research 
is required to unravel the exact mechanisms and their relevance to different physiological 
states in vivo.

3.3 The role of endocytic sorting in channel/ receptor surface expression

Great advances have been made in understanding the roles of the endocytic machinery in 
regulating membrane dynamics of receptors and ion channels in neurons. Upon internalization 
of membrane proteins, the newly-budded vesicle fuses with early endosomes (also termed 
“sorting endosomes”), where the fate of the internalized protein is determined. From early 
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endosomes, proteins can continue to be processed for re-insertion in the membrane via 
the recycling machinery. Alternatively, early endosomes can mature into late endosomes/ 
lysosomes, leading to protein degradation (Kennedy and Ehlers, 2006). Different patterns of 
neuronal activity can influence this pathway and control the number and location of AMPA and 
NMDA receptors within the dendritic cell membrane via regulation of internalization, sorting, 
and recycling (O’Brien et al., 1998; Ehlers, 2000; Beattie et al., 2000; Lin et al., 2000; Carroll 
et al., 2001; Lee et al., 2004; Petrini et al., 2009; Lee et al., 2010). In general, mechanisms 
of LTP are associated with sorting of internalized receptors to the recycling machinery and 
re-insertion of channels into the post-synaptic membrane, while LTD mechanisms involve 
increased internalization followed by lysosomal degradation of the channels (reviewed 
by van der Sluijs and Hoogenraad, 2011). In recent years, the tight regulation of channel 
internalization, sorting, and recycling has emerged as an important mechanism not only in 
glutamate receptor regulation, but in regulation of many other ion channels such as GABAA 
receptors (Luscher et al., 2011), GIRK channels (Chung et al., 2009a), Kv4.2 channels (Kim 
et al., 2007c), and L-type Ca2+ channels (Green et al., 2007). A reserve pool of channels 
“ready-for-insertion” has been proposed for HCN2 and HCN4 as well, with a significant 
fraction of these channels found in recycling endosomes. It is proposed that these releasable 
pools help maintain both steady-state surface expression as well as regulated expression in 
response to external cues (Hardel et al., 2008). Yet, the mechanisms that determine HCN 
channel sorting and the relevance to surface expression and function remain largely obscure.

In this thesis, I focused on two HCN-interacting proteins that regulate channel surface 
expression, namely TRIP8b and FLNa (Chapters 3-5). Regulation of HCN channels by 
both these proteins likely involves the endocytic pathway (Lewis et al., 2011; Popova et 
al., 2011; and Chapter 5). Whereas the relevance of the findings in Chapter 5 to neuronal 
function remains to be explored, our combined results suggest the intriguing possibility of 
exquisite control of dendritic HCN surface expression via FLNa and the endocytic pathway; 
both the brain region- and subcellular-specific distribution patterns of FLNa (Chapter 4), 
as well as its developmentally-regulated expression (Fox et al., 1998; Sheen et al., 2002), 
suggest differential control of HCN1 internalization across tissues, subcellular domains 
and age. For example, the high levels of FLNa early in development may partially explain 
(along with transcriptional mechanisms) the relatively low abundance of the HCN1 channel 
isoform in the developing hippocampus (Brewster et al., 2007), associated with slow Ih 
kinetics.  Regulating of HCN1 channel internalization via FLNa may also be relevant to brain 
pathology; FLNa mutations are widely reported in periventricular heterotopia, a disorder of 
neuronal migration, which is often accompanied by seizures (Parrini et al., 2006). While the 
potential involvement of HCN channels in altered excitability has not been studied yet in 
this condition, modifications in HCN channel sorting and internalization due to altered FLNa 
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function should be considered.

In addition to FLNa, the control of HCN1 surface expression by TRIP8b has been recently 
linked to the endocytic pathway: TRIP8b knockout animals exhibit enhanced targeting of 
HCN1 channels to lysosomes, accompanied by decreased surface expression in the dendritic 
field of hippocampal CA1 neurons (Piskorowski et al., 2011; Lewis et al., 2011). While the 
most commonly expressed TRIP8b isoforms in the brain promote surface expression, a less 
common splice isoform of TRIP8b that inhibits channel trafficking influences HCN channel 
internalization in an opposite way: co-expression of the inhibitory TRIP8b isoform with 
HCN1 channels in HEK293 cells resulted in accumulation of the channels in lysosomes 
(Popova et al., 2011).

In light of the interaction between TRIP8b and the clathrin-adaptor protein AP-2 (Santoro 
et al., 2009; Popova et al., 2011), the regulation of HCN channel internalization by TRIP8b 
is likely to involve clathrin-mediated endocytosis. Our dynamin-inhibition experiments 
described in Chapter 5 do not allow us to distinguish the pathway by which FLNa-induced 
internalization is mediated, because the function of dynamin underlies both clathrin-mediated 
and clathrin-independent forms of endocytosis (Nichols and Lippincott-Schwartz, 2001). 
However, considering the strong involvement of FLNa in caveolar, clathrin-independent 
internalization (Sverdlov et al., 2009; Muriel et al., 2011), it will be interesting to see whether 
caveolar internalization regulates surface levels of HCN channels. Little information exists 
on clathrin-independent endocytosis of channels and receptors in dendrites (Kennedy and 
Ehlers, 2006), despite the existence of machinery to facilitate it (Nichols and Lippincott-
Schwartz, 2001; Hering et al., 2003). Regulation of HCN1 internalization by FLNa via a non-
clathrin mechanism is intriguing because it implies two independent pathways by which the 
neuron can control lysosomal degradation of HCN channels: a clathrin-mediated regulation 
by TRIP8b and clathrin-independent regulation by FLNa.

In summary, ample data on endocytosis, sorting and recycling of ionotropic glutamate 
receptors exists, and can guide future endeavors in HCN channel research. Indeed, some 
mechanisms seem to be universal, including the central roles of actin dynamics and actin-
binding proteins, the function of auxiliary proteins in diversifying the control of surface 
expression and function, and endocytic sorting as a key checkpoint to control channel 
abundance on the cell surface. Interpretation of the experimental data presented in Chapters 
2-5 in light of these principles will be beneficial for investigating reciprocal relationships 
between neuronal activity and HCN channel surface expression, and for understanding the 
roles of auxiliary proteins in this context.
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4. The geography of HCN channels: targeting to subcellular regions 
and micro-domains

4. 1 - Potential mechanisms underlying non-homogenous dendritic distribution

One of the hallmark features of HCN channels, and especially the HCN1 isoform, is their 
non-homogenous distribution across sub-cellular domains. The increasing gradient of HCN1 
channel expression along the dendritic axis of CA1 pyramidal neurons regulates temporal 
summation and calcium signaling in these neurons (Magee, 1999; Tsay et al., 2007), and 
its maintenance is controlled by neuronal activity originating from the temporo-ammonic 
pathway (Shin and Chetkovich, 2007). The cellular mechanisms that facilitate and maintain 
this gradient are not fully clear. The auxiliary protein TRIP8b is distributed in CA1 pyramidal 
neurons in a similar, gradient-like distribution along the somato-dendeitic axis (Santoro et al., 
2004), which implies that TRIP8b interaction with HCN channels promotes distal dendritic 
targeting. In support of this notion, reduction in the gradient-like pattern of HCN1 has been 
observed in TRIP8b knockout mice (Piskorowski et al., 2011; Lewis et al., 2011), which 
was attributed to reduced surface expression and increased lysosomal processing of HCN1 
in dendrites (Lewis et al., 2011). However, even complete knockout of TRIP8b did not fully 
abolish the gradient-like distribution of the channels, suggesting the involvement of other 
factors in the regulation of HCN1 dendritic targeting. Furthermore, TRIP8b interaction alone 
cannot explain the isoform-specific distribution of HCN channels in these neurons: whereas 
TRIP8b binds both HCN1 and HCN2 channels and up-regulates their surface expression 
(Lewis et al., 2009; Santoro et al., 2009; Zolles et al., 2009), the gradient-like distribution of 
HCN channels along dendrites is more pronounced for the HCN1 channel isoform (Bender 
et al., 2001; Vasilyev and Barish, 2002). 

The combined evidence from Chapters 4 and 5 raises the possibility of FLNa involvement 
in this type of regulation: FLNa expression is more pronounced in perisomatic regions than 
in distal dendrites (Chapter 4), and its subunit-specific interaction with HCN1 channels 
exerts an inhibitory effect on surface expression (Chapter 5). Taken together, I propose here 
a model in which both FLNa and TRIP8b act to regulate the somato-dendritic, gradient-
like distribution of HCN1 channels: distal TRIP8b protein acts to prevent internalization 
and lysosomal degradation of HCN1 channels and thus to increase their surface expression 
levels, while proximal FLNa promotes channel internalization and thus suppresses the local 
surface expression of HCN1 in peri-somatic regions. Importantly, this model can explain 
both the incomplete abolishment of HCN channel gradient in TRIP8b knockout animals, as 
well as the isoform specific nature of HCN channel distribution in these neuronal population: 
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because FLNa binds only to the HCN1 channel isoform, it will suppress only the peri-somatic 
expression of this isoform, while HCN2 expression levels would remain unaltered.  This 
hypothetical model can be experimentally tested by selective interference of HCN channel 
interaction with auxiliary proteins in hippocampal slices. Such an approach may also prove 
beneficial in revealing other potential roles of auxiliary proteins in HCN channel distribution 
and function.

Finally, an interaction between TRIP8b- and FLNa- mediated regulation of HCN1 channels 
might be entertained: TRIP8b binds to two distinct regions on the HCN1 molecule, one of 
which seems to overlap the binding domain of cAMP (Chapter 3). It is conceivable that 
FLNa and TRIP8b might compete for HCN1 binding, augment each other’s binding or 
interact in a more complex manner to influence channel trafficking or properties. 

4.2 – HCN channel targeting to micro-domains on the plasma membrane

Time-lapse imaging experiments demonstrated non-homogenous distribution of HCN 
channels along dendrites, and regulation of channel trafficking within restricted dendritic 
compartments (Chapter 2). In addition, interaction with FLNa resulted in clustering of the 
channels on the cell membrane. The nature and interpretation of HCN1 surface clustering and 
local regulation is currently unclear, and I propose several alternative hypotheses to explain 
them (see Fig. 6, Chapter 5). Interestingly, in endothelial cells, FLNa binds to caveolin-1 
(Stahlhut and van Deurs, 2000), and acts to induce its clustering and internalization in a 
dynamin-dependent manner (Sverdlov et al., 2009). Caveolea are specialized membrane 
microdomains with distinct lipid composition, that act to cluster and co-regulate membrane 
proteins and to mediate their internalization in a clathrin-independent manner (Anderson, 
1998). Caveloea are abundant in neurons (Luoma et al., 2008), and although their association 
with HCN4 channels has been reported in HEK293 cells and in the heart (Barbuti et al., 
2004; Ye et al., 2008), it is currently unknown whether HCN1 channels localize to—and/or 
are regulated by--caveolea.

Localization of channels to specialized membrane compartments can influence both their 
stability within the cell membrane as well as their functional properties. For example, lipid 
raft localization has been suggested to stabilize surface expression of AMPA receptors on 
the cell surface (Hering et al., 2003), to influence the sensitivity of calcium channels to 
anticonvulsant drugs (Davies et al., 2006), and to inhibit the biophysical properties of TRPM8 
channels (Morenilla-Palao et al., 2009). Lipid raft localization has also been suggested to 
function as an efficient compartmentalization mechanism, promoting the interaction of ion 
channels with specific partners within these micro-domains (Martens et al., 2004). 
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General discussion

Further research is required to reveal the functional implications of the non-homogenous 
distribution and local modulation of HCN channels on the membrane. Optimally, 
electrophysiological techniques should be coupled with advanced imaging methods to 
selectively characterize HCN channel regulation in distinct domains.

5. Concluding remarks

To accomplish its many functions, our brain is constantly required to find the fine balance 
between stability (homeostasis) and change (plasticity). In this thesis, I describe how an ion 
channel, HCN, might contribute to these mechanisms through regulation of trafficking and 
surface expression, and discuss the governing cellular and molecular mechanisms.

The findings presented in this thesis provide insights into the complex regulation of HCN 
channels in neurons: they provide evidence for a highly dynamic (and activity-dependent) 
HCN channel transport kinetics in dendrites, and discuss cellular mechanisms that influence 
surface expression and function of these channels. Specifically, they indicate strong 
involvement of auxiliary proteins in regulation of HCN channel sub-cellular trafficking, 
membrane stability, and functional properties. While these results extend our knowledge on the 
cellular machinery that regulates HCN channels, they also raise several interesting questions 
that extend beyond the scope of this thesis. What are the roles of the actin-binding protein 
FLNa in (co)regulating ion channel internalization and surface expression in the brain? How 
does co-regulation of HCN channels with other ion-channels act to control excitability in 
changing contexts? What are the functional implications of ion channel targeting to distinct 
domains on the cell membrane? Are these processes related to pathological conditions such 
as epilepsy?

These important and exciting questions await further exploration.




