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General Introduction
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Parts of this chapter were published as a review article:

Towards an Integrated View of HCN Channel role in Epilepsy

Yoav Noam, Christophe Bernard & Tallie Z. Baram

Current Opinion in Neurobiology (2011) doi: 10.1016/j.conb.2011.06.13
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General Introduction

Preface: voltage-gated ion channels are critical components in the 
maintenance and dynamic regulation of neuronal excitability

All brain functions rely on the ability of neurons to receive signals and respond to them. 
The combined effect of input and output in populations of neurons gives rise to complex 
patterns of network activity that govern our ability to think, learn, feel, move, and breathe. 
The propensity of a neuron to respond to a given input is termed neuronal excitability, and 
plays pivotal roles in the integration of neuronal signaling. Excitability is a highly regulated 
feature which needs to address two, seemingly conflicting demands: on the one hand, a 
certain degree of flexibility is required to ensure performance in changing contexts and to 
support processes of learning and memory. On the other hand, a robust system of checks 
and balances is required in order to constrain excitability within safe limits and thus prevent 
the system from reaching extreme situations of hypo- or hyper-excitability (Beck and Yaari, 
2008; Noam and Baram, 2010). 

Among the many factors that shape neuronal characteristics, voltage-gated ion channels play 
critical roles in the maintenance and regulation of excitability (Zhang and Linden, 2003; 
Beck and Yaari, 2008). A vast spectrum of ion channels co-exist in a neuron (Lai and Jan, 
2006; Nusser, 2009), enabling fine-tuning of properties such as the membrane potential, 
input resistance, and intracellular ion homeostasis. These properties, in turn, facilitate critical 
neuronal functions including firing patterns, synaptic integration, presynaptic vesicle release, 
and intrinsic oscillations. Thus, it is the coordinated function of a variety of ion channels 
that shapes (to a large extent) the activity patterns of a neuron, and eventually  - of the whole 
network. Excitability is controlled and modulated by processes that influence the abundance, 
sub-cellular localization, and functional properties of ion channels (Zhang and Linden, 2003; 
Nusser, 2009). Uncovering these regulatory processes is therefore important for increasing 
our understanding of excitability. In addition, this information is crucial for understanding 
pathological conditions in which such regulatory mechanisms fail to constrain neuronal 
excitability.

The work presented in this thesis aims to identify and elucidate mechanisms that dynamically 
regulate the trafficking, surface expression and biophysical properties of a unique sub-class 
of ion channels known as “HCN channels”. While these curious membrane proteins play 
versatile and important roles in modulation of neuronal function, the precise mechanisms that 
underlie their regulation are not understood. 
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Chapter 1

HCN channels: A unique class of ion channels, mediating the 
hyperpolarization-activated current Ih

The Hyperpolarization-activated, Cyclic Nucleotide-gated (HCN) channels are unique 
among voltage-gated cationic channels due to their activation upon relative hyper- (rather 
than de-) polarization of the cell membrane (Robinson and Siegelbaum, 2003; Biel et al., 
2009). Although these channels are structurally homologous to members of the potassium-
channel superfamily (Fig. 1A), their functional properties are quite different: upon opening, 
HCN channels mediate a mixed cationic current (Ih), which slowly activates but does not 
inactivate (Fig. 1B). With reversal potential values between -30 and -40 mV, activation of Ih 
under physiological conditions results in relative depolarization of the cell membrane, which 
counteracts the hyperpolarization that evoked it (Fig. 1C).

One of the hallmarks of Ih is its remarkable diversity in biophysical properties across different 
cell types and brain regions. For example, the time constants of channel activation may vary 
between ~30 milliseconds and a few seconds, and the half-activation voltage (V50) values can 
range between -60 and -90 mV (Robinson and Siegelbaum, 2003). How is this heterogeneity 

Figure 1 - Basic structural and functional properties of HCN channels. A, HCN 
channels are structurally homologous to the voltage-gated ion channels superfamily, with 
six transmembrane domains, intracellularly-located N’ and C’ termini, a voltage sensor 
on the fourth transmembrane domain, and a re-entrant loop between the 5th and the 6th 
transmembrane domains, which forms the channel pore. B, Example traces of Ih, obtained 
in a voltage-clamp whole-cell recording by hyperpolarizing the cell membrane from a 
holding potential of -50 mV to -120 mV, in -10 mV decrements. The slowly developing 
inward current (black traces) represents the hyperpolarization-activated current, Ih. C, 
Stabilizing effects of Ih on membrane potential. Activation of Ih (obtained by injecting a 
hyperpolarizing current in a current-clamp patch-clamp configuration) results in a cation 
influx, which subsequently depolarizes the cell (red traces), as evident by the voltage “sag”. 
De-activation of Ih by a depolarizing current injection shuts down the tonic depolarization 
delivered by Ih, resulting in re-polarization of the cell membrane (blue traces). Panel C was 
modified from Robinson & Sigelbaum, 2003      .
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obtained? One critical determinant is the molecular make-up of HCN channels. Four different 
channel isoforms exist (HCN1-4) that can assemble in different combinations to yield homo- 
or hetero-tetrameric complexes with different properties (Fig. 2) (Robinson and Siegelbaum, 
2003; Santoro and Baram, 2003; Biel et al., 2009). Indeed, variability in Ih properties among 
cell populations and during different developmental stages is often associated with distinct 
expression profiles of specific HCN channel isoforms (Kuisle et al., 2006; Brewster et al., 
2007; Bender and Baram, 2008; Kanyshkova et al., 2009). The conductive properties of HCN 
channels are further diversified by discrete interactions with other molecules, notably cyclic 
AMP (cAMP): cAMP binds a sequence on the C’ terminus of the channel, and influences 
HCN channel function by accelerating its kinetics and shifting its voltage-activation curve to 
more depolarized values (Robinson and Siegelbaum, 2003; Santoro and Baram, 2003; Biel 
et al., 2009). The sensitivity of HCN channels to cAMP is isoform-specific: HCN4> HCN2 
>> HCN1 (Robinson and Siegelbaum, 2003; Santoro and Baram, 2003; Biel et al., 2009). 
Thus, isoform-specific interaction of HCN channels with regulating molecules provides 
another dimension to the modulation of Ih. HCN channel function is further modified by 
phosphorylation (Li et al., 2008; Liao et al., 2010; Hammelmann et al., 2011), as well 
as through interactions with PIP(2) (Zolles et al., 2006; Pian et al., 2007) and additional 
interacting/auxiliary proteins, which will be discussed later on in this chapter.

Figure 2 - HCN channels are tetramers of either hetero- or homo-meric composition. 
Functional HCN channels are tetramers, and different HCN channel subunits (HCN1-4) 
can assemble together to form either homomeric or heteromeric channels, with distinct 
biophysical properties. A schematic representation of homomeric and heteromeric HCN1 
and HCN2 channels (the most abundant HCN subunits in the adult hippocampus) is shown.
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The diverse roles of HCN channels and Ih in neuronal excitability

In line with its diverse biophysical properties discussed above, the roles of Ih in regulating 
neuronal excitability are numerous and complex. Alongside its depolarizing effect on 
membrane potential, Ih exerts an additional, shunting effect on excitable cells: by being 
open at sub-threshold potentials, Ih reduces the input resistance of the membrane (Rin), thus 
dampening the ability of incoming inputs to alter membrane voltage. 

Active at sub-threshold potentials, Ih is particularly suited for the regulation of intrinsic 
excitability. Membrane conductances interact in a highly non-linear way through membrane 
voltage, so that Ih modulation in different physiological contexts may lead to different 
outcomes. For example, the net effect of the depolarizing and shunting properties of Ih on 
excitability is combinatorial and depends on many factors (Fig. 3), as illustrated by the 
roles of Ih in CA1 hippocampal pyramidal neurons. In these neurons, the density of Ih along 
apical dendrites increases with the distance from the soma (Magee, 1999). A physiological 
consequence of this heterogeneous distribution (mediated by the effect of Ih on the input 
resistance and membrane time constant) is that EPSP time course is increasingly shortened 
with the distance from the soma (Magee, 1999). As a result, temporal summation of synaptic 
inputs at the soma is similar regardless of whether these inputs originate at proximal or 
distal sites (Magee, 1999; but see Angelo et al. 2007). Another physiological action of Ih, 
mediated by its tonic depolarizing effect, is to increase steady-state inactivation of low-
threshold, voltage-gated calcium channels (Tsay et al., 2007), and thus restrict the genesis 
of dendritic calcium spikes. The effects of Ih on excitability involve interactions with other 
intrinsic conductances: whereas Ih increases the peak voltage amplitude of weak EPSPs, 
it inhibits the peak amplitude of responses to strong stimuli, and the net effect on EPSPs 
depends upon an intricate interaction between the Ih–mediated tonic depolarization and the 
potassium-conducting current, IM (George et al., 2009). Regulation of synaptic signaling by 
Ih is not limited to excitatory input, and Ih suppresses inhibitory (GABAA-mediated) post-
synaptic potentials (IPSPs) through interactions with other active conductances and cellular 
passive electric properties (Williams and Stuart, 2003; Hardie and Pearce, 2006). The relative 
depolarization generated by Ih in distal dendrites can alter GABAA signaling from shunting 
to hyperpolarizing, and thus shortens the time-window for coincidence-detection (Pavlov et 
al., 2011).

From the above, it is clear that Ih has multiple effects in regulating dendritic excitability, 
including through interactions with other intrinsic conductances. Yet how do these different 
effects of Ih on inhibitory, excitatory and intrinsic signals integrate in a physiological context? 
This question was recently addressed in subthalamic nucleus (STN) neurons (Atherton et al., 
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2010). In these neurons (which express different HCN channel subunits than CA1 pyramidal 
neurons), dendritic Ih was activated only upon strong hyperpolarizing input onto the dendrite, 
and thus served a homeostatic role in counteracting GABAA-mediated signals. In an 
analogous manner to that described in CA1 pyramidal neurons (Tsay et al., 2007), activation 
of Ih by inhibitory input facilitated steady-state inactivation of low-threshold voltage-gated 
calcium channels, leading to inhibition of dendritic calcium spikes. Whereas theoretically Ih 
could suppress also the temporal summation of excitatory inputs, the authors demonstrated 
that the same inhibitory input that activated Ih shunted the effects of Ih on EPSP summation, 

Figure 3 - The multiple functions of Ih on neuronal activity are context-and location 
driven. A schematized neuron depicting principal functions of Ih in distinct subcellular 
domains. In dendrites, Ih reduces dendritic summation; the current also represses dendritic 
calcium spikes, and converts the effect of IPSPs on the membrane potential from shunting 
to hyperpolarizing. In axon terminals, Ih reduces synaptic release through interaction with 
calcium channels. In both soma and dendrites, Ih augments theta-frequency resonance. In 
neurons that possess increased dendritic Ih density, the effects on theta-frequency resonance 
are more pronounced in dendrites compared to the soma. Insets were modified from: Magee 
1999, Tsay et al. 2007, Hu et al. 2009, Huang et al. 2011, Pavlov et al. 2011.
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and concluded that, in STN neuronal dendrites, Ih selectively regulated inhibitory signaling 
(Atherton et al., 2010).

Ih is not limited to somato-dendritic subcellular distribution, and presynaptic Ih has been 
reported in various classes of neurons (Luján et al., 2005; Aponte et al., 2006; Bender et al., 
2007; Huang et al., 2011). The presynaptic functions of Ih in mammalian brain have remained 
elusive (Bender et al., 2007; Biel et al., 2009), but, in axon terminals of layer 3 entorhinal 
cortex neurons, Ih-mediated depolarization was recently found to restrict the activity of T-type 
Ca2+ channels, leading to reduced calcium influx and inhibition of synaptic release (Huang et 
al., 2011). It remains to be seen whether similar mechanisms exist in presynaptic terminals 
of interneurons (Luján et al., 2005; Aponte et al., 2006) or whether Ih serves an opposite, 
facilitating role in these neuronal populations (Luján et al., 2005).

In addition to its roles in dendritic integration, membrane potential stabilization and regulation 
of synaptic transmission, Ih is an important modulator of oscillatory activity at both cellular 
and network levels. At cellular levels, Ih is critical for theta resonance (the preferential 
response of a neuron to oscillating inputs at specific frequencies). The slow kinetics and sub-
threshold activation of Ih enable this current to filter out inputs at low frequencies (<3 Hz). 
This high-pass filtering property, in combination with low-pass filtering properties provided 
by the membrane capacitance, render cells with a strong Ih particularly responsive to inputs 
in the theta range (3-12 Hz) (Narayanan and Johnston, 2007; Hu et al., 2009), a property 
also found in specific types of interneurons (Zemankovics et al., 2010). In cell-types with 
high Ih density at distal dendrites, dendritic Ih-dependent resonance is more pronounced, and 
preferentially filters signals that propagate from the soma to dendrites (Hu et al., 2009). The 
filtering properties of Ih may contribute to regulating in vivo theta rhythms (Nolan et al., 
2004), and other network oscillations (e.g., delta and gamma) and rhythmic firing (reviewed 
by Biel et al., 2009).

Dynamic regulation of Ih 

In addition to the spatial diversity of Ih across brain tissues and cell types, temporal and 
activity-dependence of Ih contributes to the dynamic regulation of neuronal excitability. In 
hippocampal CA1 pyramidal neurons, a substantial up-regulation of Ih amplitude occurs 
within minutes following the enhancement of excitatory input induced by either glutamate 
application or by theta-burst pairing of Schaffer collaterals (van Welie et al., 2004; Fan et 
al., 2005). Activity-dependent regulation of Ih plays a homeostatic role in the regulation 
of intrinsic excitability (Fig. 4): by lowering the membrane input resistance, increased Ih 
dampens the ability of incoming inputs to depolarize the membrane potential and therefore 
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decreases their probability of triggering an action potential (van Welie et al., 2004). The 
true homeostatic nature of Ih regulation is further demonstrated by the down-regulation of 
Ih following long-term depression (LTD), implying a bi-directional mechanism by which 
Ih either enhances or reduces intrinsic excitability in response to the excitable state of the 
network (Brager and Johnston, 2007). Comparing between different forms of LTP in CA1 
pyramidal neurons revealed the intricate, complex nature of Ih-dependent plasticity: whereas 
“strong” activation of the Schaffer collaterals (using theta burst stimulation) leads to an up-
regulation of Ih (Fan et al., 2005; Campanac et al., 2008) weaker LTP protocols such as 
high-frequency stimulation or spike-timing-dependent plasticity induce down-regulation of 
Ih (Campanac et al., 2008). Thus, Ih may function as a sensitive tuner of intrinsic excitability: 
upon strong fluctuations in excitatory input, Ih may act to restore intrinsic excitability in a 
homeostatic manner (thus “pushing” the shifted excitability back to its original set-point), 
while upon weaker alterations - Ih may actually contribute to the shift of neuronal excitability 
away from its original set-point.

Despite their physiological relevance, little is known about the cellular and molecular 
mechanisms that underlie activity-dependent modulation of Ih. Activation of both AMPA- 
and NMDA- type ionotropic glutamate receptors is required for the activity-dependent up-
regulation of Ih, as well as increased levels of intracellular calcium (van Welie et al., 2004; 
Fan et al., 2005). Insertion (or removal) of HCN channels within the cell membrane is an 
intriguing mechanism by which neuronal-activity may dynamically control the properties and 
magnitude of Ih. Mechanisms of membrane insertion and internalization are ideally suited for 
plasticity processes in the time-scale of minutes, allowing for rapid responses in membrane 
excitability. Indeed, the involvement of membrane trafficking in neuronal plasticity has been 
established for many ion channels, including ionotropic glutamate receptors (Newpher and 
Ehlers, 2008), GABAA receptors (Luscher et al., 2011), and various voltage gated ion channels 
(Jarvis and Zamponi, 2007; Jensen et al., 2011). It is not yet clear whether dynamic regulation 
of HCN channel trafficking and surface expression is involved in Ih -related plasticity.
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Figure 4 - Homeostatic regulation of intrinsic excitability by Ih. A, Enhancement of 
excitatory input by means of glutamate application to the soma augments Ih amplitude 
within minutes, as demonstrated by cell-attached recordings from CA1 hippocampal 
neurons (van Welie et al., 2004). B, up- and down-regulation of Ih can influence intrinsic 
excitability by shifting the input-output curve. Enhancement of Ih dampens the input 
resistance of the membrane. With lowered input resistance, stronger stimuli are required 
in order to produce action potentials. Reduction of Ih is expected to work in the opposite 
direction by increasing input resistance, thus rendering the cell more likely to fire in 
response to an incoming input. The activity-dependent up- or down- regulation of Ih may 
thus result in the homeostatic scaling of intrinsic excitability.
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Emerging roles for auxiliary proteins in regulating HCN channel 
trafficking and function

The highly versatile nature of HCN channel expression, distribution, and function requires 
tight level of regulation, and interaction with auxiliary subunits may provide a potent way to 
regulate such properties. Indeed, important roles for auxiliary proteins have been implicated 
in regulating a myriad of ion channels, including glutamate receptors (Jackson and Nicoll, 
2011), potassium channels (Vacher and Trimmer, 2011), and voltage-gated calcium channels 
(Dolphin, 2009). Since the original cloning of HCN channels in 1998 (Santoro et al., 1998), 
several auxiliary proteins that directly bind to specific HCN channel isoforms have been 
identified (Table 1). However, the functional influence and physiological relevance of many 
of these proteins remain poorly understood. Of the various candidates, the HCN-interacting 
protein TRIP8b is particularly intriguing: TRIP8b is a brain-specific HCN auxiliary subunit 
which is distributed in a gradient-like fashion along the dendrites of CA1 pyramidal neurons, 
resembling the distribution of HCN channels in these neurons (Santoro et al., 2004). 
Recently, we and others have discovered a family of TRIP8b splice isoforms. Interestingly, 
whereas distinct TRIP8b isoforms could either up- or down-regulate surface expression of 
the channels, all TRIP8b isoforms inhibited channel gating (Lewis et al., 2009; Santoro et 
al., 2009). 

Another promising candidate for HCN channel regulation is filamin A (FLNa), a cytoskeletal 
protein that stabilizes the actin network by crosslinking actin filaments (Stossel et al., 2001; 
Popowicz et al., 2006). In addition to its structural roles, FLNa binds to a variety of membrane 
proteins and influences their trafficking and stability within the membrane (Stossel et al., 
2001; Popowicz et al., 2006). In melanoma cell lines, direct interaction of FLNa with HCN1 
channels inhibited Ih amplitude and gating, and altered the distribution of HCN channels on 
the cell surface (Gravante et al., 2004). It is unclear whether similar processes occur in the 
central nervous system. In fact, very little is known on the presence and role of FLNa in the 
adult brain: work in the field has focused so far on early developmental stages, when FLNa 
is critical for neuronal migration and cortical maturation (Sarkisian et al., 2008). Whereas 
FLNa may serve key roles in the regulation of HCN channels within the cytoskeletal scaffold, 
the mechanisms by which it influences channel trafficking and surface expression are 
currently unknown. Thus, unraveling the discrete mechanisms by which auxiliary proteins 
(such as TRIP8b and FLNa) control HCN channel function and trafficking is critical for 
our understanding of the modulation of these channels and may provide insights into their 
dynamic regulation, which underlies various forms of plasticity.
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Scope and aim of this thesis

To fully grasp the mechanisms by which Ih controls excitability in diverse contexts, further 
insight into the dynamics and regulation of HCN channels is required. The work presented 
in this thesis aims at investigating mechanisms that control HCN channel trafficking and 
surface expression in neurons. More specifically, I focus on two key questions:

1. Do trafficking and/ or surface expression of HCN channels play a role in the activity 
dependent regulation of Ih?

2. What is the role of HCN-auxiliary proteins in regulating HCN channel trafficking 
and function, and what are the cellular and molecular mechanisms that underlie such 
regulation?

In chapter 2, a live-imaging approach is employed to directly visualize and characterize the 
dynamics of HCN channel trafficking in dendrites of hippocampal neurons, and to investigate 
their activity-dependent properties. Chapter 3 provides an in-depth inquiry into the distinct 
mechanisms and molecular interactions by which the auxiliary protein TRIP8b regulates HCN 
channel trafficking and Ih biophysical properties. In chapters 4 and 5, we study the potential 
roles of the cytoskeletal protein filamin A in controlling HCN channel trafficking, surface 
expression and function. To that aim, a thorough characterization of FLNa expression and 
subcellular distribution in the adult brain is first undertaken (Chapter 4), followed by studies 
into the cellular mechanisms that underlie regulation of HCN channel trafficking and surface 
expression by FLNa (Chapter 5). Chapter 6 provides a general discussion, highlighting 
intriguing hypotheses and future research directions in the study of HCN channel trafficking, 
based on the evidence provided by the experiments described in this thesis.
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Box 1: HCN channel dysregulation in epilepsy: The wrong amount in the wrong 
place, at the wrong time  

Epilepsy is a severe brain pathology where compromised regulation of excitability 
results in the spontaneous occurrence of seizures. In line with the multiple roles of 
HCN channels in regulating excitability, many studies have linked these channels 
to the epileptogenic process. In resected hippocampi from patients with temporal-
lobe (limbic) epilepsy, enhanced levels of HCN1 channel expression and dendritic 
localization were found in granule cells of the dentate gyrus (Bender et al., 2003), 
and recent work has identified a mutation in the HCN2 gene and augmentation of 
Ih in patients with genetic epilepsy with febrile seizures plus (GEFS+) (Dibbens et 
al., 2010). Deletion of the HCN1 gene in mice results in increased excitability and 
seizure susceptibility (Huang et al., 2009; Santoro et al., 2010), and reduction or 
deletion of the HCN2 isoform leads to spontaneous ‘absence’ seizures (Ludwig et 
al., 2003; Chung et al., 2009b).

In accord with the diverse regulatory mechanisms and versatile functions of Ih in 
the normal brain, the dysregulation of Ih and HCN channels in epilepsy is dynamic 
and intricate (Fig. 5). HCN channel abnormalities in the epileptic brain can manifest 
as altered mRNA and protein expression (Brewster et al., 2002; Shah et al., 2004; 
Brewster et al., 2005; Jung et al., 2007; Powell et al., 2008; Budde et al., 2005), 
sub-cellular distribution (Shin et al., 2008; Hablitz and Yang, 2010) or biophysical 
properties (Chen et al., 2001a; Jung et al., 2007; Dyhrfjeld-Johnsen et al., 2008). 
The causal relationship between aberrant HCN channel regulation and the epileptic 
process is further complicated by the fact that alterations in HCN channel expression, 
localization and function vary across animal models of epilepsy. Both early and late 
changes affecting diverse isoforms in distinct spatial patterns have been reported. 
For example, in the pilocarpine model, progressive reduction in HCN1 and HCN2 
protein levels results in diminished Ih amplitude in dendrites of CA1 pyramidal 
neurons, leading to the disruption of theta resonance (Jung et al., 2007; Marcelin et 
al., 2009). In contrast, following hyperthermia-induced seizures, the same population 
of cells exhibit enhanced dendritic Ih accompanied by altered gating properties 
(Chen et al., 2001a; Dyhrfjeld-Johnsen et al., 2008), likely mediated by isoform-
specific transcriptional regulation and increased HCN1/HCN2 heteromerization 
(Brewster et al., 2005). These seemingly conflicting results from different animal 
models demonstrate that augmented Ih can be associated with both increased and 
decreased excitability, depending on the physiological context (Dyhrfjeld-Johnsen 
et al., 2009), and potential interaction with other conductances.
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The temporal patterns of HCN dysregulation in the epileptic brain are complex, and 
both transient and long-lasting alterations in hippocampal HCN/ Ih have been reported 
in pilocarpine, KA and febrile seizures models (Brewster et al., 2002; Shah et al., 
2004; Brewster et al., 2005; Jung et al., 2007; Marcelin et al., 2009). Interestingly, 
alterations in Ih gating properties in CA1 pyramidal neurons were reported within 
hours following induction of seizure-like-activity in vitro, attributable to activation 
of the phosphatase calcineurin and inhibition of p38 MAPK (Jung et al., 2010). 

Spatial selectivity of HCN-channel pathology further contributes to the complex 
involvement of Ih in epilepsy. In acquired hippocampal epilepsy, HCN channel 
expression levels vary across different hippocampal regions in isoform-specific and 
region-specific fashions (Brewster et al., 2002; Powell et al., 2008). Region-specific 
alterations have been found in the WAG/Rij rat model of genetic absence epilepsy, 
where reduced HCN1 channel expression in layer 5 cortical neurons was reported to 
increase excitability via enhanced calcium electrogenesis (Kole et al., 2007), while 
increased HCN1 levels in thalamocortical neurons impaired their firing pattern via 
reducing the responsiveness of Ih to cAMP (Budde et al., 2005). Reduced response 
of Ih to cAMP (triggered by imbalance of HCN subunit expression) was found also 
in the GAERS rat model of absence epilepsy (Kuisle et al., 2006).

Epilepsy may also involve abnormal subcellular distribution of HCN channels. 
Dendritic HCN1 localization was augmented in hippocampi resected from patients 
with epilepsy (Bender et al., 2003). In animal models, transient upregulation of HCN1 
surface expression occurred in CA1 pyramidal neurons 1-2 days after an epilepsy-
provoking insult, followed by a downregulation 4 weeks later with mislocalization 
of the channels from distal dendritic domains to somata (Shin et al., 2008). Recent 
work in freeze-lesion models of cortical dysplasia-provoked epilepsy found reduced 
HCN1 channel presence in distal dendrites of layer 5 cortical neurons (Hablitz and 
Yang, 2010).

In summary, multiple mechanisms, including transcriptional control, trafficking and 
channel modification act at different temporal and spatial scales to modulate the 
epileptic brain. In general, such changes might contribute to epileptogenesis, i.e., 
‘cause’ epilepsy, or be a result of the epilepsy. The occurrence of several of these 
HCN changes early after the insult that triggers epilepsy, and/ or prior to the onset 
of spontaneous seizures (Kole et al., 2007; Brewster et al., 2002; McClelland, 2011) 
suggests a causal role. However, to fully grasp the contribution of these alterations to 
the epileptogenic process, physiological, molecular and cellular approaches should 
be integrated.
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Figure 5 - Abnormal HCN channel regulation and function in epilepsy. Dysregulation 
of HCN channels/ Ih in epilepsy occurs at multiple levels. Seizure-induced alterations of the 
biophysical properties of Ih include either upregulation or downregulation of current amplitude 
and modification of gating. The subcellular distribution of HCN channels along the somato-
dendritic axis is altered both short-term, for example, in hippocampal CA1 neurons in the 
pilocarpine model and in dentate gyrus granule cells of human epileptic patients. Seizure-induced 
alterations in HCN channel mRNA and protein levels occur in many epilepsy models, and are 
both region-specific and channel isoform-specific. Altered synthesis of specific HCN channel 
isoforms may drive, at least partly, the increased, seizure-induced HCN1/2 heteromerization in 
hippocampus (Brewster et al., 2002; 2005). Insets were modified from Brewster et al., 2002, 
Bender et al., 2003, and Shin et al., 2008.
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Abstract

HCN channels mediate the hyperpolarization-activated current Ih, and thus play important 
roles in the regulation of brain excitability. The sub-cellular distribution pattern of the HCN 
channels influences the effects that they exert on the properties and activity of neurons. 
However, little is known about the mechanisms that control HCN channel trafficking to 
subcellular compartments or that regulate their surface expression. Here we studied the 
dynamics of HCN channel trafficking in hippocampal neurons using dissociated cultures 
coupled with time-lapse imaging of fluorophore-fused HCN channels. HCN1-GFP channels 
resided in vesicle-like organelles that moved in distinct patterns along neuronal dendrites, and 
these properties were isoform-specific. HCN1 trafficking required intact actin and tubulin, 
and was rapidly inhibited by activation of either NMDA or AMPA-type ionotropic glutamate 
receptors in a calcium-dependent manner. Glutamate-induced inhibition of the movement 
of HCN1-GFP-expressing puncta was associated with increased surface expression of both 
native and transfected HCN1 channels, and this surface expression was accompanied by 
augmented Ih. Taken together, the results reveal the highly dynamic nature of HCN1 channel 
trafficking in hippocampal neurons, and provide a novel potential mechanism for rapid 
regulation of Ih, and hence of neuronal properties, via alterations of HCN1 trafficking and 
surface expression.
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Introduction

The ion channel repertoire of neurons contributes critically to the regulation of neuronal 
activity: The response of a neuron to an incoming input depends (among other factors) on 
the molecular composition of its ion channels, their relative abundance, their sub-cellular 
location, and the fine-tuning of their biophysical properties. Mechanisms that control the 
function, expression levels and / or sub-cellular localization of ion channels can influence 
neuronal function in many ways and at different time-scales (Zhang and Linden, 2003; Beck 
and Yaari, 2008). During the past decade, dynamic regulations of ion channel trafficking and 
surface expression have emerged as pivotal mechanisms in many forms of neuronal plasticity. 
However, whereas substantial advances have been made in uncovering the cellular dynamics 
of synaptic ion channel trafficking (Kennedy and Ehlers, 2006), less is known about the 
transport of extra-synaptic dendritic channels that contribute to intrinsic excitability.

HCN channels are a family of voltage-gated ion channels that mediate a non-selective cationic 
current named Ih. Unlike other voltage-gated ion channels, members of the HCN family are 
activated upon hyperpolarization of the cell membrane, and this unusual feature endows 
them with unique and versatile roles in the regulation of neuronal excitability (Robinson 
and Siegelbaum, 2003). The sub-cellular distribution of HCN channels varies in different 
cell types and brain regions, and is important for determining the effects that these channels 
exert on neuronal excitability (Santoro and Baram, 2003). For example, in CA1 hippocampal 
pyramidal neurons, HCN1 channels are concentrated in the apical dendrites, and channel 
density is much higher in the distal compared with the proximal dendritic span (Lorincz 
et al., 2002). This gradient has been shown to contribute to normalizing dendritic inputs 
arriving at different locations along the dendrite (Magee, 1999). In another region of the 
hippocampal formation, the entorhinal cortex, HCN1 channels are enriched in axon terminals 
during development, and this localization is developmentally regulated, diminishing in the 
adult (Bender et al., 2007).  Interestingly, patterns of distribution of HCN1 channels have 
been recently shown to depend on neuronal network activity: Elimination of synchronized 
neuronal input to the distal dendrites of CA1 pyramidal neurons abolished the gradient of 
HCN1 channel distribution (Shin and Chetkovich, 2007), and manipulation of activity levels 
modified the axonal pre-synaptic expression of HCN1 in entorhinal cortex neurons (Bender 
et al., 2007). These forms of activity-dependent regulation of HCN channel distribution take 
place at time-scales of days. However, it is unknown if HCN channel transport to subcellular 
compartments and modulation of surface expression of the channels may take place more 
rapidly, at the time scale of minutes. These alterations in channel distribution, in turn, might 
provide the basis for rapid changes in Ih that contribute to types of neuronal plasticity that 
take place within minutes (van Welie et al., 2004; Fan et al., 2005).   
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In this study, we sought to examine directly the dynamics of HCN channel trafficking and 
surface expression, and their rapid regulation by neuronal activity. Whereas heterologous 
expression systems provide valuable information regarding basic cellular processes, the 
complexity of neuronal systems imposed by the polarized morphology of neurons and 
their unique electrical activity cannot be reproduced in heterologous models. Therefore, 
we expressed GFP –fused HCN channels in cultured hippocampal neurons and employed 
time-lapse imaging to study the kinetics of the trafficking of theses channels. We found that 
HCN1-GFP channel proteins were expressed on the cell membrane of hippocampal neurons 
where they exhibited biophysical properties similar to wild-type channels. Time-lapse live 
imaging revealed that HCN1-GFP channel protein was present in vesicle-like organelles that 
moved bi-directionally along dendrites, and these distribution patterns and mobility differed 
from those of the HCN2 channel isoform. Trafficking of HCN1-GFP puncta required actin 
and microtubules, and was drastically inhibited by exposure to the excitatory amino-acid 
glutamate, via a process that involved calcium and both NMDA and AMPA-type glutamate 
receptors. The rapid glutamate-induced arrest of HCN1 channel movement was associated 
with a reversible increase of HCN1 channel surface expression and with augmented Ih. Taken 
together, these findings demonstrate the dynamic nature of HCN1 channel trafficking and 
suggest a novel mechanism by which neuronal activity can up-regulate Ih within minutes via 
alterations of HCN1 channel trafficking and surface expression.

Experimental Procedures

Hippocampal cell culture

Dissociated hippocampal primary cultures were prepared from postnatal 0 (P0) Sprague-
Dawley rats. Hippocampi were quickly dissected, removed from adherent meninges, and 
incubated for 30 minutes in buffered salt solution containing 10 units/ ml papain (Worthington). 
After removal of the papain, cells were mechanically triturated and plated at a density of 
400-600 cells/mm2 on 12 mm coverslips that were pre-coated with poly-D-lysine (Sigma). 
Cultures were initially maintained in Neurobasal Medium (NBM) with B-27 supplement 
(Invitrogen) at 36°C and 5% CO2. Three-4 hours after plating, half of the culture medium 
was replaced with a Neurobasal/B-27–based medium that was pre-conditioned for 24 hours 
by 1- to 2-week old non-neuronal cell culture prepared from P3-P4 rat cortices. Cultures were 
subsequently refreshed every 3-4 days with the conditioned medium. On the third day in vitro 
(DIV), 1 mM Cytosine-Arabinoside (Sigma) was added to the culture media to inhibit glial 
proliferation. All experiments complied with NIH and UCI animal care regulations
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Plasmid DNA constructs

cDNA constructs containing the GFP sequence in the C’ terminus of the mouse HCN1 cDNA 
(inserted between amino acids residues 885 and 886), or the hemagglutinin (HA) tag at the 
HCN1 extracellular domain between transmembrane domains S3 and S4 (residues 231-
232) were generated as described previously (Lewis et al. 2009). The N’-terminus GFP–
conjugated mHCN1 (HCN1-GFPn) and mHCN2 (HCN2-GFP) constructs were a gift from 
Dr. Santoro (Columbia University); previous studies found that the two constructs yielded 
functional Ih with biophysical properties typical for the respective isoform expressed in 
heterologous systems (Santoro et al. 2004). mCherry-HCN1 was created by inserting the 
cDNA encoding mCherry from pRSET-B-mCherry (generously provided by Dr. Roger Tsien, 
University of California San Diego) instead of the GFP in the Age1/Xho1 site of the HCN1-
GFPn construct.

Neuronal transfection of plasmid DNA

Primary neuronal cultures were transfected with plasmid DNA constructs on DIV 7-10, using 
the Lipofectamine 2000 method (Invitrogen). Transfection mixtures that included 100 ml 
Opti-MEM I (Invitrogen), 2 mg Lipofectamine and 0.5-1 mg plasmid DNA were incubated 
at room temperature for 20 minutes and then added to each coverslip. To reduce potential 
toxicity of the lipo-cationic transfection reagent, the transfection mixture was removed 
entirely at 1.5-2 hours post-transfection, and cultures were refreshed with NBM + B-27 
medium that was CO2- and temperature- equilibrated prior to transfection, as described in a 
previously published protocol (Misonou and Trimmer, 2005). The membrane capacitance of 
transfected neurons as measured by whole-cell voltage-clamp recording (32.2±2.5 pF; n=19) 
was not different from that of age-matched, naïve, non-transfected neurons (33.8±6.4 pA; 
n=9; p>0.05) or of non-transfected neurons that were exposed to the Lipofectamine 2000 
reagent for a similar duration of time (33.0±5.0 pF; n=6; p>0.05). GFP signal was detected 
in transfected neurons as early as 6 hours after transfection, was stable during the 24-48 
hours time-window, and persisted for a minimum 72 hours post-transfection. Therefore, all 
experiments were performed 24-48 hours post-transfection. Pilot experiments demonstrated 
that transfection efficiency was 2-6% when using 0.5-1 mg plasmid DNA per coverslip. 
Increasing DNA concentrations did not result in higher transfection efficiency, and reducing 
DNA amounts below 0.5 mg resulted in a significant reduction in transfection efficiency 
(<1%).

Disruption of microtubules and actin

To test the involvement of cytoskeletal elements in HCN trafficking, Jasplakinolide 
(Invitrogen) or Nocodazole (Sigma) were freshly diluted from frozen stock aliquots to final 
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concentrations of 0.5 µM and 10 µM, respectively, in 0.06% DMSO (vehicle control).

Time-lapse live imaging and analysis

Live cultured neurons expressing HCN1-GFP or HCN2-GFP were either kept in bath 
solution (see below), or subjected to increased synaptic excitation via the application of 
glutamate (10 mM for 10 minutes).  In experiments testing the involvement of ionotropic 
glutamate receptors, the specific NMDA receptor blocker APV (100 mM; Sigma) or the 
AMPA receptor blocker CNQX (50 mM; Sigma) were added to the bath solution 10 minutes 
prior to imaging. Neurons were imaged using a Nikon TE-2000U inverted microscope, using 
a 40X objective (N.A 0.60). Coverslips were placed in a bath chamber containing HEPES-
buffered bath solution (in mM):  NaCl 110, KCl 5, CaCl2 1.8, MgCl2 1.3, D-Glucose, HEPES 
10; pH 7.40. The bath solution was adjusted with sucrose to 290-300 mOsm and kept at 34-
36°C throughout the experiment. In experiments testing the role of extra-cellular calcium, 
calcium was excluded from the HEPES-buffered solution described above, and 5 mM EGTA 
was added. Cells with healthy appearance and relatively low HCN1-GFP or HCN2-GFP 
expression levels were selected for imaging and analysis. Only one cell was chosen from 
each coverslip, to minimize interdependence of observations. In most time-lapse sessions, 39 
images were acquired at intervals of 5 seconds (total time: 190 seconds), with an exposure 
time of 500 ms per image. In experiments involving more than 2 imaging sessions (e.g. 
studies of the reversibility of the glutamate effect on HCN1-GFP trafficking), only 20 or 
25 images were taken per session, to limit photo-bleaching. Images were captured using a 
CCD monochrome 12-bit camera (Retiga 2000R; Qimaging), acquired with NIS-Elements-D 
software (Nikon), and colorized for presentation. Time-lapse movies are available online (see 
Supplemental Information).

For the analysis of puncta mobility, a custom-written program in MATLAB (Mathworks) was 
used, which enabled manual tracking of single puncta and storage of relevant information 
for each punctum (such as the kinetic properties of the movement, location, size and light 
intensity). To be classified as “mobile”, puncta had to move >0.36 mm (equivalent to >2 
pixels) at least twice during the sampling period. Analyses of velocity, pause time and 
directionality (Figs 3 and 4) were based on mobile puncta only, which comprised 27.7% of 
the total HCN1-GFP puncta population (based on >1500 puncta from 11 neurons) and 6.1% 
of HCN2-GFP (based on 498 puncta from 6 neurons, see Fig. 4). The directionality index 
presented in Fig. 3F was calculated for each punctum using the following formula:
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Where Ddistal represents the distance traveled by a punctum away from the soma during 
the sampling period, Dproximal represents the distance traveled towards the soma, and Dtotal 
represents the total distance traveled in both directions. If a punctum moved exactly the same 
distance towards and away from the soma its directionality index would be 0 (representing 
a bi-directional punctum), whereas a movement solely in one direction would yield a value 
of –1 for a pure centripetal movement and +1 for a pure centrifugal movement. The absolute 
value of directionality (Fig. 3G) represents the degree to which a puncta was uni- or bi-
directional. 

The time-course of the glutamate induced arrest shown in Fig. 6B was calculated by 
quantifying the fraction of mobile puncta (normalized to the total puncta population for each 
cell) throughout the sampling period, then binning it into 30 second time frames (the first 10 
seconds of the 3:10 min imaging period were not included in the analysis to enable equally 
binned periods of 30 seconds). Pooled, quantitative analysis of HCN1-GFP mobility under 
different conditions (Fig. 6E) was performed as follows: The fraction of mobile puncta was 
calculated for each cell during the 3 minute imaging epoch prior to treatment, and during the 
3 minute epoch starting   7 minutes following treatment. The post-treatment value was then 
expressed as % of pre-treatment value for each cell. Statistical significance was determined 
using paired t-test (two-tailed). Kymographs were generated in ImageJ (NIH), using the 
“multiple kymograph” plug-in (J. Rietdorf and A. Seitz). All analyses were performed 
without knowledge of the experimental condition.   

Immunocytochemisty

Fixed Cells: Neurons were fixed in PBS with 4% paraformaldehyde for 20 minutes 
on ice, permeabilized with 0.1% Triton-X, and blocked with 5% normal goat serum and 
1% bovine serum albumin (BSA). Antibodies used included rabbit anti-HCN1 (1:4000; 
Chemicon; Lot#: 0605029427), guinea-pig anti-HCN1 (1:4000, Shin and Chetkovich, 2007) 
or monoclonal mouse anti-HCN1 (1:4000; NeuroMab; clone N70/2); mouse anti-GAD-65 
(1:1000; Boehringer Mannheim), mouse anti-MAP-2 (1:16000; Sigma) and monoclonal 
mouse anti-a-tubulin (1:1000 Sigma). Immunolabeling of endogenous HCN1 (Fig. 3A) was 
accomplished using tyramide signal amplification (TSA) according to the manufacturer’s 
instructions (PerkinElmer).  Labeling of f-actin was accomplished by incubating neurons 
with 165 nM of alexa-fluor 568–conjugated phalloidin (Invitrogen) for 30 minutes, followed 
by rigorous washes.  

Differential labeling of internal and surface HCN1 channel protein: Labeling of surface 
HA-HCN1 channels was performed on live neurons without detergents (to avoid cell 
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permeabilization). First, HA-HCN1–transfected cultures were incubated with either glutamate 
or bath solution (vehicle) at 36°C in a similar manner to that described for the time-lapse 
imaging experiments. After a 10 minute incubation, cultures were transferred to 4°C (to arrest 
trafficking processes), and incubated with mouse monoclonal HA antibody (1:100; Covance; 
clone 16B12) for 40 minutes, followed by a 15 minute incubation with alexa-488-conjugated 
anti-mouse IgG (1:600; Invitrogen). Cells were then fixed, permeabilized and blocked, 
followed by overnight incubation with monoclonal rat anti-HA (1:500; Roche; clone 3F10) 
at 4°C, to label the remaining (intracellular) HA-HCN1 channels. Antibody displacement 
was unlikely in this experimental set-up because fixation of the cells after surface-labeling 
with the first primary antibody stabilized the antibody-antigen complex. Images were 
captured using a laser-scanning confocal microscope (Olympus IX-70), with a LaserSharp 
2000 (BioRad) acquisition software. Images were acquired with a 60X objective (N.A 1.40), 
except for the image in Fig. 1D, which was obtained with a 20X objective. Imaging of surface 
HA-HCN1 channels was performed with equal exposure parameters for all neurons of the 
same experiment, and neurons from 3 independent experiments (2-4 coverslips per condition 
per experiment) were imaged and analyzed. Three apical dendritic segments, located 50-200 
mm away from the soma, were selected per neuron. For each dendritic segment, background 
intensity levels were measured and only pixels that had intensity values significantly higher 
(p<0.05) than background were included in the analyses. Using the histogram function in 
ImageJ software (NIH), pixels with significant signal intensity in the green or red color 
channels (representing surface and intracellular HA-HCN1 channels, respectively) were 
counted, and a surface/ total ratio was derived. In total, 33 dendritic segments from 11 cells 
were analyzed per condition.

Electrophysiology

Ih was recorded from visually identified pyramidal-like neurons in dissociated hippocampal 
cell cultures using standard whole-cell patch clamp techniques. The bath solution contained (in 
mM): 125 NaCl , 4 KCl, 1.25 NaH2PO4, 25 NaHCO3,  2.0 CaCl2, 1.0 MgCl2, and 20 dextrose. 
The bath solution was bubbled with 95% O2 /5% CO2, and continuously superfused at a 
rate of 1-1.5 ml/min. In initial experiments aimed to characterize Ih in cultured hippocampal 
neurons, BaCl2 (0.5 mM) was added to block inward-rectifier potassium currents (Ik(ir)), 
and NiCl2, (0.1mM) to block low threshold calcium currents. TTX (0.5-1 mM) was added 
to suppress action potentials, and APV (20 mM), CNQX (10 mM) and bicuculline (5 mM) 
were added to block spontaneous synaptic events. When modulation of Ih by activity was 
examined, none of the blockers mentioned above were added. Recording electrodes were 
pulled from borosilicate glass capillaries (Sutter Instrument). The pipette was filled with 
(mM): 120 K-gluconate, 20 KCl, 2 MgCl2, 0.5 CaCl2, 5 EGTA, 20 HEPES, 4.0 Na2-ATP, 
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0.3 Na2-GTP, adjusted to pH 7.3 with Tris-Cl and 295 mOsm. Pipette resistance as measured 
in the bath solution was 4-6 MΩ.  Data were collected using an Axopatch 700A amplifier, a 
Digidata 1322A 16-bit data acquisition system, and pClamp software version 9.2 (Molecular 
Devices). Voltage and current traces were filtered at 1kHz, 5 kHz and digitized at 10 kHz, 20 
kHz, respectively. Measurements of membrane input resistance (Rm) and capacitance (Cm) 
were performed by applying a 10 mV test pulse from a holding potential of -70 mV to -60 
mV for a duration of 10 ms. Calculation of final Cm and Rm values followed the method 
first described by Lindau & Neher (Lindau and Neher, 1988). Ih was evoked by 5-second 
long hyperpolarizing pulses starting from a holding potential of -50 mV and carried out 
in increments of -10 mV (maximal step =  -120 mV).  At the end of the hyperpolarizing 
pulse, the membrane potential was stepped to -65 mV, to record tail currents. To measure the 
effect of neuronal activation on Ih, a baseline was first obtained by recording Ih 7-10 minutes 
after reaching the whole-cell configuration; glutamate (10 μM) was then applied to the bath 
solution for 10-15 seconds, followed by recordings of Ih (voltage steps were applied from 
resting holding potential to -100 mV) in intervals of 5 minutes. Recordings were made at 
30-32ºC.

The amplitude and kinetic properties of Ih were analyzed using Clampfit 9.2, Origin 6 
(OriginLab) and GraphPad PRISM 2.0 (GraphPad). Final graphs were produced in Igor Pro 
(Wavemetrics). Current amplitude was determined by subtracting the instantaneous current 
at the beginning of the voltage step from the sustained component at the end of the pulse. 
To determine the time constants of Ih activation, a double exponential function was used, 
applying the Chebyshev fitting routine of Clampfit 9.2. For analysis of activation curves, the 
tail current amplitudes were normalized to the maximal tail current amplitude evoked by a 
command potential of –120 mV and plotted against the corresponding precedent command 
potential. The resulting data points were fit with a Boltzmann equation. Statistical significance 
was assessed using t test (two-tailed, unpaired), the Mann-Whitney test or ANOVA, as 
indicated. Data are presented as means ± S.E.M. 

Hippocampal organotypic slice cultures and biotinylation assay

Organotypic hippocampal slice cultures were prepared from P8 Sprague-Dawley rats, using 
previously described methods (Bender et al., 2007; Zha et al., 2008). On DIV 6-7, sister 
cultures were exposed to PBS (controls) or to 50 µM L-glutamate for 10 minutes at 36oC. 
Slice cultures were then washed quickly with ice-cold PBS (pH 7.4), followed by a 30 minute 
incubation with 2 mM Sulfo-NHS-SS-biotin (Pierce) at 4oC. Excess biotin was quenched 
with 100 mM glycine in Tris-buffered saline, and the tissue homogenized in lysis buffer 
composed of 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100 and 
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protease inhibitor cocktail. One third of the protein sample was reserved (-80oC, representing 
the total pool of both surface and intracellular protein), and the remaining two thirds were 
precipitated with ImmunoPure immobilized Streptavidin beads (Pierce) at 4oC. Western blots 
were performed as previously described (Richichi et al., 2008; Zha et al., 2008), using the 
following primary antibodies: monoclonal mouse anti-HCN1 (1:500; NeuroMab), rabbit 
anti-HCN2 (1:2000; Alomone), rabbit anti-Kv4.2 (1:2000; Abcam), anti-actin (1:200,000; 
Sigma) and anti-synaptophysin (1:200,000; Sigma). Signal intensities were analyzed using 
ImageTool software (University of Texas Health Science Center). The quantified data (n = 
6,4 and 3 independent experiments for HCN1, HCN2 and Kv4.2 respectively) were pooled 
and averaged, and are presented as the normalized ratio of surface / total channels, with mean 
± S.E.M.

Results

Characterization of HCN1-GFP expression and function in cultured hippocampal neurons

To study the trafficking dynamics of HCN1 channels in neurons directly, we established a 
system that enables pharmacological manipulations and good optical access while preserving 
the basic properties of a neuronal system (imposed by the unique polarized morphology of 
neurons and their patterns of electrical activity). We utilized primary hippocampal neuronal 
culture, where many of the in vivo properties of neurons are recapitulated, and which has 
been instructive in numerous studies of trafficking and membrane expression of both native 
and transfected neuronal ion channels (Beattie et al., 2000; El-Husseini et al., 2002). In the 
developing rat hippocampus, HCN1 protein expression can be detected as early as P1-2 
(Vasilyev and Barish, 2002; Brewster et al., 2007), and substantial levels of channel protein 
are found in dendrites of principal neurons starting from the second week of life (Vasilyev 
and Barish, 2002; Brewster et al., 2007; Bender et al., 2007). In line with these in vivo 
observations, immunoreactive HCN1 channels were detected in both somata and dendrites 
of cultured hippocampal neurons during the 2nd, 3rd and 4th week in culture (Sup. Fig. 1). 

To visualize HCN1 channels in live neurons, we transfected DNA plasmids that encode GFP-
fused HCN1 channel proteins. To control for possible interferences of the GFP moiety with 
channel function or trafficking, we used two independent channel constructs in which a GFP 
molecule was attached to either the C’- or the N’-terminus of the channel (termed HCN1-
GFP and HCN1-GFPn, respectively).  Both constructs had similar expression patterns 
in transfected neurons, as evident by the direct emission of GFP signal (Fig. 1A), which 



34

Chapter 2

was distributed in both somata and processes. Immuno-labeling of transfected neurons 
with two separate HCN1 antisera (see Experimental Procedures) resulted in an overlap of 
the GFP signal with HCN1 immunoreactivity (Fig. 1B and Sup. Fig. 2), confirming that 
the GFP signal in these neurons was derived from the presence of HCN1-GFP channel 
proteins. Immunostaining of HCN1-GFP–transfected neurons with the dendritic marker 
MAP2 demonstrated that HCN1-GFP localized to dendrites (Fig. 1C). Because we aimed 
to study the HCN1 trafficking in pyramidal cells, we confirmed that HCN1-GFP molecules 
were expressed in this type of neurons. Immunostaining against the interneuronal marker 
GAD-65 revealed that the majority of the neurons in culture (Murphy et al., 1998) as well 
as the neurons that expressed HCN1-GFP were GAD-65 negative and possessed a typical 
pyramidal-like shape (Fig. 1D; see Sup. Fig. 2 for the less frequent expression of HCN1-GFP 
in interneurons). 

To test if the transfected HCN1-GFP molecules in principal hippocampal neurons were 
expressed on the cell membrane and formed functional channels with properties of endogenous 
HCN1, we conducted whole-cell recordings of transfected and non-transfected neurons and 
compared their responses to hyperpolarizing voltage steps. Measuring whole-cell responses 
of non -transfected neurons to hyperpolarizing steps resulted in Ih with properties similar to 
those observed in hippocampal neurons in vivo at matching developmental stages, and which 
most likely represent the contribution of both HCN1 and HCN2 channels (Fig. 2)(Vasilyev 
and Barish, 2002; Surges et al., 2006; Brewster et al., 2007). Neurons expressing HCN1-
GFP possessed a large Ih (maximal amplitude= -535±107 pA; current density = -14.12 pA/
pF; n=12; Fig. 2B,C and Table 1), that was significantly augmented compared to Ih recorded 
in non-transfected neurons (F=6.964, p<0.01, one-way ANOVA). Further analysis of Ih in 
transfected neurons revealed biophysical properties similar to those previously reported for 
channels comprised of cloned HCN1 subunits (Robinson and Siegelbaum, 2003; Santoro 
et al., 2000): activation kinetics were best fit to a double-exponential function and showed 
the typical acceleration at more hyperpolarized membrane potentials (Fig. 2D; Table 1). 
The gating properties of Ih in neurons expressing HCN1-GFP were assessed by plotting a 
tail-current activation curve fit by Boltzmann equation (see Experimental Procedures). This 
yielded a V1/2 value of -77.1 ± 2.6 mV (Fig. 2D, Table 1), in general accord with previous 
reports on the gating properties of channels comprised of HCN1 subunits in heterologous 
systems co-transfected with the neuronal HCN1 interacting protein TRIP8b: V1/2 values of 
-75 to -78 mV were reported by one study (Lewis et al., 2009) and values ranging from -71 
to -75 mV were reported by another (Santoro et al., 2009).
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Figure 1 -  Expression patterns of HCN1-GFP channel protein in hippocampal neurons. A, Images 
of live neurons transfected with GFP-fused HCN1 constructs. Patterns of C’-terminus- (top) and N’-
terminus (bottom) GFP-fused HCN1 channel expression were similar. B-D, Confocal images of HCN1-
GFP–transfected neurons: B, A monoclonal HCN1 antibody (aHCN1) generated signal that co-localized 
with the GFP signal emitted directly from the HCN1-GFP molecules. Similar results were generated 
using a commercial anti-HCN1 serum (Sup. Fig. 2). Insets: higher magnification of a segment of a 
dendrite. C, Labeling with an antibody against MAP-2, a dendritic marker, revealed that HCN1-GFP 
channel protein was expressed along dendrites. D, HCN1-GFP was expressed in principal neurons, as 
indicated by the lack of its co-localization with a GAD-65 antibody. Note the GAD-65–positive bipolar 
shaped neuron adjacent to the HCN1-GFP transfected, GAD-65-negative cell. Scale bars = 10 μm. The 
similarity between the expression pattern of HCN1-GFP and native HCN1 channels is apparent when 
comparing this figure to Sup. Fig.1.

In addition, both native Ih and the current generated in HCN1-transfected neurons were 
inhibited by extracellular Cs+ (1-2 mM; Fig. 2A; Sup. Fig. 3), as established for this 
conductance (Robinson and Siegelbaum, 2003). The membrane input resistance of HCN1-
GFP–expressing neurons was reduced (Table 1), as expected for neurons in which Ih was up-
regulated (Robinson and Siegelbaum, 2003; van Welie et al., 2004; Fan et al., 2005). Both the 
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expression pattern and the functional properties of the HCN1-GFPn construct were similar 
in N’- and C’-terminus fused HCN1-GFP, demonstrating that the site of GFP insertion did 
not influence channel expression and function  (Sup. Fig. 4). Thus, in cultured hippocampal 
neurons, GFP-fused HCN1 channels were delivered to the cell membrane and possessed 
functional properties typical of cloned, un-tagged HCN1 channels.

Table 1
Non-transfected

(2nd week in culture)
Non-transfected

(3rd week in culture)
HCN1-GFP

(2nd week in culture)

V1/2 (mV) -83.7±2.4
 (n=5)

-85.2±2.3 
(n=10)

-77.1±2.6*
 (n=12)

Slope factor (mV) 11.7±0.7 
(n=5)

11.6±0.1
 (n=10)

10.9±0.2 
(n=12)

Tau fast (ms),
at -120 mV

197±55
 (n=5)

185±6 
(n=5)

46±3*
(n=12)

Tau slow (ms),
at-120 mV

1314±588 
(n=5)

1831±369 
(n=5)

260±42* 
(n=12)

Rm (MW) 437±8.2 
(n=9)

330±38
 (n=12)

290±28* 
(n=14)

Ih density (pA /pF) 
at -120 mV

-1.97±0.58 
(n=8)

-2.39±0.48 
(n=11)

-14.12±2.16*
 (n=12)

Table 1: Comparison of Ih properties in neurons transfected with the HCN1-GFP construct and 
non-transfected neurons of two age groups. * = Significantly different (p<0.05) in comparison to 
non-transfected neurons at the second week in culture. Both kinetic and gating properties of Ih in non-
transfected neurons were consistent with a mixed Ih contributed to by HCN1 and HCN2 subunits. 
Neurons transfected with HCN1-GFP exhibited faster kinetics and more depolarized gating properties, 
consistent with a current mediated primarily by the HCN1 channel subunit. 
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Figure 2 - Properties of native Ih in non-transfected hippocampal neurons, compared with 
current properties in HCN1-GFP–transfected neurons. A, Examples of whole-cell traces of 
hyperpolarization-activated currents from naïve, non-transfected neurons (third week in vitro). 
Application of hyperpolarizing voltage-steps resulted in a typical slowly developing inward current that 
was sensitive to Cs+ (1 mM). B, Transfection of HCN1-GFP resulted in augmented Ih, compared with 
non-transfected, same-age neurons (DIV 9-10). Traces represent whole-cell, un-subtracted currents. C, 
Ih current density in HCN1-GFP-transfected neurons (DIV 7-10; n=12) was significantly higher than 
in non-transfected (n.t) neurons of the same age (n=8 Ih-positive cells; note that at this age only 36% 
of cells had detectable Ih), and DIV 14-17 (n=11). D, Activation curves from cells transfected with 
HCN1-GFP showed a depolarizing shift, consistent with Ih composed primarily of HCN1 channels. 
E, Ih kinetics in transfected (filled symbols) and non-transfected (empty symbols) neurons. The faster 
kinetics in transfected neurons is consistent with a primarily HCN1-mediated Ih.  Values = mean ± 
S.E.M. See the Experimental Procedures section for details of the analyses.

Analysis of HCN1-GFP channel trafficking in live neurons 

HCN1-GFP channel proteins expressed in neurons were distributed along dendrites in a 
mixed punctate-diffuse pattern that recapitulated the expression pattern of endogenous HCN1 
channels (Fig. 3A,B). Visualizing GFP-fused HCN1 channel protein in live neurons using 
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time-lapse imaging techniques, we found that many of the HCN1-containing puncta traveled 
along dendrites (Fig. 3C,D; Supplemental Movies 1,2), as well as in the perisomatic region 
(Supplemental Movie 3). Analysis of over 1500 puncta from 11 neurons revealed that 27.7% 
± 5.1% of the puncta were mobile (mean velocity = 0.13 ± 0.01 mm/ s; Fig. 3E). Mobile puncta 
exhibited several patterns of movement: the majority traveled bi-directionally, whereas others 
moved in one direction only (Fig. 3D,F). Different patterns were also found in the continuity 
of motion: A small sub-population traveled continuously, whereas most were immobile for 
relatively long periods, interspersed with bursts of movement. Interestingly, the frequency 
and duration of puncta mobility correlated with directionality: the same sub-population 
of puncta that tended to move continuously traveled uni-directionally over relatively long 
dendritic distances, whereas puncta with little or fragmented motion typically traveled bi-
directionally (Fig. 3G). The mobility of HCN1-GFP-containing puncta was independent of 
the site of GFP insertion (see Sup. Fig. 4). Trafficking dynamics of the HCN1-GFP channels 
differed significantly from that of channels composed of HCN2 subunits, a distinct channel 
isoform that is also expressed in hippocampal neurons: HCN2-GFP distribution was less 
punctate, a smaller proportion of the HCN2-GFP puncta were mobile, and mobile puncta 
traveled shorter distances and had longer pause periods (Fig. 4). These distinctive properties 
of each of the HCN channel isoforms persisted when both isoforms were co-transfected in a 
single neuron (Fig. 4F,G).

To examine if the mechanisms of the trafficking of HCN1 channels in neurons involved 
actin and / or microtubules, we analyzed the mobility of HCN1-GFP–containing puncta in 
transfected neurons following pharmacological manipulation of these cytoskeletal networks. 
Incubation with the microtubule de-polymerizing agent Nocodazole  (10 µM, 30 minutes) 
selectively disrupted the integrity of the tubulin network, as evident by the substantial 
reduction in a-tubulin immunoreactivity, but did not disrupt phalloidin-labeling of f-actin 
(Fig. 5A). Whereas the number and distribution of total HCN1-GFP puncta in transfected 
neurons were not influenced by Nocodazole treatment (Fig. 5B), the fraction of mobile 
puncta was reduced (p < 0.05; Fig. 5C). Interestingly, Nocodazole-treated cells exhibited 
a specific reduction in the fraction of puncta that moved relatively long distances (defined 
as a displacement of at least 8 µm during a 2 minute imaging session; Fig. 5D). Thus, the 
population of puncta that remained mobile after Nocodazole treatment (~50% of the original 
mobile population; Fig. 5C) exhibited reduction in the total distance traveled from 7.08 ± 
0.73 µm before treatment to 4.65 ± 0.55 (n=137 mobile puncta; p<0.05).

Upon application of the cell permeable toxin Jasplakinolide (0.5 µM, 30 minutes), a selective 
stabilizer of actin filaments (Spector et al., 1999; Bubb et al., 1994), phalloidin labeling of 
f-actin in neurons was markedly reduced, as expected because of the competition between 
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Jasplakinolide and phalloidin for the same actin binding site (Spector et al., 1999; Bubb et al., 
1994). Jasplakinolide did not influence a-tubulin immunoreactivity (Fig. 5A), suggesting that 
in these experiments, Jasplakinolide was efficiently bound to f-actin without interrupting the 
microtubule network. Disruption of f-actin dynamics reduced the fraction of mobile HCN1-
GFP puncta by ~ 75% (p < 0.05, Fig. 5C). However, unlike Nocodazole, Jasplakinolide 
reduced the population of mobile puncta without altering the average distance traveled by the 
remaining mobile population (5.53 ± 0.51 µm before treatment vs. 5.61 ± 0.85 after treatment; 
n=158 mobile puncta; p>0.05; Fig. 5D). Treatment with the DMSO (0.06%) vehicle did not 
affect the fraction of mobile puncta (Fig. 5C) or their mobility patterns. These results indicate 
that intact microtubule and actin networks are essential for the trafficking of populations of 
HCN1 channels in neurons.

Figure 3 (next page) - Dynamics of HCN1 channel trafficking in dendrites. A, A mature (25 DIV), 
non-transfected hippocampal neuron immunolabeled with HCN1 antibody (left), exhibiting a typical 
mixed punctate-diffuse pattern of dendritic HCN1 expression. The distribution of HCN1-GFP in 
transfected neurons recapitulated this pattern, as demonstrated by a transfected neuron imaged live 
(right).  B, The dendritic distribution of native HCN1 in primary hippocampal neurons was apparent 
at different ages (10-24 DIV), as shown by immunolabeling of non-transfected neurons with a specific 
HCN1 antibody (Shin and Chetkovich, 2007). C, Upper panels: time-lapse images of HCN1-GFP 
puncta along a dendritic segment. Fast-moving (filled arrowhead) and slow-moving (empty arrowhead) 
puncta are indicated. Lower panel: Kymograph summarizing puncta movement during 190 seconds 
(3:10 min) in the dendritic segment shown in the upper panel. D, Kymograph of a static punctum (i), 
and of 3 examples of mobile puncta that exhibited either unidirectional (ii), or bi-directional trajectories 
(iii, iv). Movement of puncta was often interspersed with periods of immobility (ii,iv). Scale = 4 
μm. E, Mean velocity (corrected for immobile periods) and maximal velocity (defined as the fastest 
movement recorded per punctum) in the population of HCN1-GFP containing puncta. F, Directionality 
distribution of mobile puncta. The directionality index represents the relative amount of time in motion 
in a direction towards or away from the soma over the total mobile time  (see Experimental Procedures). 
G, Correlation between directionality and continuity of the movement of HCN1-GFP puncta. Black 
symbols refer to the left Y axis, which represents the mean distance traveled by a given punctum 
during the imaging session (190 seconds), and grey symbols refer to the right Y axis which represents 
the mean percentage of time in which the puncta were immobile. Puncta that moved bi-directionally 
(and therefore had low values of “absolute directionality”, see Experimental Procedures) tended to 
cover shorter distances and to experience longer periods of immobility compared to puncta that moved 
uni-directionally (high values of absolute directionality). Analyses in E-G were based on 384 mobile 
puncta from 11 neurons derived from five independent cultures. Values =  mean ± S.E.M. Scale bars 
in A,B = 10 μm.
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Figure 4 - Isoform specificity of the expression and trafficking patterns of the HCN1 and HCN2 
channel isoforms.  A, An image of the GFP signal emitted by a live neuron (9 DIV), 26 hours after 
transfection with the HCN2-GFP channel construct. Whereas similar to HCN1-GFP, HCN2-GFP 
expression was apparent in soma and dendrites, the distribution pattern of HCN2-GFP was more diffuse, 
with fewer identifiable puncta (for comparison, see live neuron expressing HCN1-GFP in Fig. 3A). B, 
Analysis of 498 dendritic HCN2-GFP puncta from 6 cells (derived from 3 independent experiments 
with separate cultures) revealed that only a small sub-population of HCN2-GFP puncta was mobile 
(6.1% ± 2.1%), significantly less than for HCN1-GFP (27.7% ± 6.1%). C-E, The small sub-population 
of mobile HCN2-GFP puncta traveled smaller distances compared with HCN1-GFP, as quantified by 
the mean total distance traveled during the 190 second imaging period (C). The reduced mobility of 
HCN2-GFP puncta coincided with their longer stationary periods (D), whereas mean velocity corrected 
for immobile periods did not differ between HCN1- and HCN2-GFP puncta  (E). F, The isoform-
specific distribution of HCN1-and HCN2-GFP channels persisted when they were co-transfected in the 
same neurons: in a live neuron co-transfected with mCherry-fused HCN1 and GFP-fused HCN2 at a 1:1 
cDNA ratio, HCN1 molecules were distributed in a more punctate pattern when compared to HCN2. 
G, An enlarged image of a dendritic segment taken from the cell in panel F. Puncta are indicated by 
arrows. Values are expressed as mean ± S.E.M. *=p<0.05, **=p<0.01, unpaired two-tailed t-test; n.s = 
non-significant effect. Scale bars = 10 mm.
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Figure 5 - Involvement of the actin and microtubule networks in the trafficking of HCN1 channels. 
A, Images of neurons double-stained with a monoclonal anti-a-tubulin antibody (upper panel) and 
Alexa-568–conjugated phalloidin (to label f-actin). Immunoreactivity to a-tubulin was markedly 
reduced following a 30 minute incubation with the microtubule disrupter Nocodazole, whereas actin 
labeling in the same cell was intact. Conversely, incubation of neurons with Jasplakinolide, an actin 
stabilizing drug which competes with phalloidin for the same actin binding site resulted in substantial 
reduction of the phalloidin signal (indicative of potent binding of the drug to its target) and did not alter 
a-tubulin immunoreactivity in the same cell. B, Images of HCN1-GFP signal in dendritic segments of 
live transfected neurons before and after treatment shows lack of significant reduction in the number 
of HCN1-GFP puncta. C, Comparison of the fraction of mobile puncta before and after treatment 
with DMSO (vehicle), Nocodazole or Jasplakinolide. For each cell, the fraction of mobile puncta was 
calculated before and after treatment (paired t-test, *=p<0.05), then normalized to the pre-treatment 
value. D, Mobile puncta were categorized to long-distance (>8 mm) and short-distance moving, based 
on the distance they traveled during the 2 minute imaging session. This dichotomization demonstrated 
the preferential reduction in long-distance movement following Nocodazole but not Jasplakinolide 
treatment. Data are based on tracking of 486 mobile puncta from 4-5 cells per experimental group. 
Scale bars in A,B = 10 mm.
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Regulation of HCN1-GFP trafficking by ionotropic glutamate receptor activation

We next studied if neuronal stimulation regulated HCN1 channel trafficking. Application 
of the excitatory amino-acid L-glutamate (10 mM) resulted in a rapid inhibition of HCN1-
GFP motion (Fig. 6 and Supplemental Movie 4) in 17 of 18 neurons. This reduction of the 
proportion of moving puncta commenced within 1 minute following glutamate application 
and persisted in the presence of glutamate (Fig. 6B). Glutamate-induced arrest of mobility 
was reversible: by 30 minutes following the removal of glutamate from the bath solution, the 
mobility of HCN1-GFP–containing puncta returned to base levels (Fig. 6D; Supplemental 
Movie 5). Vehicle treatment did not influence puncta mobility (Fig. 6B,E), indicating that 
potential artifacts from the application procedure or from reduced neuronal viability (e.g 
from phototoxicity) were unlikely to account for the observed effect of glutamate on HCN1-
GFP-puncta movement. The inhibitory effect of glutamate on HCN1 mobility required 
activation of ionotropic receptors: application of 10 µM glutamate in the presence of the 
specific NMDA receptor blocker APV (100 µM), or the specific AMPA receptor blocker 
CNQX (50 µM) fully blocked the glutamate-induced halt of HCN1-GFP mobility (Fig. 6E). 
These experiments indicate that both NMDA and AMPA receptor activation contributed to 
the suspension of HCN1 channel trafficking. The involvement of calcium in this process was 
supported by the fact that eliminating calcium from the bath solution abolished the effect of 
glutamate on HCN1-GFP puncta mobility (Fig. 6E). 

Increased glutamatergic input up-regulates the surface expression of transfected HCN1

To test if glutamate-receptor activation resulted in increased surface expression of 
transfected HCN1 channels we used an HCN1 channel construct tagged with an extra-
cellular hemagglutinin (HA) recognition sequence (see Experimental Procedures). The 
expression pattern of HA-HCN1 channels in neurons was similar to that of the HCN1-
GFP construct (Fig. 7A). To differentiate between surface-expressed and intracellular 
HA-HCN1 channels, we first incubated live neurons with a monoclonal anti-HA antibody 
under non-permeabilizing conditions to visualize surface channels. This was followed by 
fixation, membrane permeabilization and incubation with a different anti-HA antibody, to 
visualize the remaining intracellular HA-HCN1 channels (see Experimental Procedures). 
Exposure of HA-HCN1–expressing neurons to 10 µM glutamate for 10 minutes led to 
marked augmentation of the surface-expressed channel signal in both somatic and dendritic 
compartments (Fig. 7B-E). These results indicate that HA-HCN1 channel proteins resided 
in both intracellular and surface domains, and that increased excitatory input significantly 
augmented their surface expression. 
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Figure 6 - HCN1 channel trafficking is reversibly arrested by activation of ionotropic glutamate 
receptors by an extracellular calcium dependent mechanism. A, Kymographs representing HCN1-
GFP puncta movement in dendrites, and its inhibition by 10 mM glutamate. B, Time-course of glutamate-
induced arrest of HCN1 channels: quantitative analysis of puncta movements in 2 representative 
neurons (vehicle and glutamate-treated) before, as well as during the 1-4 minute and the 7-10 minute 
epochs after treatment. Drastic suppression of puncta mobility was apparent already at 1 minute post 
glutamate and persisted for at least 10 minutes, whereas no reduction of movement occurred in vehicle-
treated neurons. C, Quantitative analysis of the number of mobile puncta in neurons exposed to 10 mM 
glutamate or to vehicle treatment for 10 minutes. Paired data points represent the number of mobile 
puncta in the same neuron before and after treatment. D, The reduction in the fraction of mobile puncta 
at 10 minutes post-glutamate (grey column in the left column pair) was reversed after an additional 
recovery period of 30 minutes. At that time-point the fraction of mobile puncta (grey column in the 
right pair of columns) did not differ significantly from the pre-treatment value (blank column). There 
was no significant change in puncta mobility in vehicle-treated neurons throughout the duration of the 
experiment. E, In the presence of either the AMPA receptor blocker CNQX or the NMDA receptor 
blocker APV, glutamate no longer arrested puncta mobility (p>0.05). In addition, application of 
glutamate in a calcium-free solution failed to suppress HCN1-puncta mobility.  Puncta were tracked 
in 4-9 neurons per group (> 7,000 puncta in total). Bars = mean ± S.E.M. **=p<0.01 (paired t-test).
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Figure 7 - Glutamate-dependent surface expression of HCN1 channels. A, Distribution pattern 
of total (intracellular + surface) HA-tagged HCN1 protein expressed in a hippocampal neuron as 
visualized using a monoclonal anti-HA antibody under cell-permeable conditions. Similar to the 
HCN1-GFP construct, HA-HCN1 was distributed in a mixed diffuse-punctate pattern. B-C, Selective 
immunolabeling of surface HA-HCN1 (see Experimental Procedures) revealed a punctate surface 
pattern in both dendrites and somata; application of 10 mM glutamate increased the ratio of surface to 
intracellular puncta in both peri-somatic regions (B) and in dendrites (C).  D, The increase in surface 
HA-HCN1 puncta in dendrites was demonstrated using a line plot (y axis = arbitrary intensity units, 
0-255), representing the dendritic segments shown in C. In B,C and D, a vehicle-treated control neuron 
was compared to a glutamate-treated cell, and the ratios of [surface (green) HCN1-HA channels]  /  
[total channel signal for the cell (green+blue)] were compared.  E, Quantitative summary of HA-HCN1 
surface expression. Analysis was based on 3 independent experiments, each performed at a minimum 
in duplicate (see Experimental Procedures). Values are mean ± S.E.M, (unpaired t-test). Images in B 
are confocal images with a virtual slice thickness (z)  <1 mm; images in C are stacked representations 
of two virtual sections. Scale bars: A = 20 mm; B = 5 mm.
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Increased glutamatergic input augments surface expression of native HCN1 in a reversible 
manner, and up-regulates Ih

Trafficking of over-expressed, exogenous proteins may not fully recapitulate transport 
of native proteins. In addition, adding a molecular tag such as HA or GFP might lead to 
structural changes that influence the interaction of HCN channel with other proteins. To 
address these potential caveats, we examined the effects of glutamate application on both the 
surface expression and the function of native hippocampal HCN1 channels. 

Whole-cell recordings of non-transfected neurons revealed the augmentation of Ih amplitude 
within minutes following glutamate application (Fig. 8A,B), consistent with previous reports 
on the activity-dependence of Ih in brain-slice preparations (van Welie et al., 2004; Fan et al., 
2005). Using biotinylation of endogenous surface proteins in cultured hippocampal slices, 
we found that surface expression of HCN1 channels was significantly elevated following 
10 minutes of glutamate exposure (2.6 ± 0.7 fold increase, n=6 experiments, Fig. 8C,D). 
This effect was isoform-specific, because no significant change in membrane expression 
was found for the HCN2 channel isoform. In addition, surface expression of the voltage-
gated potassium channel Kv4.2 did not change significantly following glutamate application, 
although a trend for its reduction was observed, consistent with previous studies (Kim et al., 
2007c). The glutamate-induced increase in surface HCN1 channels was transient, resolving 
within 5 hours  (Fig. 8C,D).
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Figure 8 - Excitation enhances surface expression of native, functional HCN1 channels. A, 
Increased Ih amplitude shown as whole-cell responses and tail-currents (inset) in cultured hippocampal 
neurons 5 minutes after application of the excitatory neurotransmitter glutamate, compared with pre-
application. Voltage steps were applied from a holding potential of -50 mV to -100 mV. For presentation, 
the Ohmic and capacitive currents at the beginning and at the end of the trace were excluded. B, 
Time-course of glutamate-induced augmentation of Ih (tail currents; n=3-6 / time-point / group). C, 
Biotinylation of surface-expressed, native HCN channels (see Experimental Procedures) demonstrated 
that exposure to glutamate reversibly augmented surface HCN1 as a fraction of total HCN1 channels. 
The three left lanes represent total cellular HCN1 protein (intracellular + surface), whereas the right 
three lanes represent biotinylated, surface-expressed channels (as supported by the absence of the intra-
cellular protein synaptophysin). Unlike the glutamate-dependent, reversible increase of surface HCN1 
channel expression, no significant change was found in HCN2 or Kv4.2 surface expression, suggesting 
that excitation-induced increase of surface expression was selective. Lanes containing surface channels 
were loaded with 3x the protein loaded for total protein analysis. D, Quantification of surface/ total 
protein ratios for HCN1, HCN2 and Kv4.2 10 minutes following glutamate application and after a 5 
hour recovery period. Mean ± S.E.M (*=p<0.05; n.s= non-significant; two tailed paired t-tests).
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Discussion

In this study, we employed live imaging techniques to examine the trafficking of HCN 
channels in hippocampal neurons. We found that both transfected and endogenous HCN1 
channels resided in vesicle-like dendritic structures. HCN1-GFP puncta traveled rapidly, 
and their trafficking was arrested within minutes by disruption of cytoskeletal network 
or activation of ionotropic glutamate receptors. Glutamate-induced arrest of HCN1-GFP 
channels coincided with increased surface expression of both transfected and native channels, 
and with augmented Ih. 

The current experiments visualized HCN channels directly, and employed live imaging to 
characterize their trafficking and its regulation in live neurons. HCN1 channels have been 
expressed and studied extensively in heterologous systems (Wainger et al., 2001; Moroni et 
al., 2001; Proenza et al., 2002; Much et al., 2003; Gravante et al., 2004), which enabled the 
characterization of their biophysical properties and basic regulatory mechanisms. However, 
heterologous expression systems may not capture the full complexity of channel behavior and 
regulation in neurons. For example, activity-dependent heteromerization of HCN channel 
isoforms cannot be studied in non-neuronal cells because heteromerization in these cells 
is almost non-selective (Much et al., 2003; Zha et al., 2008). In addition, studying activity-
dependent regulation of channel trafficking and surface expression depends on membrane 
excitability and thus requires neuronal systems. Expression of HCN channels in hippocampal 
neurons, as described here, enables studying the repertoire of regulatory mechanisms of these 
channels. 

The use of HCN1-GFP channels might raise questions regarding the similarities between 
native and transfected channel behavior. As described above, the distribution and properties 
of HCN1-GFP in primary hippocampal neurons recapitulated most, but not all of the features 
of native HCN1 channels in vivo. Thus, exogenous HCN channels generated Ih, indicating 
that they were inserted within the membrane in a functional manner. Notably, the properties 
of Ih in neurons that over-expressed HCN1-GFP were consistent with those of channels 
comprised of the HCN1 subunit, which is the major subunit in adult hippocampal CA1 
pyramidal cells. Whereas heteromerization of HCN1/HCN2 isoforms may differ in native 
cells and those transfected with HCN1, the regulation of HCN1 channel trafficking by the 
auxiliary protein TRIP8b in dissociated hippocampal cultures was similar to that found in 
vivo (Lewis et al., 2009; Santoro et al., 2009). The dendritic distribution of both transfected 
and endogenous HCN1 channels in dissociated hippocampal neurons did not show the 
distal / proximal gradient found in CA1 hippocampal pyramidal cells in vivo (Magee, 1999; 
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Brewster et al., 2002; Lorincz et al., 2002). This is not surprising: the establishment and 
maintenance of the somatodendritic gradient requires long-term excitatory input from the 
temporoammonic pathway (Shin and Chetkovich, 2007), and this laminated input is absent 
in primary hippocampal cultures. 

Neuronal expression of GFP-fused HCN1 channels was compared to that of the HCN2 
isoform. In the rodent hippocampus, both HCN1 and HCN2 channel subunits are expressed, 
often in the same neurons (Brewster et al., 2002; Brewster et al. 2005) and can form either 
homomeric or heteromeric channel complexes with distinct functional properties (Ulens and 
Tytgat, 2000; Chen et al., 2001b). In vivo, there are several lines of evidence for differential 
regulation of the HCN1 and HCN2 isoform trafficking. For example, different spatiotemporal 
distribution patterns of these subunits have been found in the developing hippocampus, and 
their expression is differentially regulated by seizure activity (Brewster et al., 2002; Brewster 
et al., 2007). Recent studies have reported differences in the regulation of HCN1 and HCN2 
by the auxiliary protein TRIP8b, which influences surface expression of these channels 
(Zolles et al., 2009; Santoro et al., 2009). Accordingly, we found here isoform-specific 
trafficking dynamics: HCN2-contining puncta had overall reduced mobility compared to 
HCN1-containing puncta. In addition, unlike HCN1, surface expression of the native HCN2 
isoform was unaltered after exposure to glutamatergic excitation. These finding raise the 
possibility that the distinctive regulation of HCN1 and HCN2 channel trafficking and surface 
expression are a result of differential interaction with auxiliary proteins (Gravante et al., 
2004).

Activation of ionotropic glutamate receptors resulted in a dramatic and rapid suspension 
of motion that was associated with increased surface expression, measured using selective 
immunolabeling of surface channels. Selective blockade of either AMPA- or NMDA-
type glutamate receptors, as well as removal of calcium from the bath solution, abolished 
the inhibitory effect of glutamate on HCN1 trafficking. The contribution of both of these 
receptors might be sequential: glutamatergic signaling first activates AMPA receptors leading 
to membrane depolarization that promotes the removal of the Mg2+ block from NMDA 
receptors. The latter facilitates ionic influx through the NMDA receptors, thus contributing 
to the rise in intracellular calcium levels. Alternatively, Ca2+-permeable AMPA receptors 
have been shown to reside in dendrites of hippocampal pyramidal neurons (Yin et al., 1999; 
Ogoshi and Weiss, 2003) and therefore may provide a direct route for Ca2+ influx, which may 
be further enhanced by NMDA receptors and other sources of calcium. 

The glutamate-induced arrest of the dendritic mobility of HCN1-GFP channels was associated 
with an increase in their surface expression. An association between reduced or arrested 
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protein mobility and the insertion of the same protein into the membrane has been reported 
in a number of studies, suggesting that vesicular insertion of intracellular protein-carrying 
organelles into the plasma membrane may result in the inhibition of their movement. This 
might be a result of the more viscous properties of the membrane compared to the cytoplasm, 
of the action of anchoring complexes, or both. Such an activity-dependent relationship has 
been established for Semaphorin 3A (de Wit et al., 2006; de Wit et al. 2009) and for the ion 
channel TRPC5, which was studied in HEK293 cells (Bezzerides et al., 2004). Future studies 
will attempt to examine if the same HCN1-GFP channel puncta that are arrested by glutamate 
are inserted into the membrane. 

Whereas over-expression of ion channels might overwhelm or alter cellular processes, 
we found here that surface expression of both transfected and native, endogenous HCN1 
channels was enhanced by glutamate application. Augmentation of Ih within minutes of 
neuronal stimulation by direct glutamate application, by theta-burst-induced LTP, or by 
pharmacologically-induced synaptic activity has been previously reported (van Welie et al., 
2004; Fan et al., 2005). This up-regulation is thought to serve an important homeostatic 
role: by reducing input-resistance, increased Ih functions to dampen neuronal excitability 
in response to enhanced depolarizing input. The results of the current studies suggest that 
up-regulation of Ih may be accomplished via Ih altered trafficking and increased surface 
expression of HCN1 channels.

The findings described above demonstrate for the first time rapid HCN1 trafficking in neurons 
as a dynamic process that is regulated by neuronal activity within a time scale of minutes. 
These channels can thus be added to the roster of ion channels whose trafficking is regulated 
rapidly by activity, an effect that may influence intrinsic neuronal excitability (Misonou et 
al., 2004; Kim et al., 2007c; Green et al., 2007; Chung et al., 2009a). Whereas for HCN1 
we found activity-dependent arrest of mobility and augmented membrane expression, the 
trafficking of other channels was influenced by network activity in distinct ways, including 
alterations of internalization (Kim et al., 2007c; Green et al., 2007), recycling (Chung et 
al., 2009a) or clustering (Misonou et al., 2004). Thus, regulation of ion channel trafficking 
provides a mechanism for rapid alterations in neuronal excitability, which in turn, contributes 
to neuronal plasticity. In addition, orchestrated co-regulation of the trafficking of several ion 
channels, such as HCN and potassium channels might be the basis of the observed coordinated 
regulation of Ih and IA or Ik-leak Meuth et al., 2006; Budde et al., 2008). This coordinated 
regulation of channels with opposing properties helps preserve neuronal properties and 
permit their fine-tuning. Future studies will examine whether the mechanisms involved in 
activity-dependent trafficking and surface expression of HCN and co-regulated channels 
share common molecular mediators.
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In summary, we demonstrate and characterize here the dynamics and activity-dependent 
regulation of HCN channel trafficking and surface expression in neurons. We suggest that 
the rapid regulation of HCN1 channel surface expression found here might provide a novel 
mechanism for activity-dependent changes in Ih. These, in turn, influence neuronal excitability 
in changing physiological--and perhaps pathological--contexts.
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Supplemental Figure 1 - Characterization of native HCN1 channel expression in cultured 
hippocampal neurons at different developmental ages. A, Upper panel: Primary hippocampal 
neurons at the ages indicated (DIV = days in vitro), immunostained using a specific antibody against the 
C’ terminus of the HCN1 molecule (Shin and Chetkovich, 2007). In line with previous reports on the 
expression of HCN1 channels in vivo (Brewster et al. 2007; Bender et al. 2007), HCN1 immunoreactivity 
was observed in both somata and dendrites in young (10 DIV) and older (17, 24 DIV) neurons. Bottom 
panel: Omission of the primary antibody from the immunohistochemical protocol performed on neurons 
of matched ages yielded only negligible signal (neurons in the upper and bottom panels were imaged 
under identical conditions). The specificity and sensitivity of the antiserum used in these experiments 
have previously been validated both by the use of knockout tissue and in a heterologous expression 
system (Shin and Chetkovich 2007).

Supplemental Information
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Supplemental Figure 2 – Additional characteristics of HCN1-GFP expression in hippocampal 
neurons. A, A confocal image demonstrating the co-localization of the GFP signal emitted from a 
HCN1-GFP-transfected neuron with the immunoreactive signal generated by a commercial, polyclonal 
anti-HCN1 antibody (Chemicon). Together with the results using a monoclonal antibody (NeuroMab, 
see Fig. 1), these results confirm the identity of the transfected molecules as HCN1 channels. B, Whereas 
most hippocampal neurons expressing the HCN1-GFP construct were pyramidal-shaped principal cells 
(apparent also from their lack of immunoreactivity to GAD-65, see Fig. 1), a sub-population of HCN1-
GFP–expressing neurons was GAD-65 -positive. The green signal in the left image represents the direct 
fluorescence of the expressed HCN1-GFP construct (emitted from the GFP molecule) and the blue-
colored signal (middle panel) represents GAD-65 immunoreactivity.
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Supplemental Figure 3 – Blockade of hyperpolarization-activated currents by Cs+ in an HCN1-
GFP –transfected neuron. The traces represent the whole-cell responses to hyperpolarization steps, 
evoked in a HCN1-GFP–transfected neuron. Similar to native Ih in non-transfected neurons (see Fig. 
2A), hyperpolarization-activated currents in transfected neurons were blocked by the presence of Cs+ 
(2 mM) in the bath solution.

Supplemental Figure 4 (next page) – An HCN1-GFP construct in which the GFP molecule was 
fused to the N’ terminus of the channel (“HCN1-GFPn”) was functional, and possessed similar 
properties to those of the C’ terminus–fused HCN1-GFP construct (“HCN1-GFP”). A, Similar to the 
C’- terminus–fused HCN1-GFP, the HCN1-GFPn construct was expressed in dendrites of hippocampal 
neurons, as indicated by immunolabeling with the dendritic marker MAP-2 (upper panel). Bottom panel: 
Immunostaining against GAD-65 indicated that, as found for the C’-fused HCN1-GFP, the HCN1-
GFPn was expressed primarily in pyramidal-like, GAD-65 negative neurons. B, Hippocampal neurons 
transfected with the HCN1-GFPn construct possessed large hyperpolarization-activated currents, with 
Ih-like properties. C, HCN1-GFPn channel molecules were distributed in a mixed diffuse/ punctate 
pattern along dendrites. D-G, Analysis of the mobility patterns of HCN1-GFPn (“N’”) –containing 
puncta, including the percentage of mobile puncta (D), pause time (E), mean velocity (corrected for 
immobile periods, F), and the distance traveled by each puncta during the 3:10 min imaging period (G), 
revealed similar properties to those of HCN1-GFPc (“C’”)–containing puncta. Over 750 puncta were 
analyzed per group; n=4 and 7 cells for HCN1-GFPn and HCN1-GFPc, respectively. H, Comparison of 
the directionality of HCN1-GFPc- and HCN1-GFPn–containing puncta. I, Similar to the HCN1-GFPc 
molecule (see Fig. 5), the mobility of HCN1-GFPn puncta was drastically suppressed within minutes 
after application of 10 μM L-glutamate. In the image, the kymograph represents movement along a 25 
μm segment of a dendrite before, and 7-10 minutes after, application of glutamate. Scale bars A,C = 5 
μm. Data are presented as Mean ± S.E.M.
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Supplemental movie legends

Movie S1 - Trafficking of HCN1-GFP–containing puncta along dendrites, demonstrated using time-
lapse live imaging. The movie depicts numerous HCN1-GFP puncta that exhibit diverse mobility 
patterns. Images were acquired every 5 seconds, for a total of 3:10 minutes. Two puncta that travel 
rapidly and in a unidirectional manner (from left to right, representing distal to proximal direction) are 
marked with grey arrows. In contrast, several puncta (marked by white arrows) travel bi-directionally 
and for restricted distances. This latter type of motion is exemplified also in Supplemental Movie S2.

Movie S2 - Dynamics of HCN1-GFP puncta in restricted dendritic domains. The restricted motion of 
two dendritic HCN1-GFP puncta positioned in close proximity (1-2 mm apart) and that seem to move in 
opposite directions, is shown: Yellow, orange and red represent progressively increased light intensity, 
as is the amplitude of the Z vector. This 3 dimensional graphic depiction of intensity over time was 
created using a custom –written program in MATLAB.

Movie S3 - Motion of HCN1-GFP–containing puncta in soma and peri-somatic regions as revealed 
by time-lapse live imaging. The movie demonstrates HCN1-GFP puncta in the soma and proximal 
dendrites of a transfected pyramidal-like neuron. A sub-population of these puncta is mobile. Images 
were acquired every 5 seconds, for a total of 3:10 minutes.

Movie S4 - Glutamate-induced arrest of HCN1-GFP–puncta motion. The two parts of the movie were 
acquired using time lapse imaging from the same dendritic region of the same HCN1-GFP– transfected 
neuron. Images were acquired every 5 seconds during a 3-minute epoch before and 1- 4 minutes after 
application of 10 mM L-glutamate.

Movie S5 - Recovery from glutamate-induced arrest of HCN1-GFP–puncta mobility. This movie is 
divided into three parts, acquired using time lapse imaging from the same HCN1-GFP- transfected 
neuron. Images were acquired every 5 seconds during a 100 second epoch before, at 8-10 minutes 
after application of 10 mM L-glutamate (which lasted for 10 minutes), and one hour after the removal 
of glutamate. Note the robust re-instatement of both short and long-distance trafficking of HCN1-GFP 
puncta in the third, recovery segment of the movie.

Movies are available online at the following locations: 

S1: http://www.jbc.org/content/suppl/2010/03/09/M109.070391.DC1/jbc.M109.070391-2.mov
S2: http://www.jbc.org/content/suppl/2010/03/09/M109.070391.DC1/jbc.M109.070391-3.mov
S3: http://www.jbc.org/content/suppl/2010/03/09/M109.070391.DC1/jbc.M109.070391-4.mov
S4: http://www.jbc.org/content/suppl/2010/03/09/M109.070391.DC1/jbc.M109.070391-5.mov
S5: http://www.jbc.org/content/suppl/2010/03/09/M109.070391.DC1/jbc.M109.070391-6.mov
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Abstract

Ion channel trafficking and gating are often influenced by interactions with auxiliary 
subunits. Tetratricopeptide repeat (TPR) containing Rab8b interacting protein (TRIP8b) is 
an auxiliary subunit for neuronal hyperpolarization-activated cyclic nucleotide-gated (HCN) 
channels.  TRIP8b interacts directly with two distinct sites of HCN channel pore-forming 
subunits to control channel trafficking and gating. Here we use mutagenesis combined with 
electrophysiological studies to define and distinguish the functional importance of the HCN/
TRIP8b interaction sites. Interaction with the last three amino acids of the HCN1 C-terminus 
governed the effect of TRIP8b on channel trafficking, whereas TRIP8b interaction with the 
HCN1 cyclic nucleotide-binding domain (CNBD) affected trafficking and gating. Biochemical 
studies revealed that direct interaction between TRIP8b and the HCN1 CNBD was disrupted 
by cAMP, and that TRIP8b binding to the CNBD required an arginine residue also necessary 
for cAMP binding. In accord, increasing cAMP levels in cells antagonized the upregulation 
of HCN1 channels mediated by a TRIP8b construct binding the CNBD exclusively.  These 
data illustrate the distinct roles of the two TRIP8b-HCN interaction domains, and suggest 
that TRIP8b and cAMP may directly compete for binding the HCN CNBD to control HCN 
channel gating, kinetics and trafficking.
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Introduction

HCN channels are encoded by the HCN1-4 gene family and mediate the hyperpolarization-
activated cation current, Ih, which plays an important role in regulating electrical activity of 
neurons (reviewed in Robinson and Siegelbaum, 2003; Santoro and Baram, 2003; Biel et 
al., 2009). HCN channel gating and trafficking to specific subcellular domains contribute 
critically to the multiple physiological roles of the channels, and regulation of these processes 
is important for normal physiological functions as well as in disease (Lewis and Chetkovich, 
2011).  Each pore-forming HCN subunit is comprised of an intracellular N-terminus, six 
transmembrane domains, and a large intracellular C-terminal tail that includes a group of 
6 helices (A’-F’, C-linker) that links the transmembrane domains to a cyclic nucleotide-
binding domain (CNBD). Direct binding of cyclic nucleotides to the CNBD of HCN 
subunits facilitates channel availability by opening of channels at more physiological (less 
hyperpolarized) potentials and by speeding kinetics of activation (Chen et al., 2001b; Wainger 
et al., 2001; Wang et al., 2001).  

In addition to being regulated by cAMP, HCN channels interact with numerous proteins 
that can influence their function (for review see Lewis et al., 2010).  Recent studies have 
demonstrated that in the brain, native HCN channels co-purify with TRIP8b (also called 
peroxin 5-like protein, PEX5L) (Zolles et al., 2009), and consistent with a role as an auxiliary 
HCN channel subunit, TRIP8b regulates HCN channel trafficking, voltage gating and kinetics 
in vitro and in vivo (Lewis et al., 2009; Santoro et al., 2009; Zolles et al., 2009). The TRIP8b 
C-terminus is highly homologous to the peroxisomal import protein, peroxin 5 (PEX5), 
and is comprised of two sets of three tetratricopeptide repeat (TPR) domains separated by 
a linker, a C-terminal tail, and a region enriched in acidic amino acids N-terminal to the 
first TPR set that is conserved in both PEX5 and TRIP8b (Stanley and Wilmanns, 2006; 
Lewis et al., 2009). The N terminus of TRIP8b shares no sequence homology to PEX5 and is 
subject to extensive alternative splicing that leads to expression of multiple distinct TRIP8b 
isoforms. We previously showed that the TRIP8b TPR sets together interact with the HCN1 
C-terminal tripeptide, whereas a region including the conserved acidic domain and the first 
two TPR domains are required for independent interaction with the HCN1 channel C-linker 
and CNBD (Lewis et al., 2009). Alternatively spliced TRIP8b isoforms differentially affect 
surface expression and thereby control HCN channel current density, whereas all TRIP8b 
isoforms exhibit negative regulation on channel gating and kinetics (Lewis et al., 2009; 
Santoro et al., 2009).

Whether the distinct interaction sites are responsible for distinct functional effects of 
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TRIP8b on HCN channels is unknown. Because interactions between PEX5 and cargo 
C-terminal tripeptides are important for translocating PEX5 cargo from the cytoplasm to 
the peroxisomal matrix, we suspected that the interaction between the TRIP8b TPR domains 
and the HCN subunit C-terminal tripeptides could be important for the trafficking effects of 
distinct TRIP8b isoforms.  The effects of TRIP8b on HCN channel gating and kinetics are 
the opposite of the effects of cAMP, and indeed TRIP8b reversibly blocks cAMP effects on 
HCN2 channel function (Zolles et al., 2009). Whereas we found direct interaction between 
TRIP8b and the HCN1 C-linker and CNBD, it has remained unknown if TRIP8b and cAMP 
compete for the same site on the CNBD. In this study, we address the distinctive roles of the 
two interaction sites of TRIP8b and HCN channels using biochemical, cell biological and 
electrophysiological approaches. 

Experimental Procedures

Cloning

All restriction enzymes were purchased from New England Biolabs (NEB). All 
oligonucleotides for use in PCR amplification and oligo insertion were synthesized by 
Integrated DNA Technologies (Coralville, IA). The proper introduction of all mutations and 
deletions was verified by DNA sequencing. 

Nomenclature of constructs and mutations

To simplify naming of TRIP8b constructs, we now prefer the naming system used by Santoro 
et al for TRIP8b alternatively spliced isoforms (Santoro et al., 2009).  Thus, TRIP8b_IsoA2 
described in Lewis et al is TRIP8b(1a-2-4), wherein 1a-2-4 indicates inclusion of alternatively 
spliced exons 1a, 2, and 4 (Lewis et al., 2009; Santoro et al., 2009). Furthermore, because 
different N-terminal splice isoforms all have different residue numbering in the conserved 
TPR domains, we introduced a naming scheme that identifies mutations based on the 
sequential number of the TRIP8b TPR domain (1-6) and the AA residue number (1-34) 
within that specific TPR domain.  Thus, a mutation of Asn 13 of TPR domain 3 to Ala in any 
TRIP8b isoform is indicated with the designation “[TPR3-N13A]”.  In TRIP8b(1a-2-4), for 
example, this mutation is represented as TRIP8b(1a-2-4)[TPR3-N13A].

cDNA plasmids

The yeast two hybrid and mammalian expression constructs of HCN1, HCN1-HA and wild-
type TRIP8b were described previously (Lewis et al., 2009). Point mutations in TRIP8b 
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were introduced in pGAD-TRIP8b(1c).  First, using two part PCR to generate overlapping 
fragments, a silent Xba I site was introduced in exons encoding TPR2-C27 and -L28, and 
then a silent Age I sites was introduced in exons encoding TPR5-R16 and –S17. TPR 
domain mutations were introduced into this new TRIP8b(1c) clone containing silent Xba 
I and Age I sites by PCR mutagenesis using primers and restriction enzyme sites listed in 
Table 1.  pXEC-TRIP8b(1a-2-4)[TPR3-N13A] was made by inserting the EcoR V/BamH I 
fragment from pGAD-TRIP8b(1c)[TPR3-N13A]  into pXEC-TRIP8b(1a-2-4) at the same 
sites.  A construct containing the Δ58 mutation was made by generating a PCR fragment 
encoding residues 20-220 of TRIP8b(1a-2-4) and inserting this at the Nco I/EcoR I sites of 
fragment pGAD-TRIP8b(1c) to make pGAD-TRIP8b(1a-2-4)[Δ58]. pXEC-TRIP8b(1a-2-4)
[Δ58] and pXEC-TRIP8b(1a-2-4)[Δ58+TPR3-N13A] were made by inserting the Bgl II/
EcoR V fragment from pGAD-TRIP8b(1a-2-4)[Δ58] into pXEC-TRIP8b(1a-2-4) or pXEC-
TRIP8b(1a-2-4)[TPR3-N13A], respectively.

For CNBD yeast two-hybrid constructs, template plasmids encoding mouse HCN1 and HCN2 
were provided by Steven Siegelbaum. Template plasmids encoding mouse HCN3 and human 
HCN4 were provided by Martin Biel (Universität München). Template plasmids encoding 
rat CNG2, CNGA4, sea urchin SpIH and mouse KCNH1 (EAG) were provided by William 
Zagotta (University of Washington).  Plasmids encoding human CNGA3 and CNGB3 were 
provided by K-W Yau (Johns Hopkins) and Michael Varnum (Washington State University), 
respectively.  cDNA fragments SpIH(470-655) and KCNH1(505-702) were cut from parent 
plasmid pMAL-C2T with HindIII (blunted with Klenow) and Nco I then inserted into yeast 
two-hybrid bait vector pGBK-T7 at Nco I/Sma I.  Other CNBD clones were obtained by 
PCR of parent plasmids to amplify cDNA encoding the CNBD plus 17 N-terminal and 4 
C-terminal amino acids followed by subcloning into yeast two-hybrid bait vector pGBK-T7.  
Table 2 lists the primers and restriction sites used.

TRIP8b protein expression constructs

cDNA encoding TRIP8b(1a) and TRIP8b(1c) were cloned into pETM30 at Nco1/Xho1.

Yeast two hybrids assays

Directed yeast two-hybrid interaction assays were performed as previously described (Cuadra 
et al., 2004).

Co-Immunoprecipitation assays

Co-immunoprecipitation of HCN and TRIP8b from transfected human embryonic kidney 
293 (HEK293T) cells (ATCC) and surface HA-tagged HCN1 immunoprecipitation were 



63

Distinct regulation of HCN gating and trafficking by TRIP8b

performed as described previously (Lewis et al., 2009).

Preparation of purified GST fusion proteins 

Fusion protein was expressed in BL21 bacteria (Stratagene) and purified by glutathione-
Sepharose affinity chromatography (Amersham Biosciences) according to manufacturer’s 
instructions. Protein was quantified by Coomassie Plus Protein Assay Reagent (Thermo), 
aliquoted, and stored at -20 °C.
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Table 1: TRIP8b Constructs

cDNA External 5' Internal 3' Internal 5' External 3' Cloning sites

TRIP8b(1c)
[silentXbaI]

CGC GAA 
TTC ACC 
ACC ATG 
CAG GCA 
GAA TGG 
GAG G

GTT GTT 
GGG CTG 
CAA CTC 
TAG ACA 
CCT CTG 
GAG GGC G

CGC CCT 
CCA GAG 
GTG TCT 
AGA GTT 
GCA GCC 
CAA CAA C

CGC CGC CTC 
GAG CCC GGG 
TCA AGG ATC 
CAA ATT GAA 
AG

EcoR1/ Xho1

TRIP8b(1c)
[silentXbaI+
Age1]

CGC CCT 
CCA GAG 
GTG TC TAG 
AGT TGC 
AGC CCA 
ACA AC

CCT CCA 
CAG CTT 
CCT CAG 
ACC GGT 
CTC CAT TTG 
CCA AG

CTT GGC 
AAA TGG 
AGA CCG 
GTC TGA 
GGA AGC 
TGT GGA GG

CGC CGC CTC 
GAG CCC GGG 
TCA AGG ATC 
CAA ATT GAA 
AG

Xba1/ Xho1

TRIP8b(1c)
[TPR2-
N14A]

CGC GAA 
TTC ACC 
ACC ATG 
CAG GCA 
GAA TGG 
GAG G

N/A N/A AAC TCT AGA 
CAC CTC TGG 
AGG GCG ACA 
ATA GCT GCC 
TGC TCA TTT 
TCA GCC TCA 
GCC TGG GTT 
ATA C

EcoR1/ Xba1

TRIP8b(1c)
[TPR2-
E15K]

CGC GAA 
TTC ACC 
ACC ATG 
CAG GCA 
GAA TGG 
GAG G

N/A N/A AAC TCT AGA 
CAC CTC TGG 
AGG GCG ACA 
ATA GCT GCC 
TGC TCA TTT 
TTA TTC TCA 
GCC TGG GTT 
ATA C

EcoR1/ Xba1

TRIP8b(1c)
[TPR3-
N13A]

CGC GAA 
TTC ACC 
ACC ATG 
CAG GCA 
GAA TGG 
GAG G

CCT GCT 
GGT GGC 
TGG TGG 
CGG TGT 
AAC TTA 
CAG CC

GGC TGT 
AAG TTA 
CAC CGC 
CAC CAG 
CCA CCA 
GCA GG

CGC CGC CTC 
GAG CCC GGG 
TCA AGG ATC 
CAA ATT GAA 
AG

Xba1/ Age1

TRIP8b(1c)
[TPR5-
N5A]

CGC GAA 
TTC ACC 
ACC ATG 
CAG GCA 
GAA TGG 
GAG G

N/A N/A CAG ACC GGT 
CTC CAT TTG 
CCA AGG TTG 
CCC CAA GAC 
GGG CCC ACA 
GTG AGT AAT 
CC

EcoR1/ Age1

TRIP8b(1c)
[TPR6-R2A]

CGC GAA 
TTC ACC 
ACC ATG 
CAG GCA 
GAA TGG 
GAG G

CAG GTT 
GTA TCT 
GGA GGC 
GAT GAA 
ACC TGG 
CTG G

CCA GCC 
AGG TTT 
CAT CGC 
CTC CAG 
ATA CAA 
CCT G

CGC CGC CTC 
GAG CCC GGG 
TCA AGG ATC 
CAA ATT GAA 
AG

Age1/ Xho1
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Table 2: CNBD Constructs

cDNA 5’ primer 3’ primer Cloning sites
pGBK-T7-HCN1
(453-591)

CGC GAA TTC TTC AAC 
TGC CGG AAA CTG G

CGG GGA TCC TCA CAG 
GAG AAT AGA GTT

EcoRI/BamHI

pGBK-T7-HCN2
(439-644)

CGC GAA TTC ATC CAG 
TCC CTG GAT TCG TC

CGC GGA TCC GTC GAC 
TCA CAG CAA GAT GGA 
GTT CTT CTT G

EcoRI/BamHI

pGBK-T7-HCN3
(349-554)

CGC AAG CTT GTC GAC 
CTA TCC AGT CCC TGG 
ACT CTT CC

CGC GGT ACC GCG GCC 
GCT CAC TGC AGT ATC 
GAA TTC TTT TTG CCG

SalI/NotI

pGBK-T7-HCN4
(517-722)

CGC GAA TTC ATC CAG 
TCC CTG GAC TCC TCC 
CGG

CGC AAG CTT GTC GAC 
TCA GAG GAG GAT GGA 
GTT CTT CTT GCC

EcoR I/Sal I

pGBK-T7-CNGA2
(380-583)

CTC CAC CAT GGA TGC 
CAC ACG AGC AG

ATA TAT GGA TCC TCA 
TTC CTT CAT CAG GAT 
CTC

NcoI/BamH1

pGBK-T7-CNGA3
(471-612)

CGC GAA TTC AAC GTG 
CAC CTG GAC ACG

CGC GGA TCC CGG GTC 
AGA TCA GGT TGT CTT 
TCA TC

EcoRI/BamHI

pGBK-T7-CNGA4
(272-475)

CGC GCG CCA TGG ACA 
CTG CAG ATG CGG CCT 
TC

ATA TAT GGA TCC TCA 
CAT TTT AAG CAA GAT 
TTC

NcoI/BamH1

pGBK-T7-CNGB3
(513-652)

CAT ATG GCC ATG GAC 
GAT GTG AAC TTC AGC 
ATC

CGC GGA TCC CGG GTC 
AGG TCT TAG CCT TCT 
GC

NcoI/BamH1

GST pulldowns

HEK293 cells were transfected with cDNA plasmids encoding HCN1, HCN1[Δ3], 
HCN1[R538E], or HCN1[Δ3+R538E] and lysed in TEEN-Tx as described above. After 
removal of an input fraction, 5 mg of GST-tagged TRIP8b fusion protein was added along 
with glutathione-sepharose beads, and reaction was gently rocked for 2 hr at 4 °C. Supernatant 
was then removed, and beads washed 6X with cold TEEN-Tx, followed by addition of 4X 
sample buffer and boiling to elute bound proteins. For some experiments, 8-bromoadenosine 
3’: 5’-cyclic monophosphate or adenosine 3’: 5’-cyclic monophosphate (Sigma) was added 
to the pulldown reaction mixture.  IC50 was calculated using GraphPad Prism software.

Western blotting

Western blotting was performed as previously described (Shin et al., 2008). Primary 
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antibody concentrations used were gp anti-HCN1 (1:3000), gp anti-TRIP8b (1:3000), and 
the concentrations of secondary horseradish peroxidase (HRP) conjugated rabbit anti-
gp antibody were 1:10,000. Densitometric quantization of band intensity was performed 
using Photoshop. Statistical analyses were performed by ANOVA using GraphPad Prism 
software, and the significance of intergroup differences was determined using 1-way ANOVA 
with Tukey post hoc-test. Differences at the level of p≤0.05 were considered statistically 
significant.

Flow cytometry

The surface expression evaluation by flow cytometry was performed as described previously 
(Lewis et al., 2009).  HEK 293 cells were transfected with HA-HCN1 and TRIP8b(1a-2-4) 
wild type and mutations with cell transfected with pEGFP as a control. For the cAMP 
studies, cells were incubated with 100 µM of forskolin (Sigma) for an hour after 72 hours 
transfection. Nonpermeabilized cells were stained with mouse anti-HA primary antibody to 
label surface HA and then were stained with secondary antibody conjugated to Alexa-647 
(Invitrogen). Cells were run in a Cyan ADP flow cytometer (Dakocytomation) at the 
Northwestern University Flow Cytometry Core facility, and data were analyzed by FloJo 
software. The presented fluorescence index was calculated as the integral of the Alexa-647 
fluorescence with respect to cell number, which was normalized by eGFP positive cells in 
each transfection condition. The fluorescence indices for each condition were normalized to 
the control transfection condition (HCN1 plus eGFP). Statistical analyses were performed 
using 1-way ANOVA with Tukey post hoc-test.

Electrophysiological measurements in HEK293 cells

HEK293 cells for electrophysiological measurements were grown and maintained as 
previously described (Noam et al., 2008). 1-2 days prior to transfection, cells were trypsinated 
and re-plated on 12 mm glass coverslips at 50-60% density.  Transfection with plasmid cDNA 
was performed 2-3 days after plating, using the calcium-phosphate precipitation method. A 
vector encoding the wild type mouse HCN1 channel was co-transfected with various TRIP8b 
constructs at 1:1 ratio (0.6 microgram DNA per construct per coverslip), alongside with a 
vector encoding EGFP (0.06 microgram per coverslip) to visualize transfected cells.

Whole-cell patch-clamp recording was performed 24-48 hours post transfection. A coverslip 
containing transfected HEK293 cells was placed in a bath chamber of an inverted Olympus 
IX-70 microscope, and was continuously perfused with an extracellular solution containing 
(in mM) 110 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES (pH set to 7.30). Recording pipettes 
were pulled from borosilicate glass and had a resistance of 2-4 MΩ when filled with an 
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intracellular solution containing (in mM) 105 K-gluconate, 30 KCl, 2 Mg-ATP, 5 EGTA, 0.5 
CaCl2, 10 HEPES (pH set to 7.30). Series resistance was <15 MΩ and was compensated for 
at least 70%. Under these conditions, voltage errors originating from uncompensated series 
resistance were in almost all cases lower than 1 mV, and never higher than 2 mV. 

Whole-cell voltage-clamp was realized with an Axopatch 200B amplifier (Molecular Devices) 
controlled by a custom-made program written in MATLAB (Mathworks). Currents were low-
pass Bessel filtered at 2 kHz. The currents were sampled at 5 kHz by a custom-made program 
written in MATLAB that also controlled the amplifier and generated the voltage commands. 
Voltages were offline corrected for liquid junction potentials (calculated as 13 mV).

Ih was evoked by a series of hyperpolarizing steps from a holding potential of -40 mV to -130 
mV in decrements of -10 mV. Analysis of electrophysiological data was performed using 
custom-written procedures in MATLAB. The amplitude of Ih was quantified as the difference 
between the current measured immediately after the beginning of the hyperpolarizing 
step and the steady state current determined at the end of the pulse. Current density was 
calculated using the cell capacitance as read from the compensation dial on the amplifier. The 
cell capacitance (quantified at 14.4 ± 0.4 pF, n=111 cells) did not differ across the various 
experimental conditions (one-way ANOVA).

Activation kinetics were best fit to a single exponential function, and all current traces 
included in the final analysis had goodness-of-fit value above 0.98. We investigated whether 
adding a second or third exponential to the fit would lead to a considerable improvement of 
the fit, but this was hardly ever the case in our preparation. As it would have complicated 
statistical comparison, we did not include these results in the further analysis. 

The voltage dependent current as measured above results from the voltage dependent 
activation and the driving force as best described by the Goldman-Hodgkin-Katz equation:

 
              

with         α = F/RT

where g(V) is the voltage dependent conductance of Ih, F the Faraday constant, R the gas 
constant and T represents the absolute temperature; for Ionin and Ionout we used concentrations 
that yielded the correct Nernst equilibrium potential for Ih (Erev = -36 mV). The voltage 
dependence of g(V) was well described by a Boltzmann equation:
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where gmax is the maximal conductance, V the holding potential, V50 is the voltage of half-
maximal activation and Vs is a slope factor (in mV).

All data points are given as mean ± standard error of mean (s.e.m.). Statistical comparison 
between groups was performed using an ANOVA followed by a Dunnett post-hoc test, or 
by the non-parametric Kruskal-Wallis ANOVA with multiple testing using Dunn-Sidak 
correction. Statistical analysis was performed using SPSS software (version 18.0, SPSS Inc.) 
and MATLAB. p<0.05 was considered to indicate a significant difference.



69

Distinct regulation of HCN gating and trafficking by TRIP8b

Results

Two distinct interaction domains of TRIP8b and HCN1

In previous work, we demonstrated that TRIP8b interactions with HCN1 occur at distinct 
sites in both TRIP8b and HCN1 (Lewis et al., 2009). Binding to the C-terminal tripeptide 
of HCN1 (–SNL) required the C-terminal portion of TRIP8b, including both sets of TPR 
domains.  Additionally we found a second interaction site with HCN1 that required a 58 AA 
segment in the N-terminus upstream of the TPR sets.  This second binding domain interacted 
with an HCN1 construct containing only the intracellular C-linker and cyclic nucleotide-
binding domain (HCN1(386-591); HCN1-CNBD+).  We performed further deletion of 4 of 
6 of the C-linker helices (HCN1(453-591); HCN1-CNBD) and found that an intact CNBD, 
but not C-linker, is required for this interaction (Fig. 1A).  For clarity, we refer to these two 
interactions hereafter in this manuscript as NC (for TRIP8b N-terminus, HCN CNBD) and 
TT (for TRIP8b TPR domains, HCN Tripeptide).

To evaluate the structural architecture of these distinct interaction sites, we performed 
mutagenesis to disrupt NC or TT interactions in a full-length TRIP8b isoform known to 
dramatically up-regulate HCN1, TRIP8b(1a-2-4).  As a preliminary screen we utilized 
directed yeast two-hybrid screens to characterize effects of mutations in disrupting either 
NC or TT interactions.  We found that wild type TRIP8b(1a-2-4) interacted with HCN1 
C-terminal fragments containing the C-terminal tripeptide (with no CNBD) or the CNBD 
(with no tripeptide) (Fig. 1A). Wild type TRIP8b(1a-2-4) also interacted with fragments 
containing either the C-terminal tripeptide or the CNBD from HCN2, HCN3, and HCN4, 
indicating both the NC and TT interactions occur with all HCN isoforms. We next made a full-
length TRIP8b(1a-2-4) construct containing a deletion of the 58 AA residues upstream of the 
TPR domains required for the HCN1 NC interaction, TRIP8b(1a-2-4)[Δ58]. TRIP8b(1a-2-4)
[Δ58] did not interact with any HCN CNBD, but did interact with all HCN subunit constructs 
containing the C-terminal tripeptide (Fig. 1A).  Thus, the mutation of TRIP8b(1a-2-4)[Δ58] 
selectively eliminates interaction with the HCN(1-4) CNBD.

We next sought to create mutations in TRIP8b to disrupt the TT interaction with the HCN 
subunit C-terminal tripeptide.  We took advantage of the homology of TRIP8b and PEX5, 
combined with the knowledge of PEX5 structure (Stanley and Wilmanns, 2006) and extensive 
information about functional mutagenesis (Klein et al., 2001; Shimozawa et al., 1999), to 
design TRIP8b constructs predicted to disrupt binding to the terminal three amino acids 
( –SNL).  By aligning TRIP8b and PEX5 sequences, residues that are important for PEX5 
binding to –SKL were identified in TRIP8b (Sup. Fig. 1).  We then created PEX5-homologous 
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mutations in full-length TRIP8b. Using yeast two-hybrid assays, we identified four point 
mutations in four distinct TRIP8b TPR domains that disrupted TT interaction ([TPR2-E15K], 
[TPR3-N13A], [TPR5-N5K], and [TPR6-R2A]), none of which affected binding to HCN 
constructs containing the CNBD (Fig. 1A).   The PEX5 C-loop at the C-terminus after the TPR 
domains is important for some PEX5 cargo binding (Stanley and Wilmanns, 2006)(Cuadra 
et al., 2004), and we similarly found that deletion of the TRIP8b residues C-terminal to the 
6th TPR domain also disrupted HCN tripeptide binding (data not shown).  We next generated 
a TRIP8b construct with mutations predicted to completely disrupt interactions with HCN 
subunits.  As shown in Fig. 1A, the double mutant construct TRIP8b(1a-2-4)[Δ58+TPR3-
N13A] was unable to interact with CNBD- or tripeptide-containing HCN constructs in 
yeast two hybrid assays.  The interaction between TRIP8b mutations and HCN1 was next 
verified by coimmunoprecipitation in HEK293T cells.  Consistent with yeast two-hybrid 
data, wild type TRIP8b(1a-2-4) coimmunoprecipitated robustly with HCN1. Furthermore, 
Both TRIP8b(1a-2-4)[Δ58] and TRIP8b(1a-2-4)[TPR3-N13A] immunoprecipitated HCN1. 
As predicted, coimmunoprecipitation was abolished in the TRIP8b construct harboring both 
mutations, TRIP8b(1a-2-4)[Δ58+TPR3-N13A] (Fig. 1B). 
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Figure 1 - TRIP8b interacts with HCN channels at two distinct sites. A, Schematic representations 
of HCN subunit and TRIP8b constructs tested in directed yeast two-hybrid interactions. “+” indicates 
auxotrophic growth resulting from interaction of bait and prey plasmids, whereas “0” signifies no 
interaction. B, Western blots of extracts from HEK293T cells transfected with HCN1 and the indicated 
TRIP8b constructs were immunoprecipitated with a-TRIP8b and probed with a-HCN1 (top panels) 
or a-TRIP8b (bottom panels).  Input is 6 % of total lysate, whereas immunoprecipitate (IP) is 15%. 
Molecular mass markers are shown in kilodaltons (kD). C, Summary data for interaction of HCN1 and 
TRIP8b. **,*** p < 0.01,0.001 versus TRIP8b(1a2-4), 1-way ANOVA with Tukey post hoc test, n=3).
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Interactions with both the CNBD and the C-terminal tripeptide of HCN1 contribute to 
TRIP8b regulation of Ih density

Acting as an auxiliary subunit of the HCN channel complex, TRIP8b interaction influences 
channel current density and gating (Lewis et al., 2009; Santoro et al., 2009; Zolles et al., 
2009). Utilizing our TRIP8b constructs harboring specific defects in HCN subunit binding, 
we sought to determine which binding sites between TRIP8b and HCN subunits contributed 
to this function.  We first evaluated TRIP8b effects on current density.  Expression of HCN1 
alone in HEK293 cells resulted in mean current density of 7.4 ± 1.7 pA/pF (measured at 
-110 mV, n=24, Table 3, Fig. 2). Co-expression of HCN1 with wildtype TRIP8b(1a-2-4), a 
TRIP8b isoform that dramatically up-regulates HCN current (Lewis et al., 2009), markedly 
enhanced current density (33.8 ± 5.4 pA/pF, p<0.001, Table 3, Fig. 2). Transfection of 
TRIP8b(1a-2-4) harboring the Δ58 mutation also significantly upregulated current density 
as compared to HCN1 alone (24±4.3 pA/pF, n=17; Table 3, Fig. 2), but values were lower 
than those obtained with full-length TRIP8b(1a-2-4). Interestingly, expression of HCN1 with 
the TRIP8b(1a-2-4)[TPR3-N13A] mutant resulted in an intermediate current density with 

Figure 2 - TRIP8b interactions with the HCN1 CNBD and the C-terminal tripeptide contribute 
to TRIP8b-mediated increases in HCN1 current density.  A, Example Ih traces recorded from 
transfected HEK293 cells in response to a series of hyperpolarizing steps (from -40 to -130 mV in 
decrements of -10 mV). Cells were transfected with HCN1 alone (left trace) or co-transfected with both 
HCN1 and TRIP8b(1a-2-4) mutants as indicated. B, Quantitative summary of Ih density in HEK293 
cells co-transfected with HCN1 and TRIP8b(1a-2-4) mutants. **,*** = p<0.01, 0.001 compared to the 
current density of HCN1 when expressed alone. ++,+++ = p<0.01,0.001 compared to currents obtained 
upon transfection of HCN1 with wild type TRIP8b(1a-2-4). N of cells is indicated per experimental 
group on the bar histogram.
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values comparable to those obtained with the TRIP8b(1a-2-4)[Δ58] mutant (19.4±4.3;n=25; 
Table 3; Fig. 2). Co-transfection of the double mutant TRIP8b(1a-2-4)[Δ58+TPR3-N13A], 
which cannot interact with either the CNBD or the C-terminal tripeptide domain of HCN1, 
generated an HCN1 current density that was comparable to that found with HCN1 alone (9.2 
± 0.9 pA/pF, n=22, p>0.05, Table 3, Fig. 2).  These results suggest that interactions between 
TRIP8b and both the CNBD and the C-terminal tripeptide –SNL contribute to the TRIP8b 
effect on HCN current.

Table 3
Construct Ih density

 (pA/pF)
t at -110 mV 

(ms)
V50 

(mV)
slope factor/ k 

(mV)

HCN1 7.4±1.7
(n=24)

132±14
(n=6)

-80.1±0.8
(n=7)

5.2±0.3
(n=7)

HCN1+TRIP8b(1-a2-4) 33.8±5.4*** 

(n=23)
182±8 **

(n=14)
-84.0±0.8*

(n=15)
5.2±0.2
(n=15)

HCN1+TRIP8b(1a-2-4)
[TPR3-N13A]

19.4±4.3
 (n=25)

200±10**

(n=8)
-86.6±1.4**

(n=7)
5.8±0.2
(n=7)

HCN1+ 
TRIP8b(1a-2-4)[Δ58]

24.1±4.3** 
(n=18) 

144±8
(n=9)

-80.1±0.8
(n=10)

6.2±0.2
(n=10) 

HCN1+TRIP8b(1a-2-4)
[Δ58+TPR3-N13A]

9.2±0.9
(n=22)

144±11
(n=8)

-80.2±1.0
(n=6)

6.4±0.4*

(n=6)

Table 3: Biophysical properties of Ih in HEK293 cells co-transfected with HCN1 and various 
TRIP8b(1a-2-4) mutants. Differences in current density were assessed using Kruskal-Wallis test 
followed by post-hoc Mann-Whitney tests with a Dunn-Sidak correction. Other comparisons were 
made using ANOVA (p<0.001 for tau; p<0.01 for both V50 and k), with a post-hoc Dunnett test. All data 
points are mean ± s.e.m. * p<0.05;  ** p<0.01;  *** p<0.001.



74

Chapter 3

TRIP8b interaction with CNBD or C-terminal tripeptide regulates current density through 
effects on HCN channel trafficking

TRIP8b controls current density via regulation of HCN1 surface expression (Lewis et al., 
2009; Santoro et al., 2009).  Therefore, we expected that the Δ58 and TPR3-N13A mutants, 
both enhancing current density, would also enhance surface expression.  To measure 
surface expression, we performed flow cytometry using non-permeabilized HEK293T 
cells cotransfected with eGFP and different combinations of TRIP8b mutant constructs 
and HCN1. As shown in Fig. 3A and 3B, wild type TRIP8b greatly increased the surface 
expression of HCN1 (p<0.001). Both TRIP8b(1a-2-4)[Δ58] and TRIP8b(1a-2-4)[TPR3-
N13A] significantly upregulated the HCN1 surface expression TRIP8b(1a-2-4)[TPR3-
N13A] vs. HCN1 p<0.001; TRIP8b(1a-2-4)[Δ58] vs. HCN1 p<0.05), albeit less than wild 
type TRIP8b.  By contrast, in cells co-transfected with mutant TRIP8b lacking both NC and 
TT binding sites, HCN1 surface expression levels were similar to transfection with HCN1 
alone.  These flow cytometry results were confirmed using co-immunoprecipitation of a HA-
tagged HCN1 in non-permeabilized HEK293T cells co-transfected with different TRIP8b 
constructs.  Consistent with flow cytometry results, the wild type and singly mutated TRIP8b 
[TRIP8b(1a-2-4)[Δ58] orTRIP8b(1a-2-4)[TPR3-N13A]) significantly increased the surface 
expression of HCN1 as compared to control HCN1 alone (p<0.001), whereas TRIP8b 1a-2-4 
harboring both mutations did not (Fig. 3C). 
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Figure 3 - TRIP8b interaction with either the HCN1 CNBD or the C-terminal tripeptide is 
required for TRIP8b-mediated increases in HCN1 surface expression. A, Representative flow 
cytometric histograms obtained for cells labeled with surface-HA when a construct encoding HCN1-
HA was co-expressed with eGFP alone or with eGFP and the indicated TRIP8b(1a-2-4) constructs. 
The x axis indicates the fluorescence intensity in arbitrary units (note the log scale), and the y axis 
indicates the percentage of the maximum cell count. Representative distributions obtained from eGFP 
transfected cells (control) were overlaid with each experimental condition as indicated.  B, Summary 
data for flow cytometric studies of surface expression of HCN1-HA. Compared with HCN1 alone, 
TRIP8b(1a-2-4), TRIP8b(1a-2-4)[TPR3-N13A] and TRIP8b(1a-2-4)[Δ58] significantly increased the 
HCN1 surface expression, whereas TRIP8b(1a-2-4)[Δ58+TPR3-N13A]  had no effect (*** p < 0.001, 
* p < 0.05, n=6). C, Representative Western blots of extracts from HEK293T cells transfected with 
HCN1 and the indicated TRIP8b constructs.  Surface HA epitope was bound in non-permeabilized cells 
before solubilization and immunoprecipitation with a-HA.  D, Summary data for surface HCN1-HA 
immunoprecipitation.  Compared with HCN1 alone, wild type TRIP8b(1a-2-4), TRIP8b(1a-2-4)[TPR3-
N13A], and TRIP8b(1a-2-4)[Δ58] significantly increased the amount of HCN1 surface expression, 
whereas TRIP8b(1a-2-4)[Δ58+TPR3-N13A]  had no effect (*** p < 0.001, one-way ANOVA with 
Tukey post hoc-test, n=3). Input is 6 % of total lysate, and immunoprecipitation is 15% of input. 
Molecular mass markers are shown in kilodaltons (kD).
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Interaction with the CNBD domain is required for TRIP8b-induced inhibition of HCN 
channel opening

Previous studies have demonstrated an inhibitory effect of TRIP8b on HCN channel gating, 
which is manifested in slower activation time-constants (tau) and a hyperpolarizing shift of 
the voltage-activation curve (assessed as the voltage of half maximal activation, V50) (Lewis 
et al., 2009; Santoro et al., 2009; Zolles et al., 2009). Because the CNBD domain is known to 
play an important role in the regulation of HCN channel gating (Chen et al., 2001b; Wainger 
et al., 2001), and because TRIP8b antagonizes effects of cAMP on HCN2 channel function 
(Zolles et al., 2009), we tested if direct and specific interactions with the CNBD domain 
mediate the effects of TRIP8b on HCN channel voltage-dependence and kinetics. 

Confirming previous results (Lewis et al., 2009; Santoro et al., 2009), co-transfection of 
HEK293 cells with HCN1 and wild type TRIP8b(1a-2-4) resulted in significantly slowed Ih 
activation kinetics (Fig. 4) accompanied by a hyperpolarizing shift of the activation curve 
(Fig. 5, see also Table 3). The Δ58 mutation, which eliminates TRIP8b binding to the CNBD 
domain, abolished the inhibitory effect of TRIP8b on Ih gating, as both the activation kinetics 
and the voltage-activation were comparable to Ih in cells that were transfected with HCN1 
alone (Figs. 4 and 5). In contrast, co-transfection of HCN1 with TRIP8b(1a-2-4)[TPR3-
N13A] exerted an inhibitory effect on both Ih kinetics and voltage-dependent activation, 
similar to the effect of wild type TRIP8b(1a-2-4).  Finally, co-transfection of HCN1 with 
the double mutant TRIP8b(1a-2-4)[(Δ58+TPR3-N13A] yielded similar kinetics and voltage-
activation properties to those obtained when HCN1 was expressed either alone or along with 
the Δ58 mutant.  Taken together, these results indicate that whereas current density can be 
upregulated by interaction of TRIP8b with either of the two interaction sites on the HCN 
channel, the effects on channel activation and kinetics are mediated solely by interactions 
with the CNBD domain.
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Figure 4 - Slowing of HCN1 activation kinetics by TRIP8b is mediated exclusively by interaction 
with the CNBD interaction domain. A-D, Ih activation kinetics in HEK293 cells expressing HCN1 and 
various mutants of TRIP8b(1a-2-4). Grey data points represent the activation kinetics of HCN1 when 
transfected without TRIP8b (same in all four panels), and black data points represent the activation 
kinetics when HCN1 was co-transfected with various TRIP8b(1a-2-4) mutants, as indicated. Insets are 
example traces comparing Ih (evoked by a hyperpolarizing step to -110 mV) in the presence (black) 
and absence (grey) of the indicated TRIP8b mutant. Only the first 500 ms of the response are shown. 
E, Comparison of all traces shown in the insets to panel A-D. The currents were normalized to the 
amplitude at the end of the pulse (3 seconds), and are presented at logarithmic scale for demonstration 
purposes. Statistical comparison of time constants at specific voltages to their counterparts in control 
cells was performed using ANOVA followed by Dunnett’s post hoc test; n=6-15 cells per data point.  
* = p<0.05; ** = p<0.01.
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Figure 5 - The hyperpolarizing shift in the voltage-activation of HCN1 channels by TRIP8b is 
mediated solely by interaction of HCN1 with the CNBD interaction domain. A, Activation curves 
based on Ih recorded in HEK293 cells expressing HCN1 together with different TRIP8b mutants, 
as indicated. Deletion of the CNBD-interacting domain (Δ58) resulted in a voltage-activation curve 
not different than the one obtained when HCN1 is transfected alone, whereas interference with the 
C’-terminal-tripeptide interacting domain (TPR3-N13A) resulted in a hyperpolarizing shift of the 
activation curve similar to that obtained with wild type TRIP8b(1a-2-4). For illustration purposes, the 
curves presented in this figure are based on grouped and normalized data, while statistical analysis of 
V50 and the slope factor was performed on the parameters obtained from the individual Boltzmann fits. 
B, Quantification of the effects of mutations on the shift in half maximal activation V50. See Table 3 for 
values and statistical significance.

cAMP inhibits TRIP8b interaction with the HCN CNBD

The direct interaction of TRIP8b with the HCN1 CNBD to affect channel activation is 
consistent with prior findings suggesting that TRIP8b is a competitive antagonist of the 
functional effects of cAMP on HCN2 activation (Zolles et al., 2009). To determine whether 
cAMP directly antagonizes the interaction between TRIP8b and the HCN CNBD, we 
performed GST-pulldowns in the presence of cAMP concentrations from 0 to 1 mM, a range 
that includes concentrations below and above saturation of cAMP’s effects on Ih voltage 
gating (Pian et al., 2007) (Fig. 6A-B).  Graded concentrations of cAMP did not significantly 
impair the interaction of TRIP8b with an HCN1 construct containing an intact C-terminal 
tripeptide.  However, increasing amounts of cAMP reduced the binding of TRIP8b to an 
HCN1 construct lacking the C-terminal tripeptide in a concentration-dependent manner, with 
an IC50 of 40 mM (n=3). This inhibition of TRIP8b binding to the HCN1 CNBD by cAMP 
indicates that TRIP8b and cAMP might compete at overlapping binding sites to regulate 
HCN channel gating.  
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The crystal structure of mouse HCN2 has demonstrated that cAMP interacts directly with the 
highly conserved Arg 591 (Arg 538 in HCN1) within the CNBD, leading to allosteric changes 
coupled to gating (Chen et al., 2001b; Zagotta et al., 2003;  Zhou and Siegelbaum, 2007).  
Mutation of HCN1 Arg 538 (or HCN2 Arg 591) to glutamate (HCN1[R538E]) eliminates 
effects of cAMP on channel function, without altering the ability of channels to be regulated 
by voltage (Chen et al., 2001b)  If TRIP8b and cAMP compete for binding to the same site in 
the CNBD, we reasoned that R538E mutation might prevent TRIP8b binding.  We performed 
a directed yeast-two hybrid assay between TRIP8b(1a-2-4) and an HCN1 CNBD construct 
harboring the R538E mutation (HCN1(386-591)[R538E]) and found the R538E mutation 
indeed blocked binding of TRIP8b to the CNBD (Table 4).  

To confirm this finding, we also performed GST-pulldown assays. We purified a full-
length TRIP8b construct that included the CNBD binding domain [GST-TRIP8b(1a)] 
as well as a construct lacking the 58AA required for CNBD binding [GST-TRIP8b(1c)].  
We then performed western blotting following GST pull-down from extracts prepared 
from HEK cells t ransfected with wild type HCN1, HCN1[R538E], HCN1[Δ3], and 
double mutant HCN1[Δ3+R538E] (Fig. 6C). In agreement with yeast two-hybrid results, 
immunoblotting for HCN1 demonstrated markedly decreased binding between TRIP8b(1a) 
and HCN1[Δ3+R538E]. We also performed similar GST pulldown of cells transfected with 
HCN2, HCN2[R591E], HCN2[Δ3], and double mutant HCN1[Δ3+R591E], and also observed 
markedly decreased binding between TRIP8b(1a) and HCN1[Δ3+R591E] (Supplementary 
Fig. 2).  Taken together, these data indicate that HCN1 Arg 538 (Arg 591 in HCN2) was 
required for the binding of both TRIP8b and cAMP, suggesting that their binding sites at the 
HCN CNBD overlap. 

Because the overall structure of the CNBD, including the importance of a critical Arg for 
cAMP binding, is shared by other cyclic nucleotide binding proteins (Sup. Fig. 3 and Flynn 
et al., 2007), we wondered if TRIP8b might bind to other cyclic nucleotide-gated channels.  
In directed yeast two hybrid studies, although TRIP8b interacted with the CNBD of all HCN 
subunits (Fig. 1A), it did not interact with the CNBD of olfactory or retinal cyclic nucleotide 
gated channels CNGA1-4, CNGB1 or CNGB3, nor did it bind the CNBD of the ether-a-go-
go (EAG)-like K+ channel subunit, KCNH1 (Table 4).  TRIP8b also failed to interact with 
the CNBD of the sea urchin HCN channel, SpIH.  These results suggest that presence of the 
critical Arg is required but not sufficient to define an overlapping binding site of TRIP8b and 
cAMP in the CNBD of cyclic-nucleotide regulated K+ channels. This implies that TRIP8b- 
mediated inhibition of cAMP effects may not be a general phenomenon in this group, but 
may rather be specific for vertebrate HCN channels. 
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cAMP regulates TRIP8b-mediated effects on HCN1 trafficking

Previous studies demonstrated that increasing cAMP levels reverses TRIP8b inhibition of 
HCN2 gating and kinetics (Zolles et al., 2009).  Because we found that TRIP8b interaction 
with the HCN CNBD affected both channel activation and trafficking, we tested if dissociation 
of the TRIP8b/HCN1 interaction by cAMP might impair the effects of TRIP8b on surface 
expression of the HCN1 subunit.  We performed flow cytometry studies in untreated 
HEK293 cells and HEK293 cells treated with forskolin to increase intracellular cAMP levels, 
evaluating surface HCN1 expression in cells transfected alone or together with TRIP8b 
constructs.  As shown in Fig. 6D, forskolin treatment had little effect on HCN1 surface 
expression when the channel was expressed alone (30% reduction, n=6) or when coexpressed 
with wild type TRIP8b(1a-2-4) (20% reduction, n=6).  However, when coexpressed with 
a TRIP8b molecule that increases HCN1 surface expression only via interaction with the 
CNBD, TRIP8b(1a-2-4)[TPR3-N13A], forskolin reduced HCN1 surface expression by 80%  
(n=6, p<0.001 vs. HCN1). These results are intriguing, because they indicate that cAMP and 
TRIP8b directly compete for a CNBD site that governs channel surface expression. 

Table 4: CNBD Yeast Two-hybrid Interactions

Prey vector Interaction with TRIP8b(1a2-4)

pGBK-T7-HCN1(386-591) ++

pGBK-T7-HCN1(386-591)[R538E] 0

pGBK-T7-CNGA2(380-583) 0

pGBK-T7-CNGA3(471-612) 0

pGBK-T7-CNGA4(272-475) 0

pGBK-T7-CNGB3(513-652) 0

pGBK-T7-KCNH1(505-702) 0

pGBK-T7-SpIH(470-655) 0
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Figure 6 - cAMP disrupts TRIP8b-CNBD interactions and their functional effects. A-B, Western 
blots from GST pull-down experiments. Input is 15% of lysate precipitated.  A, Extracts from 
HEK293T cells transfected with HCN1 (left panels) or HCN1Δ3 (right panels) were incubated with 
purified recombinant TRIP8b(1a)-GST alone or with the indicated concentration of cAMP, then 
precipitated with immobilized glutathione and probed for HCN1 (top panels) or TRIP8b (bottom 
panels). B, Summary data for cAMP disrupting TRIP8b-CNBD interaction.  Values reflect density of 
bands corresponding to HCN1 constructs precipitated by TRIP8b(1a)-GST, normalized to conditions 
lacking cAMP. C, Extracts from HEK293T cells transfected with HCN1, HCN1[Δ3], HCN1[R538E], 
or HCN1[D3+R538E] were incubated with purified recombinant GST alone, TRIP8b(1a)-GST or 
TRIP8b(1c)-GST, then precipitated with immobilized glutathione and probed for HCN1. D, Summary 
data for flow cytometric studies of surface expression of HCN1-HA obtained for cells labeled with 
surface-HA.  Cells were transfected with a construct encoding HCN1-HA and eGFP alone or with 
eGFP and the indicated TRIP8b(1a-2-4) constructs.  Prior to flow cytometry, cells were incubated with 
or without forskolin as indicated.
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Discussion

The principal findings of these studies are 1) TRIP8b functions as an auxiliary subunit of 
HCN channels by interacting with HCN1-4 subunits in a complex manner that involves at 
least two distinct domains to modulate selectively gating and surface expression, 2) Whereas 
HCN surface expression is governed by TRIP8b binding to both the HCN CNBD and the 
C-terminal tripeptide binding domains, modulation of gating is dependent on the interaction 
with the CNBD site alone, and 3) Direct binding of TRIP8b and cAMP to the HCN CNBD 
domain leads to competitive modulation of HCN channel gating and surface expression.  

The original identification of TRIP8b as an HCN channel interacting partner identified 
the TPR/tripeptide interaction site and also revealed the importance of this interaction for 
mediating the trafficking effects of a TRIP8b isoform, TRIP8b(1b-2) that resulted in a 
downregulation of HCN channel function (Santoro et al., 2004). Here we find that a TRIP8b 
isoform that enhances HCN function, TRIP8b(1a-2-4), also employs the TPR/tripeptide 
interaction in regulating channel trafficking. Importantly, the current study identifies a second 
binding site involving the TRIP8b residues N-terminal to the TPR domains and the HCN 
CNBD that is also important for TRIP8b-mediated regulation of HCN1 trafficking. Thus, 
only when both interactions were eliminated did we block TRIP8b-mediated upregulation of 
HCN surface expression. 

In addition to contributing to TRIP8b-mediated effects on channel trafficking, we find that 
this second interaction site alone regulates TRIP8b effects on HCN1 gating.  Prior studies 
demonstrated that TRIP8b acts as a competitive antagonist of cAMP function on HCN2 gating 
(Zolles et al., 2009).  We show here that the mechanism for TRIP8b antagonism of cAMP 
effects is via direct binding to the CNBD. We found that the interaction between TRIP8b 
and the CNBD was competitively blocked by increasing concentrations of cAMP, and that 
the concentration at which cAMP inhibited 50% of TRIP8b binding to the HCN1 CNBD (35 
mM) was similar to that reported for shifting the V1/2 of Ih mediated by HCN1 in oocytes (.06 
mM) (Chen et al., 2001b). These data are consistent with the possibility that TRIP8b binds to 
and stabilizes the non-cAMP bound CNBD conformation, whereas conformational changes 
induced by cAMP (Zagotta et al., 2003) eliminate TRIP8b binding.  Alternatively, TRIP8b 
and cAMP might share overlapping binding sites. Along these lines, mutation of a conserved 
Arg residue in the HCN1 or HCN2 CNBD demonstrated that this residue was necessary for 
both cAMP and TRIP8b binding.  Crystallization of the CNBD in the presence of TRIP8b 
should help resolve the structural mechanisms by which cAMP and TRIP8b compete at the 
CNBD.
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Although we found TRIP8b interacted with the CNBDs of HCN1-HCN4, it is important to 
note that TRIP8b did not bind the CNBD of CNG channel subunits, suggesting that TRIP8b 
is not a general antagonist of cAMP effects on CNBD-containing proteins. It is also notable 
that TRIP8b did not bind the CNBD of the sea urchin HCN subunit, SpIH.  SpIH and other 
invertebrate HCN channel proteins (i.e., fruit fly, spiny lobster, honeybee, Egyptian mosquito) 
show tremendous diversity in their C-termini and all lack the tripeptide –SNL conserved 
across most vertebrate HCN channels.  These observations suggest that an important role 
for TRIP8b in HCN channel function evolved more recently, and is consistent with the gene 
encoding TRIP8b (Pex5l) being present only in chordates.  Nonetheless, further studies will 
be required to determine whether TRIP8b is specific for antagonizing cAMP effects only on 
vertebrate HCN channels. 

Intriguingly, we find that the interaction between TRIP8b and the HCN1 CNBD contributed 
to the trafficking effects of TRIP8b on the HCN channel. Also surprising was the observation 
that forskolin was able to regulate the trafficking effects of TRIP8b in a TRIP8b construct 
that interacted only with the HCN CNBD domain.  It remains unclear whether cAMP might 
play a role in regulating trafficking of HCN channels in the brain.  TRlP8b may facilitate 
HCN channel internalization via interactions with adapter proteins such as AP-2 (Santoro 
et al., 2009), and it is interesting to speculate that cAMP in neurons might contribute to 
dissociation of TRlP8b from HCN channels and increase their surface expression. Future 
experiments are planned to evaluate further the role cAMP might play in regulating TRlP8b-
mediated trafficking effects in vivo.

In summary, the results of our study give insight into the functional importance of two distinct 
interactions between HCN1-4 subunits and TRIP8b.  Whereas both interactions contribute to 
TRIP8b regulation of current density and intracellular trafficking, unique interaction with the 
HCN CNBD allows TRIP8b to regulate gating.  Our data further suggest regulation of HCN 
channel function by TRIP8b is closely linked to cAMP metabolism, as cAMP antagonizes the 
effects of TRIP8b on HCN function by directly disrupting the interaction between TRIP8b 
and the HCN CNBD. 
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Supplemental Figure 1 -Schematic diagram of TRIP8b indicating the C-terminal portion homologous 
to PEX5 along with the peptide sequences of the C-termini of TRIP8b and PEX5 from various 
species. The orange box indicates a conserved domain N-terminal to the TPR domains important 
for interaction with the CNBD. Pink and green ovals indicate the 2 sets of three TPR domains. The 
segment between these sets is a TPR domain in PEX5, but its structure is unclear in TRIP8b. Columnar 
boxes indicate amino acids that affect TPR-tripeptide interactions in PEX5, and color indicates whether 
they disrupt TRIP8b-tripeptide interactions (red) or not (green). Abbreviations include: hum- human, 
pan- chimpanzee, mac- macacque, can- dog, mus- mouse, rat- rat, bov- cow, opos- opossum, and gal- 
chicken.

Supplemental information
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Supplemental Figure 2 - Mutation of HCN2 Arg 591 prevents TRIP8b binding to the HCN2 CNBD. 
Western blots (top) and coomassie gels (bottom) from GST pull-down experiments. Input is 15% of 
lysate precipitated. Extracts from HEK293T cells transfected with HCN2, HCN2[Δ3], HCN2[R591E], 
or HCN2[Δ3+R591E] were incubated with purified recombinant GST alone, TRIP8b(1a)-GST or 
TRIP8b(1c)-GST, then precipitated with immobilized glutathione and probed for HCN2.
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Supplemental Figure 3 - Partial sequence alignment of several channels with CNBDs. Green bars and 
lettering indicate helices in the C-linker of HCN channels and the red bar indicates the CNBD. The 
HCN1 sequence numbering is shown, indicating the location of the residues encompassed by constructs 
used in this paper.
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Abstract

Filamin A (FLNa) is an actin-binding protein that regulates cell motility, adhesion and 
elasticity by cross-linking filamentous actin. Additional roles of FLNa include regulation 
of protein trafficking and surface expression. Whereas the functions of FLNa during brain 
development are well studied, little is known on its expression, distribution and function in the 
adult brain. Here, we characterize in detail the neuroanatomical distribution and subcellular 
localization of FLNa in the mature rat brain, by using two antisera directed against epitopes 
at either the N’- or the C’-terminus of the protein.  FLNa is widely and selectively expressed 
throughout the brain, and the intensity of immunoreactivity is region dependent. The most 
intensely FLNa-labeled neurons are found in discrete neuronal systems including basal 
forebrain structures, anterior nuclear group of thalamus, and hypothalamic parvocellular 
neurons. Pyramidal neurons in neocortex and hippocampus, as well as magnocellular 
cells in basolateral amygdaloid nucleus are also intensely FLNa-immunoreactive, and 
strong FLNa labeling is evident in the pontine and medullary raphe nuclei and in sensory 
and spinal trigeminal nuclei. The subcellular localization of FLNa was evaluated in situ, 
as well as in primary hippocampal neurons. Punctate expression was found in somata and 
along the dendritic shaft, but not detected in dendritic spines. These subcellular distribution 
patterns were recapitulated in hippocampal and neocortical pyramidal neurons in vivo. The 
characterization of the expression and subcellular localization of FLNa may provide new 
clues to the functional roles of this cytoskeletal protein in the adult brain. 
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Introduction

The actin network is composed of highly organized structures that not only determine the 
morphology of the cell, but also influence cellular signaling by controlling trafficking and 
distribution of membrane-bound proteins. In neurons, the actin network plays crucial roles 
in neurite differentiation, dendritic branching, spine dynamics, and synaptic transmission 
(Cingolani and Goda, 2008; Pak et al., 2008). Among the various building blocks that make 
up the actin scaffold, filamin A (FLNa) is a protein that promotes a three-dimensional, 
orthogonal network organization by cross-linking filamentous actin in a perpendicular 
orientation (Stossel et al., 2001; Nakamura et al., 2007). These unique crosslinking features 
endow FLNa with important roles in regulating cellular structure, motility and elasticity 
across a variety of tissues and cell types (Popowicz et al., 2006; Nakamura et al., 2011).

In addition to its structural roles, FLNa binds to various ion channels, receptors and other 
signaling molecules, and thus influences their distribution, trafficking, and function. For 
example, FLNa facilitates surface expression of the potassium channel subtypes Kir2.1, 
Kv4.2 and BKCa (Petrecca et al., 2000; Sampson et al., 2003; Kim et al., 2007b) and inhibits 
surface expression and function of the non-selective cationic HCN1 channel (Gravante et al., 
2004). Other roles include regulating agonist-induced internalization and G-protein binding 
of mu opioid receptors (Onoprishvili et al., 2003; Wang et al., 2008) and controlling the 
functional properties of dopamine D2 receptors and HCN1 channels (Li et al., 2000; Gravante 
et al., 2004). Accumulating evidence suggests that interaction of FLNa with receptors and 
ion channels takes place also in the brain: FLNa was found to associate with Go-coupled 
mu opioid receptors and with Kv4.2 channels in the adult rat striatum and in cerebellum, 
respectively (Petrecca et al., 2000; Wang et al., 2008), and HCN1 channel protein was co-
immunoprecipitated with FLNa in the bovine brain (Gravante et al., 2004). Furthermore, 
FLNa colocalizes with Kv4.2 channels and D2 receptors in primary neuronal cultures 
(Petrecca et al., 2000; Lin et al., 2001). 

FLNa has been subject of intense research in the developing mammalian brain, where it 
serves critical roles in neuronal migration. Loss-of-function mutations in the FLNa gene 
have been strongly associated with human periventricular heterotopia (e.g. Fox et al., 1998; 
Sheen et al., 2005; Parrini et al., 2006). In this disorder, aberrant FLNa hinder migration of 
neurons by either interfering with actin remodeling or by destabilizing the surface lining 
of the ventricular zone (Sarkisian et al., 2008). In accord with its importance for brain 
development, FLNa is expressed in high levels in the prenatal and neonatal brain, and these 
levels diminish during adolescence to reach steady, moderate, expression in adulthood (Fox 
et al., 1998; Sheen et al., 2002).
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Whereas the presence of FLNa in the adult brain has been well documented (e.g. Fox et al., 
1998; Petrecca et al., 2000; Sheen et al., 2002; Wang et al., 2008), a systematic analysis of 
its expression patterns and subcellular distribution is lacking. Such characterization can be 
especially helpful in light of the potential roles that FLNa may serve in receptor and ion 
channel trafficking. In this study, we combine immunocytochemical approaches in vivo and 
in vitro to characterize the selective expression of FLNa in the rat brain and the subcellular 
localization of this actin-binding protein in mature neurons. 

Experimental Procedures

Animals

Sprague-Dawley rats aged 0, 16, 90, and 120 days were used in this study. Animals were kept 
on a 12 hour light/dark cycle and given free access to food and water. All experiments were 
carried out according to NIH guidelines for the care of experimental animals, with approval 
by the University of California Institutional Animal Care and Use Committee (IACUC). 

Antibody characterization

A list of the antibodies used in this study and their details is provided in Table 1. Further 
information is provided below: 

FLNa: Two FLNa antibodies, raised against either the C’ or the N’ terminus of the protein 
were used in this study. Detailed assessment of their specificity, as determined by western 
blot and immunocytochemistry, is provided in the Results section.

MAP2: A monoclonal anti-microtubule-associated protein 2 (MAP2) antibody was used as 
a dendritic marker (clone HM-2). The antibody was made by immunizing mice against rat 
brain MAP2 (as stated in the manufacturer’s information sheet). Western blot experiments 
yielded a single band that corresponded to the predicted molecular weight of MAP2 (Huber 
and Matus, 1984). Immunolabeling of hippocampal neurons resulted in a typical dendritic 
staining pattern (Lim et al., 2008), which was reproduced in our study (Fig. 10).

GAD65: A monoclonal glutamic acid decarboxylase 65 (GAD65) antibody was used as an 
interneuronal marker (Millipore, clone GAD6). This antibody recognizes the lower molecular 
weight form of the protein (Chang and Gottlieb, 1988). The distribution pattern of GAD65 
in rat neurons has been previously described using the same antibody (e.g. Rostkowski et al., 
2009). Consistent with previous studies, the typical punctate distribution of GAD65 along 
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GABAergic axon terminals and in interneuronal somata was observed in our hands (Fig. 9).

PSD-95: Post-synaptic density protein 95 (PSD-95) is an established marker for post-
synaptic structures, and these are typically found on dendritic spines. The specificity of the 
monocolonal antibody used in our study (Clone 7E3-1B8) has been demonstrated in Western 
blotting (manufacturer’s information sheet and Kornau et al., 1995). A typical, punctate 
synaptic expression pattern and colocalization with other synaptic proteins have been 
described in immunolabeling studies (Lepousez et al., 2010), and reproduced in our hands.

GluR1: The rabbit anti-GluR1 antibody used here has been extensively characterized in both 
light and electron microscopy studies (e.g. King et al., 2006; Das et al., 2008). It recognizes 
a single band that corresponds to the expected molecular weight of GluR1 (Wenthold et al., 
1992) and shows no signal in immunoblots from GluR1 knockout animals (Zamanillo et al., 
1999).

Western blot analysis

Sprague-Dawley rats of different ages (P0, P16, P120) were used for protein analysis. Animal 
was decapitated and the brain was rapidly dissected and placed in pre-labeled microcentrifuge 
tubes residing in a container filled with dry ice and stored at -80°C until homogenization and 
processing. The tissue was homogenized in glass/Teflon homogenizers in cold RIPA buffer 
(50 mM Tris-HCl, pH 7.4, 1% NP-40, 1% Triton X-100, 1 mM EDTA, 150 mM NaCl, 1× 
PIC). After homogenization, samples were centrifuged at 16,000× g for 5 minutes at 4°C. 
Protein concentration was determined using Bio-Rad Protein assay (Bio-Rad).

Protein samples (30 μg) were suspended in Laemmli buffer, separated by 4-12% SDS-PAGE 
and visualized using the enhanced chemiluminesence ECL-Plus kit (Amersham Pharmacia 
Biotech). Following SDS-PAGE, samples were transferred to PVDF membranes (Amersham 
Pharmacia Biotech) and nonspecific binding was blocked by incubation with 10% non-fat 
milk in PBS for 1 hour at room temperature. Membranes were probed with anti-FLNa or 
anti-actin antibodies (Table 1) in PBS with 5% non-fat milk overnight at 4°C, followed by 
washes in PBS containing 1% Tween (PBS-Tw) (6 × 5 minutes). Membranes were then 
incubated with horseradish peroxidase (HRP) conjugated anti-rabbit or mouse IgG (1:10,000, 
Amersham Pharmacia Biotech) in PBS for 1 hour at room temperature. After final washes in 
PBS-Tw (4 × 15 minutes), membranes were incubated with ECL-Plus (GE Healthcare Life 
Sciences) for 5 minutes and immunoreactive bands visualized by apposing membrane to 
hyperfilmTM ECL (GE Helathcare Life Sciences). 
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Table 1. Primary antisera used in this study
Antiserum Immunogen Manufacturer 

(Catalog#)
Host Dilution

Anti-FLNa 
(monoclonal)

Raised against platelet filamin 
membrane. Recognizes the 
N’ terminus 190 Kd calpain 
cleavage fragment of FLNA 
(Clone PM6/317).

Millipore 
(#MAB1678)

Mouse 1:1,000 WB
1:1,000 IF-C

Anti-FLNa
(polyclonal)

Raised against aa 2348-2647 of 
FLNa, located at the C’ terminal 
90 Kd calpain cleavage fragment

Santa-Cruz 
(H.300, sc-
28284)

Rabbit 1:1,000 WB
1:1,000 IF-C
1:2,000 DAB
1:10,000 IF-
TSA

Anti-actin 
(polyclonal)

Raised against a fragment 
of 11 amino acids located 
on the C’ terminus of actin: 
SGPSIVHRKCF

Sigma-Aldrich 
(#A2066)

Rabbit 1:100,000 WB 

Anti-PSD 95 
(monoclonal)

Rat PSD-95 (Clone 7E3-1B8) Thermo 
Scientific 
(#MA1-046)

Mouse 1:2,000 IF-C
1:2,000 IF-S

Anti-MAP2 
(monoclonal)

Rat brain microtubule associated 
protein (clone HM-2). The 
antigenic site was identified as: 
KNVRSKVGSTENIKHQPGGG
RAK (Aizawa et al., 1989)

Sigma 
(#M4403)

Mouse 1:25,000 IF-C
1:10,000 IF-S

Anti-GAD65 
(monoclonal)

Recognizes an epitope near the 
C’ terminus of GAD65 (clone 
GAD6).

Millipore 
(#MAB351R)

Mouse 1:2,000 IF-C

Anti-GluR1 
(polyclonal)

GluR1 C’ terminus (aa 
SHSSGMPLGATGL)

Millipore 
(#AB1504)

Rabbit 1:1,000 IF-C

Abbreviations: IF-C: Immunofluorescence – cultured neurons; IF-S: Immunofluorescence – brain 
slices; IF-TSA: Immunofluorescence, TSA amplification method; DAB - 3,3’-diaminobenzidine 
staining; WB: Western-blot.
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Primary neuronal cultures

Dissociated primary neuronal cultures were prepared from hippocampi of postnatal day 0 
(P0) rats as previously described (Noam et al., 2010). Briefly, hippocampi were dissected and 
separated from adherent tissue, followed by 30 minutes incubation with 10 units per ml of 
the protease papain (Worthington). Papain was removed by a series of washes in decreasing 
concentrations of the papain inhibitor ovomucoid (Sigma-Aldrich). Cells were mechanically 
triturated and plated at a density of 200-400 cells/mm2 on 12 mm glass coverslips that were 
pre-coated with Poly-D-Lysine (Sigma-Aldrich). At the 3rd day in culture, 1 µM of the mitotic 
inhibitor cytosine arabinoside (Sigma-Aldrich) was added in order to limit glial growth. The 
neuronal cultures were refreshed twice a week with a pre-conditioned medium that was 
prepared by incubating confluent non-neuronal cultures prepared from P3-P4 rat cortices 
with Neurobasal Medium and B27 supplement (Invitrogen) for 24 hours. Cultures were 
maintained for 3-4 weeks in a humidified incubator, at 36°C and 5% CO2.

Immunocytochemistry (ICC) of neuronal cultures

Glass coverslips containing 3-4 weeks old neuronal cultures were washed briefly with ice-
cold 0.01 M PBS solution, fixed in 4% paraformaldehyde for 20 minutes on ice, followed by 
a series of washes with PBS (5 × 5 minutes). Cells were permeabilized with 0.1% Triton-X in 
PBS for 10 minutes, followed by 1 hour incubation with a blocking solution (1% BSA and 5% 
goat serum in PBS) at room temperature. Primary antibodies were diluted in PBS containing 
1% BSA, and were applied overnight at 4°C using the dilutions described in Table 1. The 
following day, primary antibodies were removed by a series of washes, and a secondary 
antibody, Alexa Fluor 488/568 goat anti-rabbit or anti-mouse IgG (1:400, Invitrogen) was 
applied for 30 minutes at room temperature, protected from light. Following the removal of 
the secondary antibody, coverslips were washed 3 times with PBS at 5-minute intervals, and 
mounted on a glass coverglass using Fluoromount G mounting gel (SouthernBiotech). 

Tissue preparation and ICC of brain slices
P90 male rats (n = 4) were perfused via the ascending aorta with 0.9% saline solution 
followed by perfusion with 4% paraformaldehyde solution made in 0.1 M PB (pH 7.4, 4°C). 
Brains were postfixed for 3 hours (4°C) and immersed in 15%, followed by 25% sucrose for 
cryoprotection. Brains were blocked in the coronal or sagittal planes and sectioned at 20 μm 
thickness using a cryostat. In each plane, 1 in 8 serial sections were subjected to FLNa-ICC 
and an adjacent series of sections was stained with cresyl violet. The others were used for 
double labeling ICC. 

FLNa-ICC was performed on free-floating sections using standard avidin-biotin complex 
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methods, as described previously (Chen et al., 2001c). Briefly, after several washes with PBS 
containing 0.3% Triton X-100 (PBS-T, pH 7.4), sections were treated with 0.3% H2O2/PBS 
for 30 minutes, then blocked with 5% normal goat serum (NGS) for 30 minutes in order to 
prevent non-specific binding. After rinsing, sections were incubated for 36 hours at 4°C with 
rabbit anti-FLNa antiserum (Table 1) in PBS containing 1% BSA, and washed in PBS-T 
(3 × 5 minutes). Sections were incubated with biotinylated goat-anti-rabbit IgG (1:400, 
Vector laboratories) in PBS for 2 hours at room temperature. After washing (3 × 5 minutes), 
sections were incubated with the avidin-biotin-peroxidase complex solution (1:100, Vector) 
for 3 hours, rinsed (3 × 5 minutes), and reacted with 0.04% 3,3’-diaminobenzidine (DAB) 
containing 0.01% H2O2. 

Co-labeling of FLNa with either MAP2 or PSD-95 was performed using the tyramide signal 
amplification (TSA) technique (Chen et al., 2004). Sections were incubated overnight (4°C) 
with FLNa rabbit antiserum (1:10,000, Santa-Cruz), then treated with HRP conjugated anti-
rabbit IgG (1:1,000; Perkin Elmer) for 1.5 hours. Cy3-conjugated tyramide was diluted 
(1:150) in amplification buffer (Perkin Elmer), and was applied in the dark for 5-6 minutes. 
Following FLNa detection, sections were exposed to MAP2 or PSD-95 antiserum overnight 
at 4°C, and immunoreactivity was visualized using anti-mouse IgG conjugated to Alexa-
Fluor 488 (1:400, Invitrogen).

Imaging and analysis

Brain sections were visualized on a Nikon Eclipse E400 epi-fluorescence microscope 
equipped with fluorescein, rhodamine, and DAPI/FITC/TRITC filter sets. Light microscope 
images were obtained using a Nikon Digital Sight camera controlled by NIS-Elements F 
software (version 3.0, Nikon Instruments Inc.). Confocal images were taken using an LSM-
510 confocal microscope (Zeiss) with an Apochromat 63× oil objective (numeric aperture 
= 1.40). Virtual z-sections of <1 µm were taken at 0.2-0.5 µm intervals. Image frame 
was digitized at 12 bit using a 1024 × 1024 pixel frame size. To prevent signal cross-talk 
(bleedthrough) in dual-labeling experiments, images were scanned sequentially (using the 
“multi-track” mode) by two separate excitation laser beams: an Argon laser at a wavelength 
of 488 nm and a He/Ne laser at 543 nm. Z-stack reconstructions and final adjustments of 
image brightness were performed using ImageJ software (version 1.43, NIH). 
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Results

Specificity of FLNa antibodies

Two separate antisera directed against epitopes at either the N’- or the C’-terminus of FLNa 
were used (Table 1). Both antisera recognized an approximately 280-kDa protein (Fig. 1A,B), 
in good agreement with the expected molecular weight of FLNa. These antisera have been 
previously employed in Western blot and immunocytochemistry studies (e.g. Fox et al., 
1998; Calderwood et al., 2001; Lu et al., 2006; Kim et al., 2007a; Bastian et al., 2010), 
yielding specific bands at the appropriate molecular weight, which were absent in a cell 
line devoid of FLNa (Bachmann et al., 2006; Kim et al., 2007a; Mammoto et al., 2007). In 
the case of the N’-terminus-directed antibody, additional and weaker bands were observed, 
particularly a ~190 KDa band which has been previously identified as a calpain cleavage 
product of FLNa (Aakhus et al., 1992). Furthermore, developmental reduction in the specific 
280 KDa band intensity was observed using either antibody when comparing brain extracts of 
different ages (Fig. 1A,B), consistent with previous reports on the developmental regulation 
of FLNa protein and mRNA in the brain (Fox et al., 1998; Sheen et al., 2002). In addition, 
immunocytochemical labeling of primary hippocampal neurons with either of the antibodies 
yielded similar distribution patterns. Control groups that were treated in identical manner 
to the labeled neurons but were deprived of the primary antibody had only negligible signal 
when compared side-by-side with their counterparts under the exact same imaging conditions 
(Fig. 1C-F). Taken together, the results confirm previous work and support the specificity of 
both the N’- and C’-terminus FLNa antibodies used in this study.
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Figure 1 - Specificity of FLNa antibodies used in this study. A,B, Western-blot gels of whole rat 
brain extracts, demonstrating selective bands at the expected molecular weight of FLNa (280 KDa). 
Two different antibodies were used, directed against either the C’- (A) or the N’- (B) terminus of the 
protein. The typical decline in FLNa protein levels during brain development is shown by using animals 
from three age groups, as indicated (P: postnatal day). For each age group, two animals were used 
(represented by two separate lanes). C-F, Immunolabeling of primary hippocampal cultures (3-4 weeks 
in vitro) showing positive signal and similar distribution patterns for both antibodies (C,E), whereas no 
signal was detected when the secondary, fluorophore-conjugated antibody was applied in the absence 
of pre-incubation with the primary antibody (D,F). Scale bars = 20 µm.
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Region-specific distribution of FLNa in the mature rat brain 

FLNa-immunoreactive (FLNa-ir) neurons were widely and selectively distributed throughout 
the rat brain. The density and intensity of FLNa signal were region and neuron specific. 
Detailed comparison of four different rat brains yielded essentially identical results, with 
only modest variations in labeling intensity. Below we provide a detailed description of 
FLNa region-specific immunoreactivity. 

Telencephalon (Table 2):

Olfactory bulb: In the olfactory bulb (Fig. 2), mitral cells were intensely immunoreactive. 
Strongly labeled neurons were also present in the external, but not the internal plexiform 
layer. In addition, many FLNa-ir puncta were found in the external plexiform layer and, 
rarely, in the internal plexiform layer. The granular layer contained numerous FLNa-ir puncta 
and a few weakly labeled neuronal somata. The majority of neurons in the anterior olfactory 
nucleus were FLNa-positive. Within the olfactory tubercle, labeled neurons were prominent 
in the pyramidal layer. Scattered multipolar, intensely labeled neurons and some medium-
size, weakly labeled cells were seen in the polymorphic layer, but none were observed in the 
plexiform layer.

Cerebral cortex: Neocortical areas contained a large number of FLNa-ir neurons. The most 
intensely labeled neurons were located in the cingulate cortex and in the somatosensory 
area of frontoparietal cortex, followed by the motor area of frontoparietal cortex and the 
temporal cortices. The laminar distribution of FLNa-ir neurons was striking: in the cingulate, 
frontoparietal and most other neocortical regions, while FLNA-ir neurons were distributed 
throughout layers II-VI, maximal signal intensity was found in layers II and V, most notably 
in the frontoparietal cortex motor area (Fig. 2D,E). In the entorhinal cortex, strongly labeled 
neurons were scattered in layers II, V, and VI, accompanied by many moderately labeled 
neurons.
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Figure 2 - Expression of FLNa in olfactory and cortical regions. A-C, FLNa immunoreactivity in 
olfactory bulb (A), anterior olfactory nucleus (B), and olfactory tubercle (C). Enlargement in A (scale 
bar = 20 μm) shows intensely labeled mitral cells in the mitral cell layer (Mi). EPl and IPl: external 
and internal plexiform layer, respectively; IGr, internal granular layer; lo, lateral olfactory tract; AO: 
anterior olfactory nucleus; TuPo, TuPy, and TuPl: polymorphic, pyramidal, and plexiform layer of 
olfactory tubercle, respectively. D-F, Distribution of FLNa in frontal cortex (D), neocortex (E), and 
entorhinal cortex (F). Frame in E1 denotes area magnified in E2 (scale bar = 20 μm), showing strongly 
labeled somata of layer V pyramidal neurons, as well as FLNa-positive puncta along the primary 
dendritic branch (arrows). Cortical layers are denoted by Roman numerals. Scale bar = 100 μm in F 
(applies to A-F). 

Hippocampus: FLNa-ir neurons were most prominent in the pyramidal cell layer: CA1 
pyramidal cell layer was rich in moderately labeled puncta and contained several intensely 
labeled large neurons. The CA2 region was distinguished by intense or moderate labeling of 
virtually all of pyramidal neurons. In CA3, maximal intensity of FLNa immunoreactivity was 
found in CA3a, with a gradual decline over CA3b and a fainter signal over CA3c. Outside of 
the pyramidal layer, only occasional medium-sized, multipolar or fusiform FLNa-ir neurons 
were scattered in strata oriens, lacunosum-moleculare and radiatum (Fig. 3). Within the 
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dentate gyrus, granule cell somata were outlined by a fine mesh of weakly stained puncta, 
with occasional, strongly labeled basket-like neurons. Large, polymorphic, intensely labeled 
neurons were present in the hilus, while few FLNa-ir neurons were observed in the molecular 
layer (Fig. 3A,B). Most subicular pyramidal neurons were intensely labeled. 

Figure 3 -  Distribution of FLNa in the hippocampus (A). Pyramidal neurons in CA1 area (B) were 
weakly labeled when compared with those in CA3 area (C). Most CA3 pyramidal neurons displayed 
intense signal, particularly in the CA3a sub-region. Within the dentate gyrus (DG), granular cell somata 
were outlined by a fine mesh of weakly stained puncta, and strong labeling was found in hilar neurons 
(B). Asterisks demarcate the hippocampal fissure; SO, SP, SR, SL, SLM: stratum oriens, pyramidale, 
radiatum, lucidum, and lacunosum-moleculare, respectively; ML, molecular layer of DG; GCL, granule 
cell layer. Scale bars = 200 μm in A; 100 μm in B, C. 

Amygdala: Large, intensely labeled neurons were widely distributed throughout the 
magnocellular and ventral regions of the basolateral nucleus (Fig. 4). In the central nucleus 
(ACe), weakly to moderately labeled neurons were found in medial and lateral divisions (Fig. 
4B). The staining pattern of the medial nucleus consisted of weakly to moderately labeled 
medium-sized neurons, a pattern that was shared also by the basomedial nucleus: in both 
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nuclei, the intensity of FLNa-ir signal was not uniform along the cell-surface (Fig. 4C). 
Finally, weakly labeled neurons were present in the lateral nucleus as well as in the bed 
nucleus of stria terminalis (considered a part of the ‘extended amygdala’), where FLNa-ir 
neurons were abundant in both medial and lateral areas (Fig. 4). 

Figure 4. Distribution of FLNa-ir neurons in the amygdala (A) and morphology of FLNa-ir 
neurons in the framed areas in the central (B) and basolateral (C) amygdaloid nuclei. In the central 
nucleus, while neurons in the lateral division (Cel) are moderately labeled, the medial (Cem) neurons 
are weakly stained. Intensely labeled neurons are presented throughout the magnocellular (BLm) and 
ventral (BLv) divisions of basolateral nucleus. Within the medial (Me) and basomedial (BM) nuclei, 
FLNa distribution was typically non-homogenous in somata. FStr, fundus striati; En, entorhinal cortex; 
La, lateral amygdaloid nucleus. Scale bar = 300 μm in A, and 20 μm for B, C.
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Basal forebrain and basal ganglia: Most neurons in the lateral septum, particularly in 
the ventral and intermediate regions, had intense FLNa-ir signal, whereas neurons in the 
medial septal nucleus were moderately labeled (Fig. 5). The magnocellular neurons in both 
the horizontal and vertical limbs of the diagonal band of Broca were moderately labeled. 
Neurons in the striatum (caudate-putamen) were not FLNa-immunoreactive. Scattered, 
weakly labeled neurons were apparent in the nucleus accumbens, whereas a large population 
of intensely labeled neurons was encountered in the globus pallidus and the ventral pallidum 
(Fig. 5). 

Figure 5 - Distribution of FLNa in septum, caudate putamen, and other basal forebrain structures. 
A, In the lateral septum, intense labeling was evident in the ventral (LSv) and intermediate (LSi) parts, 
whereas only a few neurons in the dorsal part (LSd) were moderately labeled. B, Neuronal FLNa 
expression was not detected in the caudate putamen (CPu), whereas some blood vessels (arrows) were 
strongly labeled. The framed area in B2 represents a magnified blood vessel (Scale bar = 20 μm) from 
the framed region in B1. C: Strongly labeled neurons are scattered in both the medial septal nucleus 
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(MS) and vertical limb of the nucleus of the diagonal band of Broca (VDB), where most neurons 
are moderately labeled. D: FLNa-ir neurons in the basal ganglia, including the accumbens nucleus 
(Acb) and ventral striatum or pallidum (VP). Weakly labeled neurons were occasionally detected 
in Acb, whereas neurons in VP were intensely stained. E, Neurons in the bed nucleus of the stria 
terminalis (BnST) and horizontal limb of the diagonal band (HDB) are weakly and moderately labeled, 
respectively. LV, lateral ventricle; aca, anterior part of anterior commissure; ac, anterior commissure; 
cc, corpus callosum; LPO, lateral preoptic area. Scale bar = 100 μm for A-E. 

Table 2. Distribution of FLNA-ir neurons in the rat telencephalon: density and intensity

Region Density1 Intensity2

Olfactory bulb
    Glomerular layer
    External plexiform layer
    Mitral cell layer
    Internal plexiform layer
    Granular cell layer
Accessory olfactory bulb
    Mitral cell layer
    Granular cell layer
Olfactory tubercle
    Polymorphic layer
    Pyramidal layer
Island of Calleja
Taenia tecta
Claustrum
Endopiriform nucleus
Neocortex
    layer I
    layer II
    layer III
    layer IV
    layer V
    layer VI 
Frontal cortex
    layer II
    layer IV
    layer V
Entorhinal cortex
    layer II
    layer III-IV
    layers V-VI
Perirhinal cortex

+
+

++++
-/+
-/+

++++
-/+

++
++++

++
++++
++++
+++

-/+
++++
++++
++++
++++
++++

++++
+++
+++

++++
+++
+++
+++

+/++3

++
+++

+
+

+++
+

+/++
++

+/++
++

+/++
++

+
+++
+/++

+
+++
+/++

+++
++

+/++

++/+++
++

++/+++
++

(Table continued on next page)
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Region Density1 Intensity2

Hippocampal formation
    Hippocampus
        CA1 pyramidal layer
        CA2 pyramidal layer
        CA3a pyramidal layer
        CA3b,c pyramidal layer
    Dentate gyrus
        Hilus
        Granular layer
        Molecular layer
    Subiculum 
Amygdala
    Medial nucleus
    Basomedial nucleus
    Central nucleus
        Medial 
        Lateral
    Basolateral nucleus
    Lateral nucleus
Bed nucleus of stria terminalis
    Medial part
    Lateral part
Basal ganglia
    Caudate-putamen
    Nucleus accumbens
    Fundus striati
    Globus pallidus
    Ventral pallidus
    Entopeduncular nucleus
Septum
    Lateral septal nucleus
    Medial septal nucleus
Diagonal band of Broca
    Vertical limb
    Horizontal limb

++
+++
+++
+++

++
+++
-/+
++

++
++

++
++

++++
+

-/+
-/+

-
+

++
+

++
++

+++
++

+++
+++

+++++
+++
++

++
+
+
+

+
+

+
+/++
+++

+

+
+

-
+

++
++

+++
+++

++
+/++

+/++
+/++

1Density values are based on the percentage of positive cells related to total cell number. - no positive 
cells; -/+ occasional cells, <10%; + low, 10-25%; ++ moderate, 25-50%; +++ dense, 50-75%; ++++ 
very dense, >75%. 
2Staining intensity: + weakly positive; ++ moderately positive; +++ intensely positive; ++++ strongly 
intense. 
3Two scores are noted because the region contains cell populations with different labeling intensity. 
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Diencephalon (Table 3):

Habenula: The medial habenula was characterized by densely immunoreactive neuropil 
and strongly labeled neurons (Fig. 6A,B), whereas the lateral habenula showed scattered, 
moderately-labeled cells. 

Thalamus: The anterior nuclear group contained abundant intensely labeled FLNa-ir 
neurons (in the anterodorsal and anteromedial nuclei), as well as moderately labeled ones 
(in the anteroventral nucleus). Most neurons in the lateral nuclear group, including the dorsal 
(laterodorsal, LD) and posterior nuclei were weakly labeled. In the ventral group, intensely 
labeled neurons were abundant in the ventrolateral, ventromedial, and ventroposterior nuclei 
(Fig. 6C-E). Numerous moderately labeled neurons were also found in the thalamic reticular 
nucleus. 

Figure 6 - Distribution of FLNa in the thalamus. Framed areas in A were magnified in B-E to 
show the immunoreactive neurons in the medial habenular nucleus (MHb), and the laterodorsal (LD), 
mediodorsal (MD), and ventrolateral (VL) thalamic nuclei. VM and VPL: ventromedial and lateral part 
of ventroposterior thalamic nucleus, respectively. Scale bar = 250 μm in A, 20 μm for B-E. 



106

Chapter 4

Hypothalamus: Within the paraventricular nucleus (PVN), parvocellular neurons demonstrated 
exceptionally intense FLNa-immunoreactivity; in contrast, few positive neurons were 
present in the magnocellular division (Fig. 7A,B). Neurons in the dorsal hypothalamic area 
were generally strongly immunolabeled. In the ventromedial nucleus (VMH), neurons were 
moderately labeled in both the dorsomedial and ventrolateral parts, with scattered intensely 
labeled ones. FLNa-ir signal in the dorsomedial hypothalamic area was mostly weak. 

Figure 7 - Distribution of FLNa in the hypothalamic areas. A, FLNa-ir neurons in the paraventricular 
nucleus (PVN). Frame in A1 denotes magnified area in the right panel (A2), showing that parvocellular 
neurons of the PVN are highly labeled (arrows). B, Neurons in the dorsal hypothalamic area (DA) were 
frequently intensely labeled. A few strongly labeled neurons were also scattered in the ventromedial 
(VMH), dorsomedial (DM) hypothalamic areas as well as in the anterior hypothalamic area (AHy), 
where the majority of medium-sized neurons were weakly or moderately labeled. Framed areas in B1 
were magnified in B2 and B3 to present the morphology of FLNa-positive neurons in DA and VMH, 
respectively. f, fornix. Scale bar = 250 μm in A1, B1, and 20 μm in B3 (applies to A2, B2).
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Table 3. Distribution of FLNA-ir neurons in the rat diencephalon: density and intensity

Region Density1 Intensity2

Habenula
    Medial part
    Lateral part
Thalamus
    Anterodorsal nucleus
    Antroventral nucleus
    Anteromedial nucleus
    Mediodorsal nucleus
    Lateral dorsal nucleus
    Lateral postrior nucleus
    Ventral lateral nucleus
    Ventral postrolateral nucleus
    Ventral postromedial nucleus
    Paraventricular nucleus 
    Midline nuclear group
    Intralaminar nuclear group
    Thalamic reticular nucleus
Hypothalamus
    Medial preoptic area
    Lateral preoptic area
    Suprachiasmatic nucleus
    Retrochiasmatic nucleus
    Supraoptic nucleus
    Paraventricular nucleus
        Medial parvocellular division
        Magnocellular division
    Ventromedial nucleus
    Arcuate nucleus
    Anterior hypothlamic area
    Lateral hypothalamic area
    Dorsal hypothalamic area
    Dorsomedial nucleus
    Median eminence
Subthalamic nucleus
Zona incerta
Medial geniculate body
Lateral geniculate body

+++
+

++
++
++

+++
+

++
+++
++
++
+
+
+
+

+
+

++
+

++

+++
-/+

+++
++
+
+

+++
+++
-/+
++
+
+
+

+++
+

++
++
+

++
+

++
++
++
++
++
++
++
+

+
+

++
+

++

++/+++3

+
++/+++

+
+
+

++
+++

+
+
+

++
++

1Density values are based on the percentage of positive cells related to total cell number. - no positive 
cells; -/+ occasional cells, <10%; + low, 10-25%; ++ moderate, 25-50%; +++ dense, 50-75%; ++++ 
very dense, >75%. 
2Staining intensity: + weakly positive; ++ moderately positive; +++ intensely positive; ++++ strongly 
intense. 
3Two scores are noted because the region contains cell populations with different labeling intensity.
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Brainstem and cerebellum (Table 4) 

Strongly labeled FLNa-ir neurons were found in the pontine (Fig. 8) and medullary raphe 
nuclei, and in their mesencephalic counterparts. Within the reticular formation, large, 
intensely labeled FLNa-ir neurons were often seen in the pontine and gigantocellular reticular 
nuclei. Subcoeruleus was rich in moderately labeled neurons, whereas neurons in the locus 
coeruleus were weakly labeled (Fig. 8B). 

Figure 8 - Immunoreactivity of FLNa in brain stem nuclei and cerebellum. A, Strongly labeled, 
FLNa-ir neurons in the raphe pontis nucleus (RPn). PnRS, pontine reticular structure. B, Neurons of 
the mesencephalic nucleus of trigeminal nerve (Me5) were intensely labeled, whereas most medium-
sized neurons in the subcoeruleus (SubC) were moderately labeled, and neurons in the locus coeruleus 
(LC) are weakly labeled. C, Motoneurons in the motor trigeminal nucleus (Mo5), the strongest labeling 
seen in the brain stem. Panels D-F show the distribution of FLNa in neurons of the medial nucleus of 
trapezoid body (MTz), ventral cochlear nuclei (VCo), and medial and lateral superior olive (MSO and 
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LSO, respectively). PnC, pontine reticular nucleus; py, pyramidal tract; s5, sensory root of trigeminal 
nerve; LTz, lateral nucleus of trapezoid body. G, Within the cerebellum, Purkinje cells (Pur) are 
moderately labeled. The granular layer (Gr) as well as the molecular layer region (Mol) contained 
numerous weakly labeled puncta. Bar = 100 μm in F (applies to A-F), 50 μm in G. 

Within trigeminal nerve nuclei, large, multipolar neurons in the motor (Fig. 8C), principal 
sensory (Fig. 8B) and spinal subnuclei were intensely FLNa immunoreactive. In the cochlear 
complex, the ventral nucleus had more intense labeling than the dorsal one. Some neurons 
in the facial, vagal, ambiguous, and hypoglossal nuclei were strongly FLNa immunoreactive 
(not shown). Medium-sized, intensely labeled FLNa-ir neurons were often observed in both 
the medial and lateral nuclei of trapezoid body. In the superior olive, medium-size FLNa-ir 
neurons were found (Fig. 8).

In the cerebellum, Purkinje cells were moderately FLNa immunoreactive, whereas 
the granular and molecular layers contained only weakly labeled puncta (Fig. 8). Large, 
multipolar neurons in the deep cerebellar nuclei were weakly stained, whereas the cerebellar 
white matter was devoid of FLNa immunoreactivity.

Table 4. Distribution of FLNA-ir neurons in the rat hindbrain: density and intensity

Region Density1 Intensity2

Superior colliculus
Inferior colliculus
Tegmental nuclei
Pedunculopontine nucleus
Red nucleus
Substantia nigra
    Pars compacta
    Pars reticulata
Raphe nuclei
    Dorsal nucleus
    Median nucleus
Edinger-Westphal nucleus
Principal oculomotor nuclus
Darkschewitsch nucleus

+
+

++
++
++

+
+

+++
++
+

++
++

+
+

+/++3

++
+++

++
++

++/+++
++

+/++
++
++

(Table continued on next page)
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Region Density1 Intensity2

Nuclei of the trigeminal nerve
    Mesencephalic nucleus
    Motor nucleus    
    Principal sensory nucleus
    Spinal nucleus
Facial nucleus
Vestibular nuclei
Cochlear nuclei
    Dorsal nucleus
    Ventral nucleus
Vagus nucleus
Hypoglossal nucleus
Solitary nucleus
Locus coeruleus
subcoeruleus
Superior olive
Inferior olive
Nuclei of lateral lemniscus
Nucleus of trapezoid body
    Medial nucleus
    Lateral nucleus
Cerebellum
    Molecular layer
    Purkinje cell layer
    Granular cell layer
    Cerebellar nuclei

++++
++++
+++
++
++
++

++
++++

++
++
++
+

+++
+++
+++
++

++++
++++

-/+
++++

-/+
+

++++
++++
+++
+++
+++
++

+/++
++
++
++

+/++
+

++
++
++
++

++/+++
++/+++

+
++
+
+

1Density values are based on the percentage of positive cells related to total cell number. - no positive 
cells; -/+ occasional cells, <10%; + low, 10-25%; ++ moderate, 25-50%; +++ dense, 50-75%; ++++ 
very dense, >75%. 
2Staining intensity: + weakly positive; ++ moderately positive; +++ intensely positive; ++++ strongly 
intense. 
3Two scores are noted because the region contains cell populations with different labeling intensity. 

Subcellular distribution of FLNa in vitro and in vivo

We employed mature hippocampal neurons grown in primary cultures to study the subcellular 
distribution of FLNa, taking advantage of the excellent amenability of these cells to optical 
imaging (Kaech and Banker, 2006). To evaluate the presence of FLNa in principal and 
interneuronal populations in vitro, we used an antibody directed against the interneuronal 
marker GAD65 (Table 1). FLNa-ir signal was detected in GAD65-negative, pyramidal 
neurons (Fig. 9A), which formed the majority of neurons in culture (as previously reported; 
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see Benson et al., 1994; Murphy et al., 1998; Noam et al., 2010), but was also detected in 
GAD65-positive neurons (Fig. 9B), indicating that FLNa expression is not selective to one 
of these classes of neurons. Examination of the subcellular distribution of FLNa revealed 
somewhat stronger somatic FLNa-ir labeling than in dendrites. Somatic expression was 
characterized by punctate/clustered appearance (Fig. 10A), and a similar punctate signal was 
also found along dendrites, as shown by the co-labeling of FLNa with the dendritic marker 
MAP2 (Fig. 10B). In light of the actin-binding properties of FLNa and the importance of 
actin as a backbone of dendritic spines, we asked whether dendritic FLNa is localized to 
dendritic spines. To hone in on potential localization of FLNa within synapses of dendritic 
spines, we co-labeled FLNa with antibodies directed either against GluR1 (an ionotropic 
glutamate receptor localized to dendritic spines) or the post-synaptic marker PSD-95. Both 
procedures failed to detect significant labeling of FLNa in spines, indicating that dendritic 
FLNa is primarily targeted to the shaft (Fig. 10D-F).

Figure 9 - FLNa immunoreactivity in principal and interneuronal populations. A, FLNa-
immunoreactivity in principal neurons is demonstrated by co-labeling of primary hippocampal neurons 
(3-4 weeks in vitro) with FLNa and the interneuronal marker GAD65. Principal neurons, which do 
not express GAD (and form the majority of cells in culture), are typically characterized by the lack of 
somatic GAD signal. A network of punctate labeling surrounding the soma and dendrites represents 
pre-synaptic, inhibitory terminals. B, FLNa expression in interneurons, as demonstrated by the FLNa-
immunoreactivity of a GAD65-positive neuron (yellow arrow). The red arrow represents a neighboring, 
GAD65-negative (presumably principal) neuron. Scale bars = 20 µm.
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Figure 10 - Subcellular localization of FLNa. A,B, The distribution of FLNa signal in somata of 
primary hippocampal neurons, as demonstrated using FLNa antibodies directed against the C’ terminus 
(A) or the N’ terminus (B) of the protein. The images depict a confocal z-stack of optical slices at <1 mm 
thickness, with orthogonal views at the XZ and YZ axes. Puncta were found both within intracellular 
domains (light blue arrowheads) as well as near the surface of the cell lining (white arrowheads). C, 
FLNa-ir presence in dendrites, demonstrated by the co-labeling of FLNa with the dendritic marker 
MAP2. D-F, Localization of FLNa to the dendritic shaft. Whereas spines are enriched in both GluR1 
receptors and the postsynaptic protein PSD-95 (D), FLNa did not colocalize with either GluR1 (E) or 
PSD-95 (F), but was rather detected as puncta along the shaft. Scale bars = 10 mm in A-C, 5 mm in D-F.
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Having established the subcellular distribution patterns of FLNa in vitro, we examined if 
similar patterns occurred in vivo. We studied the distribution of FLNa in select neuronal 
populations of the rat brain, with the additional use of dendritic and synaptic markers. Co-
labeling of FLNa with the dendritic marker MAP2 revealed FLNa-positive puncta that were 
scattered along the dendritic shaft of layer V neocortical neurons and hippocampal (CA1 
and CA3) pyramidal neurons (Fig. 11). In line with the findings in cultured neurons, in vivo 
dendritic FLNa did not colocalize with PSD-95-containing puncta (Fig. 12), and thus resided 
primarily in the dendritic shaft.

Figure 11 (next page) - Confocal images demonstrating the dendritic localization of FLNa-
immunoreactivity in the cortex (A), as well as in hippocampal CA1 (B) and CA3 (C) regions. In 
panels A and B, dual labeling of FLNa (green) and the dendritic marker microtubule-associated protein 
2 (MAP2, red) revealed that most FLNa-ir puncta reside on the perimeter of dendrites of pyramidal 
neurons (arrows). FLNa was also rich in the somata of pyramidal neurons, possessing similar 
characteristics as observed in vitro (Fig. 10). Framed areas in A1 and B1 were merged and magnified in 
the right panels A2 and B2, respectively (scale bar = 10 μm). In the CA3 area (C), the primary dendrites 
of pyramidal neurons were cut off on the coronal section with a brush-like shape, revealing the peri-
membranous distribution of the FLNa-ir puncta (arrows). The virtual slice thickness of all images is 0.5 
μm. Scale bars = 20 μm in A1 and B1, 10 μm in C.
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Figure 12 - FLNa immunoreactive signal was not detected on the head of dendritic spines, 
indicated by the postsynaptic marker PSD-95. Dual labeling of FLNa (green) with PSD-95 (red) 
failed to demonstrate a postsynaptic location of FLNa-ir puncta in layer V of neocortex (A) as well 
as in the stratum radiatum of hippocampal CA1 (B). FLNa-ir puncta were frequently detected on the 
dendritic shaft (as also shown in Fig. 11), but not on the postsynaptic density. Frames denote areas 
magnified in the right panels. Optical slice thickness was 0.2 μm. Scale bars = 20 μm in A1, 10 μm in 
B1, and 5 μm in A2 and B2.
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Discussion

In this study, we employed immunocytochemical techniques to characterize the expression 
and subcellular distribution of the actin-binding protein FLNa in mature brain and cultured 
neurons. We report that (1) In the mature rat brain, FLNa is expressed across wide range 
of regions; (2) The distribution of FLNa is selective, as demonstrated by varying degrees 
of immunoreactive density and intensity across distinct neuronal populations; (3) FLNa is 
present in somata and along the dendrites of select neuronal populations; (4) Both in vivo and 
in vitro, dendritic FLNa-ir signal is distributed in puncta along the shaft, while it is hardly 
detected in spines.

The expression and function of FLNa has been extensively studied during early brain 
developmental stages, when FLNa plays important roles in neuronal migration (Feng and 
Walsh, 2004; Sarkisian et al., 2008). Indeed, high levels of brain FLNa are expressed in the 
pre- and peri-natal period throughout the cerebral cortex and particularly within migrating 
neurons (Sheen et al., 2002). Although mRNA and protein levels of FLNa are downregulated 
during development (Sheen et al., 2002), moderate levels of FLNa have been consistently 
observed in adult brain (Fox et al., 1998; Petrecca et al., 2000; Sheen et al., 2002; Wang et 
al., 2008). Little is known on the precise roles of FLNa in mature neurons. By providing a 
comprehensive characterization of FLNa distribution across brain regions and in subcellular 
compartments, our data may reveal new leads to the potential functions of FLNa throughout 
life, including interaction with the actin transport machinery to facilitate localization of specific 
neuronal molecules. For example, both mu-opioid and D2/D3 dopamine receptors are highly 
expressed in basal forebrain structures (Arvidsson et al., 1995; Mansour et al., 1995; Khan et 
al., 1998; Gurevich and Joyce, 1999; Seeman et al., 2006), and in both cases, the expression 
is influenced by FLNa. Recently, interaction of FLNa with mu-opioid receptors has been 
found to regulate G-protein binding of the receptor in the rat striatum (Wang et al., 2008). 
Indeed, our findings indicate strong FLNa-ir signal in lateral septum, ventral striatum and 
ventral pallidum, areas where mu-opioid receptors are expressed in high levels (Mansour et 
al., 1995). However, whereas mu-opioid receptors are also abundant in the caudate-putamen, 
we could not detect FLNa-ir neurons in this region. These differences in distribution raise the 
intriguing possibility of region-specific regulation of mu-opioid receptors by FLNa, which 
may be linked to altered function.  A second molecular candidate to interact with FLNa in 
the mature CNS is dopamine receptors. Whereas both D2 and D3 dopamine receptors have 
been shown to interact with FLNa in cultured cell lines (Li et al., 2000; Lin et al., 2001), 
their interaction with FLNa in the brain (and the consequences of such interaction) remain to 
be explored. Interestingly, the expression of FLNa in striatal regions (Fig. 5) correlates with 
reported levels of D3 receptor expression: intense FLNa-ir signal was found in the ventral 
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striatum, an area that contains relatively high levels of D3 dopamine receptors (Khan et al., 
1998; Seeman et al., 2006), while no FLNa-ir was detected in the caudate-putamen region 
which contains D2, but not D3 receptors (Levey et al., 1993; Seeman et al., 2006).

Both in vitro and in vivo, FLNa-ir was detected primarily in somata and along the apical 
dendritic shaft, but was absent from spines. Dendritic spines are specialized compartments 
with a backbone of polymerized actin. The interaction of actin with a number of cellular 
proteins and enzymes is crucial to changes in spine shape and size, and intrinsic process of 
synaptic plasticity (Cingolani and Goda, 2008; Hotulainen and Hoogenraad, 2010). More 
specifically, a number of actin-crosslinking proteins regulate spine morphology, which 
is typically characterized by partially bundled actin in the spine neck and branched actin 
network in the spine head (Hotulainen and Hoogenraad, 2010). There is also evidence for 
different properties of the cytoskeleton within dendritic spines as compared to the shaft 
(Hotulainen and Hoogenraad, 2010). In the context of this paper, high FLNa concentrations 
promote stabilization and reduced dynamics of actin networks compared to actin networks 
that contain non-FLNa actin-crosslinking proteins (Tseng et al., 2004). The exclusion of 
FLNa from spines, as we show here, is then logical: it enables the actin dynamics required 
for the changes of spine shape and size during processes of learning and memory (Chen et al., 
2007). In contrast, the presence of FLNa in the shaft may contribute to actin stability. 

Additional roles of FLNa in the dendritic shaft are supported by evidence for its interaction 
with several dendritic ion channels such as the potassium Kv4.2 (Petrecca et al., 2000), 
inward rectifying Kir2.1 (Sampson et al., 2003), and the non-selective hyperpolarization-
activated HCN1 channel (Gravante et al., 2004). In all three types of ion channels, FLNa 
induced clustered appearance of the channel on the cell surface, which was abolished in cells 
deficient in FLNa. However, whereas FLNa promotes the surface expression of Kir2.1 and 
Kv4.2 channels (Petrecca et al., 2000; Sampson et al., 2003), it seems to exert an opposite, 
inhibitory effect on HCN1 channels (Gravante et al., 2004). Future studies are required to 
determine if FLNa directly regulates surface expression of these channels in neurons. FLNa 
might also play a role in the co-regulation of different ion channels within the same dendrite.  

Both in vivo and in vitro preparations were used in this work. In vitro systems such as the 
primary hippocampal neurons are inherently reduced and therefore cannot recapitulate the 
full properties of the living brain. However, primary neuronal cultures have been extremely 
beneficial for the basic study of neuronal processes: direct access for manipulation and good 
optical conditions made the primary hippocampal system widely popular in neuroscience 
research (Kaech and Banker, 2006). Our results demonstrate that the expression and 
subcellular distribution of FLNa in primary hippocampal neurons are comparable to those 



118

Chapter 4

found in vivo, making this system adequate for future studies.

In summary, this study provides a detailed description of FLNa expression in the adult rat 
brain and in mature hippocampal neurons. The selective patterns found across brain regions 
and in distinct subcellular domains may provide important clues and several leads for future 
research on the roles of this actin-binding protein in regulating the structure and function of 
the mature brain.
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Abstract

Ion channel trafficking and membrane dynamics are critical to neuronal function and 
plasticity. Among the ion channels that govern the electric properties of neurons, 
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels play versatile roles in 
the fine-tuning of neuronal excitability. Filamin A (FLNa) is a cytoskeletal protein that in 
addition to its actin-stabilizing roles, can bind to ion channels, including HCN1 channels, 
influencing their trafficking and surface expression. We explored cellular mechanisms that 
underlie HCN1 channel regulation by FLNa and the functional consequences of HCN1-
FLNa interactions. Co-expression of fluorophore-fused HCN1 and FLNa cDNA constructs 
in HEK293 cells resulted in sequestration of HCN1 channels, evident by the accumulation 
of HCN1 in intracellular clusters. This FLNa-induced clustering of HCN1 was abrogated 
when HCN1-FLNa or FLNa-actin interactions were disrupted, using either an HCN1 channel 
construct lacking the FLNa-binding domain or a FLNa construct lacking the actin-binding 
domains. FLNa-induced clustering of HCN1 was associated with altered surface distribution 
of the channel and reduced Ih, assessed using total internal reflection fluorescent microscopy 
(TIRF-M) and whole-cell voltage clamp measurements, respectively. Additionally, FLNa 
increased the presence of HCN1 channel protein in endosomal organelles, and particularly 
within lysosomes. Both the HCN1 clustering and Ih down-regulation were reversed by 
selective inhibition of the GTPase dynamin, indicating a role for active internalization in 
FLNa-mediated HCN1 regulation. Taken together, these data support an inhibitory role for 
FLNa on HCN1 channel surface expression and function, mediated by dynamin-dependent 
internalization and endosomal targeting of the channel.
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Introduction

Trafficking and surface expression of ion channels are highly regulated mechanisms that 
help shape the excitable properties of the membrane. The exquisite control of ion channel 
insertion and lateral mobility within the cell membrane, as well as of internalization into the 
cytoplasm underlies many forms of neuronal plasticity (Shah et al., 2010), and failure of 
these mechanisms may result in pathological conditions such as epilepsy (Beck and Yaari, 
2008). 

Among the myriad ion channels that control neuronal excitability, HCN channels are an 
important class of voltage-gated channels that mediate the hyperpolarization-activated 
conductance Ih. Active at sub-threshold potentials, Ih plays versatile roles in the regulation 
of neuronal excitability throughout the brain (Santoro and Baram, 2003; Biel et al., 2009). 
Four HCN channel isoforms (HCN1-4) exist, contributing to the diversity of Ih properties 
across tissues, cell types and subcellular domains (Biel et al., 2009). Rather than providing a 
tonic, background conductance to the cell, Ih is a dynamically regulated current that responds 
to changes in the physiological milieu:  alterations in neuronal activity may result in either 
up- or down-regulation of Ih amplitude at multiple time frames (Noam et al., 2011), and this 
dynamic behavior of Ih is involved in various forms of plasticity (van Welie et al., 2004; 
Fan et al., 2005; Brager and Johnston, 2007; Campanac et al., 2008; Noam et al., 2010; 
Narayanan et al., 2010). 

HCN channel trafficking is emerging as a key mechanism for Ih regulation: selective 
distribution of HCN channel isoforms to distinct sub-cellular compartments and during 
development has been reported in several types of neuronal populations (Lorincz et al., 2002; 
Brewster et al., 2007; Bender et al., 2007; Huang et al., 2011), and mechanisms of HCN 
channel trafficking and surface expression may be activity-dependent (Shin and Chetkovich, 
2007; Noam et al., 2010). Whereas the mechanisms that promote selective distribution and 
activity-dependent trafficking of HCN channels remain largely unknown, the discovery of 
several auxiliary proteins that interact with HCN channels may shed light on these processes 
(Lewis et al., 2010).  Among these candidates, filamin A (FLNa) is an actin-binding protein 
that can directly interact with HCN1 channels, but does not interact with either HCN2 or 
HCN4 channels (Gravante et al., 2004). 

FLNa is a cytoskeletal protein that stabilizes the actin network by crosslinking actin filaments 
in a perpendicular orientation (Stossel et al. 2001; Nakamaura et al. 2007). This function 
promotes the formation of a stable, actin lattice-type structure. In addition to its structural 
roles, FLNa interacts with many membrane proteins, including several ion channels, and 
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regulates their surface expression and trafficking (Petrecca et al., 2000; Lin et al., 2001; 
Onoprishvili et al., 2003; Kim et al., 2007b). Interaction of HCN1 channels with FLNa 
occurs via a 22 amino acid sequence at the C’ terminus of the channel (Gravante et al., 
2004). Knockout of FLNa augments Ih amplitude and facilitates channel gating (by speeding 
activation kinetics and shifting the voltage-activation profile to more depolarized values), 
suggesting an inhibitory role for FLNa on HCN1 channels (Gravante et al., 2004). In addition 
to these functional effects, FLNa knockout influences surface expression of the channel: 
HCN1 channels are homogenously distributed on the surface of FLNa-depleted melanoma 
cell lines (M2), whereas a non-uniform membrane distribution of HCN1 is observed on the 
membrane of FLNa-expressing (A7) cell lines (Gravante et al., 2004). 

Considering the roles of FLNa in regulation of ion channel trafficking and surface expression, 
we sought to examine the effects of FLNa on HCN channels. Employing a mutational 
approach to selectively interfere with HCN1-FLN interaction in HEK239 cells, we explored 
the cellular mechanisms by which FLNa regulates HCN channels, and their physiological 
implications. 

Experimental Procedures

Plasmid cDNA constructs

A plasmid cDNA construct containing the EGFP sequence at the carboxy terminus of the 
mouse HCN1 DNA (inserted between aa 885 and 886, see Lewis et al., 2009; Noam et al., 
2010) was a gift from Dr Chetkovich (Northwestern University). N’ terminus, EGFP-fused 
mouse HCN1 and HCN2 cDNA constructs (HCN1GFP-N’ and HCN2GFP) were a gift from Drs 
Santoro and Siegelbaum (Columbia University); A point mutation (G44R) in the original 
HCN1GFP-N’ sequence, which originates from an earlier sequencing version of the mouse 
gene (NCBI NM_01048.1), was corrected for by PCR reaction (Genscript) to yield the correct 
mouse HCN1 sequence (NCBI NM_010408.3). A HCN1GFP channel construct that lacks the 
filamin binding domain (HCN1[D22]GFP) was generated by deleting the 22 aa sequence in 
the  mouse HCN1 C’ terminus that was previously reported to form the interaction domain 
(Gravante et al. 2004): 694-SPPIQSPLATRTFHYASPTASQ-715. The final plasmid construct 
was confirmed by sequencing and yielded functional Ih upon expression in HEK293 cells 
(Sup. Fig. 1). Human FLNa with N-terminal fusion of monomeric DsRed (FLNaDsRed) was 
a gift from Dr Nakamura (Harvard Medical School, MA, USA). Expression of FLNaDsRed in 
HEK293 cells resulted in filamentous-like distribution pattern that resembled the distribution 
of endogenous FLNa in these cells (Sup. Fig. 2). The FLNaDsRed construct was used as a 
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template to isolate IgG-like domains 23 and 24 of FLNa by PCR with the following primers: 

5’-GTGCTCGAGGGGACCCAGGCTTGGTGTC-3’ (FLNa IgG23 fwd; possessing a XhoI 
site before the start of IgG-like domain 23); 

5’-CTTCAATTGAATTCAGGGCACCACAACGCGG-3’ (FLNa IgG24 rev; containing an 
EcoRI site at the regular filamin A stop codon, followed by an MfeI site). 

The corresponding PCR fragment was restricted with XhoI and MfeI and inserted into 
FLNaDsRed construct that had been previously cut with XhoI and MfeI. This resulted in 
plasmid FLNa[23-24]DsRed where monomeric DsRed (225 aa) is coupled via a two amino acid 
linker (Ser-Arg) to the C-terminal 220 amino acids of human FLNa (encompassing IgG-like 
domains 23-24).

The description of all constructs used in this study, and their nomenclature, is summarized 
in Table 1.

Table 1: DNA constructs used in this study
Construct name Description Fluorophore

fusion site

HCN1GFP EGFP-fused, full-length mouse HCN1 C’ terminus

HCN1GFP-N’ EGFP-fused, full-length mouse HCN1 N’ terminus 

HCN1[D22]GFP EGFP-fused, mouse HCN1 sequence lacking the 
22 amino acids that constitute the FLNa-binding 
domain (aa 694-715)

C’ terminus

HCN2GFP EGFP-fused, full-length mouse HCN2 N’ terminus

FLNaDsRed Monomeric DsRed-fused, full-length human 
FLNa

N’ terminus

FLNa[23-24]DsRed Monomeric DsRed -fused, truncated human 
FLNa, including only the C’ terminus-located 
IgG-like domains 23 and 24 (consisting of the 
HCN1-binding region and dimerization domain, 
but lacking the actin-binding domains).  

N’ terminus
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Cell culture and transfection with plasmid DNA

Human Embryonic Kindey 293 (HEK293) cells were obtained from ATCC. Cultures 
were maintained in Minimum Essential Medium (MEM) supplemented with 100 μg/ ml 
penicilline-streptomycine, 2 mM glutamine, and 10% fetal bovine serum. The cells were kept 
in a humidified atmosphere, at 37˚C and 5% CO2, were passaged weekly and refreshed every 
2-3 days. All culture reagents were from Invitrogen. Transfection with cDNA constructs was 
performed using the calcium-phosphate precipitation method as previously described (Noam 
et al., 2008; Han et al., 2011). Briefly, 1-3 days prior to transfection, cells were re-plated on 
12 mm glass coverslips at 50-60% density. For the expression of HCN channels and/ or FLNa 
constructs, 0.3 microgram of plasmid cDNA was used per construct per coverslip, resulting 
in a 1:1 DNA ratio in co-transfection experiments. All experiments were performed 24-48 
hours post-transfection.

Fixation and Immunocytochemistry

Fixation of transfected HEK293 cells for imaging purposes was performed by 15 minutes 
incubation with PBS solution + 4% paraformaldehyde (PFA) on ice. PFA was removed by a 
series of washes with PBS (5 x 5 minutes), and coverslips were mounted on a glass microscope 
slide using Fluoromount G mounting medium (Southern Biotech). Immunolabeling 
experiments with anti-FLNa or anti-EEA1 (an early endosomal marker) were performed 
by PFA fixation as described above followed by 10 minutes permeabilization with 0.1% 
Triton X-100, and 1 hour incubation with PBS + 5% normal goat serum + 1% BSA at room 
temperature, to block non-specific interactions. Primary antibodies were diluted in PBS + 1% 
BSA and were applied for 1 hour at room temperature. The antibody was removed by a series 
of washes (3 x 5 minutes with PBS) followed by incubation with a secondary, mouse alexa-
633-conjugated- or mouse-alexa-488- antibody (Invitrogen) in PBS + 1% BSA solution. 
Secondary antibody was removed by a series of washes with PBS (3 x 5 minutes) and 
mounted on glass microscope slides as described above. To label lysosomes, LAMP1 staining 
was performed by fixing and permeabilizing the cells in ice-cold methanol, followed by 
blocking and antibody incubation as described above. Antibodies used in this study included 
the mouse monoclonal anti-LAMP1 (Abcam; clone [H4A3]; 1:500), mouse monoclonal anti-
EEA1 (clone 13; BD Transduction Laboratories; 1:2000) and mouse monoclonal anti-FLNa 
(clone PM6/317; Millipore; 1:1000). All immunocytochemistry experiments were performed 
at least in duplicates and repeated at least at three separate occasions. Differences in sub-
cellular distribution were assessed blindly.

Transferrin-uptake assay

To label recycling endosomes, HEK293 cells expressing HCN1GFP and FLNaDsRed were first 
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starved of transferrin by 15 minutes incubation with serum-deficient MEM medium, followed 
by 1 hour incubation with 50 mg/ml alexa-633 –conjugated transferrin (Invitrogen), at 37˚C. 
Cells were quickly rinsed with ice-cold PBS, and fixed with 4% PFA as described above.

Dynamin inhibition

Dynamin inhibition was carried out by incubating HEK293 cells with 80 mM of the selective 
dynamin inhibitor dynasore (Sigma) for a period of 3-4 hours, at 37˚C. As a vehicle treatment, 
a similar amount of the organic solvent (0.26% DMSO) was applied, for a similar duration. 

Confocal Imaging

Confocal imaging was performed using an LSM-510 confocal microscope (Zeiss) equipped 
with an Apochromat 63x oil objective (numeric aperture = 1.40). Samples that contained 
more than one fluorophore were scanned sequentially using the “multi-track” mode with 
separate excitation beams: an Argon laser at a wavelength of 488 nm for GFP imaging, a 
He/Ne laser at 543 nm for DsRed imaging, and a He/Ne laser beam at 633 nm for far-red 
imaging (of endosomal markers conjugated to alexa-633 fluoropohre). Images were digitized 
at 12 bit, in a frame size of 1024 x 1024 pixel. Optical slices were scanned at a thickness of 
<1 mm. Final image adjustments were performed using ImageJ software (NIH): images were 
background-subtracted using the “BG subtraction from ROI” plugin (M. Cammer and T. 
Collins) and a mild median filter was applied (radius=0.2 pixels) for presentation purposes.

Total Internal Reflection Fluorescence Microscopy (TIRF-M) 

TIRF-M was performed using an inverted Nikon Ti microscope with a TIRF attachment, 
equipped with an oil immersion 60x Apo TIRF objective (numeric aperture = 1.49). 
Fluorescent excitation was employed using an Argon/ Krypton laser at wavelengths of 488 
nm and 568 nm for GFP and DsRed imaging, respectively. GFP and DsRed signals were 
selected using bandpass filters at wavelengths of 525/50 nm and 625/50 nm, respectively. 
Images were collected using an Andor iXon 897 CCD camera.

Electrophysiology

Ih was recorded from transfected HEK293 cells using the whole-cell voltage-clamp 
configuration as recently described (Han et al., 2011). The recording chamber was 
continuously perfused with an extracellular recording solution containing (in mM): 110 
NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 0.5 cAMP, 10 HEPES,  (pH set to 7.30). Recording pipettes 
(pulled from borosilicate glass) had a resistance of 2-5 MΩ when filled with an intracellular 
solution containing (in mM) 105 K-gluconate, 30 KCl, 2 Mg-ATP, 5 EGTA, 0.5 CaCl2, 10 
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HEPES (pH set to 7.30). Series resistance was compensated for at least 75%. Only traces with 
voltage errors smaller than 2 mV were considered for analysis. Currents were acquired with 
an Axopatch 200B amplifier (Molecular Devices), controlled by a custom-written program 
in MATLAB (Mathworks). Currents were low-pass Bessel filtered at 2 kHz and sampled at 5 
kHz. Liquid junction potential (calculated at 13 mV) was corrected for offline. 

Ih was evoked by a series of hyperpolarizing steps from a resting membrane potential of -50 
mV to -130 mV, in decrements of 10 mV. Ih amplitude was calculated by subtracting the steady-
state current at the end of the voltage step from the instantaneous current at its beginning, as 
previously reported (Noam et al., 2010; Han et al., 2011). Membrane capacitance (Cm) was 
read directly from the compensation dial on the amplifier, and the mean capacitance value 
(14.4±1.0 pF, n=51) did not differ between conditions (p=0.36, Student’s t-test). Current 
density values were calculated by dividing current amplitude by Cm. Ih activation kinetics 
were best fit to a mono-exponential function (Han et al., 2011), and only traces with goodness-
of-fit >0.985 were included in the final analysis. The voltage-dependent activation profile of 
Ih was derived by fitting a Boltzmann equation to Ih conductance values of individual traces 
at different potentials, as recently described (Han et al., 2011).

All data points represent mean ± standard error of the mean. Statistical significance was 
determined using the non-parametric Mann-Whitney test, Student’s t-test, or two-way 
ANOVA as indicated, with a p-value of p<0.05 to indicate significant difference. 
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Results

Deletion of the FLNa-interacting domain in HCN1 channels leads to augmented Ih and 
altered gating properties 

Depletion of FLNa was previously shown to augment the amplitude of HCN1-mediated Ih 
and to facilitate its gating in HCN1-expressing melanoma cell lines (Gravante et al., 2004). 
To investigate the molecular basis of FLNa-mediated regulation of Ih, we generated a GFP-
fused HCN1 channel mutant (HCN1[D22]GFP) lacking the 22 amino acids that form the 
FLNa-interacting domain (Table 1). In line with previous reports (Noam et al., 2010), the 
mere fusion of GFP to either the C’- or the N’-terminus of the channel did not influence 
its biophysical characteristics (Sup. Fig 1A-C). Step-wise membrane hyperpolarization of 
HCN1[D22]GFP-expressing HEK293 cells yielded slowly-activating, non-inactivating inward 
currents typical of Ih; these were virtually absent in mock-transfected cells (Sup. Fig 1D,F). 
These results indicate that removal of the FLNa-interacting domain from HCN1 is not 
detrimental to channel function or to its delivery to the cell membrane. 

Having established a functional HCN1 channel lacking the FLNa-binding domain, we next 
studied the functional implications of FLNa-HCN1 interaction by recording Ih from HEK293 
cells that co-express DsRed-fused FLNa (FLNaDsRed) with either HCN1GFP or HCN1[D22]GFP. 
Ih density was increased two-fold in HCN1[D22]GFP + FLNaDsRed expressing cells compared 
with cells expressing HCN1GFP + FLNaDsRed (74.7±16.4 vs 149.4±27.8 pA/ pF; n=25,26 cells; 
p<0.05, Mann-Whitney test; Fig. 1), in accord with a previous study reporting Ih up-regulation 
in FLNa-deficient melanoma cells (Gravante et al., 2004).  

In the presence of over-expressed FLNaDsRed, the gating properties of HCN1[D22]GFP were 
altered when compared to HCN1GFP, with a depolarizing shift of the voltage-activation profile 
(V50= -76.9±1.2 vs -72.0±1.8 mV for HCN1GFP, HCN1[D22]GFP, respectively; n=7,6 cells; 
p<0.05; Fig. 1) and with no difference in the slope factor (k=7.4±0.7, 7.3±0.7; n.s.). In line 
with facilitated gating, the activation kinetics of HCN1[D22]GFP were accelerated compared 
to HCN1GFP (two-way ANOVA; p<0.05). Finally, no differences were found between the 
current-voltage relationship of the two constructs or their reversal potential values (Erev = 
-42.1±2.0 vs -39.3±0.8 mV for HCN1GFP, HCN1[D22]GFP, respectively; n=3,4 cells; n.s.). 
These latter data suggest that the FLNa-interacting domain of the HCN1 channel does not 
play a role in ion selectivity.  
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Figure 1 - Deletion of the FLNa-binding domain in HCN1 alters Ih density and gating. A, Whole-
cell responses to voltage hyperpolarizing steps in transfected HEK293 cells. Ih was not detected in 
mock-transfected neurons where only DsRed was expressed (left). Co-expression of FLNaDsRed with 
either HCN1GFP or HCN1[D22]GFP yielded inward currents with typical Ih-like properties, possessing 
larger current amplitudes in HCN1[D22]GFP-expressing cells. B, Quantitative summary revealed a two-
fold increase in Ih density in cells expressing HCN1[D22]GFP, compared with HCN1GFP –expressing cells 
(numbers on bars indicate n of cells per experimental group). C, Example traces comparing the kinetics 
of HCN1GFP (black) and HCN1[D22]GFP (grey) upon stepping to different membrane potentials (from 
-40 mV), as indicated. The amplitude of the currents was scaled to allow for visual comparison of the 
time course. Only a portion of the initial response is shown. D, activation kinetics of Ih in HCN1GFP- 
and HCN1[D22]GFP -expressing cells. HCN1[D22]GFP -mediated Ih was faster than HCN1GFP (two-way 
ANOVA, p<0.05). E, Voltage-dependent activation of Ih in HCN1GFP - and HCN1[D22]GFP-expressing 
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HEK293  cells. A depolarizing shift in the activation profile of HCN1[D22]GFP was observed, quantified 
by the half-activation (V50) value (inset) of individual Boltzmann fits (see Chapter 3 for futhter details). 
F, Example Ih traces representing the protocol used to determine the reversal potential (Erev) of the 
current. Upon initial step to a near-maximal activation voltage of -110 mV, membrane potential was 
stepped back to a range of voltage values. Because Ih de-activates relatively slowly, the instantaneous 
peak values of the tail current (inset on the right) represent predominantly the changes in driving force. 
G, Current-voltage (I-V) curves, plotted based on the protocol shown in F. No difference was found 
between Erev of Ih in HCN1GFP - and HCN1[D22]GFP -expressing cells (note: standard error in many data 
points was too small to be visualized). All data points represent mean ± s.e.m. *=p<0.05, Student’s 
t-test. In all experiments, FLNaDsRed was expressed alongside HCN1 channel constructs at a 1:1 cDNA 
ratio.

Channel isoform-specific clustering of HCN channels by FLNa

The results described above suggest an inhibitory role for FLNa on Ih amplitude and gating 
properties. Inhibition of Ih could derive from a direct change in the properties of the membrane-
inserted channel, or could arise from the presence of fewer molecules on the cell surface. 
Therefore, we next tested whether FLNa influenced HCN channel trafficking, using confocal 
imaging of HEK293 cells transfected with DNA constructs designed to selectively target 
HCN1-FLNa interaction (Table 1). Remarkably, co-expression of HCN1GFP channels with 
FLNaDsRed resulted in strong clustering of HCN1 channels, apparent as large, distinct GFP-
positive puncta (Fig. 2A), which were absent when FLNaDsRed was co-expressed with either 
HCN1[D22]GFP or HCN2GFP (Fig. 2B,C). Note that these effects were easily observable in co-
transfected cells, where both HCN1GFP and HCN1[D22]GFP were over-expressed . Although  
HEK293 cells do express FLNa (Sup. Fig. 2), the low endogenous levels, compared with the 
over-expresssion of tranfected HCN channels were not optimal for demonstrating the effects 
of  HCN-FLNa interaction.

To rule out potential artifacts mediated by the fusion of the GFP molecule to the HCN1 
channel, we employed a second GFP-fused HCN1 channel construct where the GFP was 
fused to the N’, rather than to the C’ terminus (HCN1GFP-N’). Co-expressing HCN1GFP-N’ with 
FLNaDsRed recapitulated the results obtained with HCN1GFP (Sup. Fig 3), confirming that the 
observed clustering of HCN1 was unrelated to the fluorophore fusion. 

The FLNa-dependent effects on HCN1 distribution pattern may be mediated either by 
conformational changes due to binding of FLNa to the channel, or by crosslinking HCN1 
to cytoskeletal elements. To discern between these two possibilities, we employed a DsRed-
fused, FLNa truncation mutant (FLNa[23-24]DsRed), which possesses the HCN1-binding 
region (namely, the C’ terminal IgG like domains 23-24, see Experimental Procedures), but 
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does not possess the actin binding regions. In accord with the lack of actin-binding capacity, 
the distribution of FLNa[23-24]DsRed in HEK293 cells was diffuse and non-specific, as 
opposed to the filamentous distribution observed with FLNaDsRed and endogenous FLNa (Fig. 
2D, Sup. Fig 2). Co-expression of HCN1GFP with FLNa[23-24]DsRed resulted in a relatively 
diffuse distribution that resembled the expression pattern of HCN1[D22]GFP when expressed 
with FLNaDsRed (Fig. 2D), indicating that FLNa-induced clustering of HCN1 channels 
requires a full-length, actin binding FLNa protein. Co-expression of FLN[23-24]DsRed with 
either HCN1[D22]GFP or HCN2GFP resulted in a smooth distribution pattern (not shown), as 
observed upon expression of these HCN channel constructs with the full-length FLNaDsRed. 
These results, showing the need for the actin-interacting domain of FLNa to enable HCN1 
clustering, support a mechanism involving a molecular complex consisting of HCN1, FLNa 
and actin. Such a complex might influence HCN1 channel trafficking either by regulating 
channel distribution on the cell surface or by association with intracellular organelles 
involved in channel transport and turnover.
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Figure 2 - Filamin-dependent clustering of HCN1 channels. Confocal images of HEK293 cells 
expressing HCN1GFP (A), HCN1[D22]GFP (B), or HCN2GFP (C) alongside with FLNaDsRed. Whereas 
expression of FLNaDsRed with HCN1GFP lead to a clustered appearance of HCN1GFP (A), the distribution 
pattern of both HCN1[D22]GFP (B) and HCN2GFP (C) was diffuse. D, A confocal image of a HEK293 
cell, displaying a diffuse distribution pattern when HCN1GFP is expressed alongside a truncated filamin 
mutant (FLNa[23-24]DsRed) that includes only the HCN1-binding region but not the actin-binding 
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portion of the protein. All images are of a single optical slice in the z plane (<1 mm). Scale bars = 10 mm.

FLNa-mediated accumulation of HCN1 channels in lysosomal compartments

Because FLNa is involved in the endocytic processing of several membrane proteins (Liu et 
al., 1997; Cho et al., 2007; Sverdlov et al., 2009; Minsaas et al., 2010), we asked whether 
the FLNa-dependent accumulation of HCN1 channels in intracellular clusters may represent 
altered endocytic localization. Immunocytochemistry of HEK293 cells expressing both 
HCN1GFP and FLNaDsRed, using an antibody directed against the lysosomal protein LAMP1, 
revealed accumulation of HCN1 in lysosomal compartments (Fig. 3A,D): HCN1 clusters co-
localized with LAMP1-positive organelles. Some of the HCN1 clusters were also localized 
to early endosomes (albeit to a lesser degree than lysosomes), as evident by confocal imaging 
of cells immunolabeled with the early endosomal marker EEA1 (Fig. 3B,D). To examine the 
presence of HCN1 in recycling endosomes, a transferrin-uptake assay was carried out, using 
an alexa-633-conjugated transferrin on HCN1GFP +FLNaDsRed –expressing HEK293 cells. In 
contrast to their robust presence in lysosomes, only a small sub-population of HCN1 clusters 
was localized to recycling endosomes (Fig. 3C,D). Taken together, these data suggest that 
FLNa influences the subcellular localization (and likely the trafficking) of HCN1 channels 
into organelles involved in the internalization and degradation of membrane proteins.  
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Figure 3 - HCN1 clusters represent sub-populations of endosomal organelles. Confocal images 
of HEK293 cells transfected with HCN1GFP and FLNaDsRed and immuno-labeled with an antibody 
directed against the lysosomal marker LAMP1 (A) or against the early endosomal marker EEA1 (B). 
Visualization of recycling endosomes was carried out using the Tf-uptake assay with an alexa-633 –
conjugated transferrin (C). D-F, Magnified regions from panels A-C (as indicated), demonstrating the 
strong colocalization of HCN1GFP clusters with LAMP1-positive organelles and the modest presence of 
HCN1GFP in early endosomes and recycling endosomes. Images in A-C are a stack of optical slices in 
the z-plane, whereas the magnified regions in D-F are single z-slices (optical thickness<1 mm). Scale 
bars = 10 mm.
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FLNa-induced HCN1 clustering and Ih inhibition are dynamin-dependent and reversible

The accumulation of HCN1 channel protein in endosomes implies a role for FLNa in the 
removal of HCN1 channels from the cell membrane. The GTPase dynamin contributes 
crucially to many forms of endocytosis by enabling the fission of newly formed pits budding 
from the plasma membrane (Macia et al., 2006). A 4-hour incubation of FLNaDsRed + HCN1GFP 

-transfected HEK293 cells with the selective dynamin-inhibitor dynasore led to a marked 
decrease in HCN1 channel clustering (Fig. 4A), confirming a role for dynamin-dependent 
internalization in HCN1 clustering. Importantly, dynasore treatment not only rescued the 
clustered phenotype, but also augmented Ih density two-fold in HCN1GFP + FLNaDsRed –
transfected HEK293 cells (54±10 vs 106±19 pA/pF for vehicle and dynasore treatments, 
respectively; n=23,30 cells; p<0.05, Mann-Whitney test). The density of Ih in the dynamin 
treated cells was comparable to that of HCN1[D22]GFP + FLNaDsRed–expressing cells (Fig. 4B). 
Incubation of HCN1[D22]GFP + FLNaDsRed –transfected cells with dynasore did not increase 
Ih density (104±16 vs 100±21 pA/pF for vehicle and dynasore treatments, respectively; 
n=20,20; Mann-Whitney test). Notably, in cells expressing FLNa with the HCN1-channel 
mutant that lacks the FLNa binding domain, dynasore did not influence channel distribution 
(not shown). These finding suggest that the lack of FLNa interaction confers higher stability 
of HCN1 channels within the membrane and a slower internalization rate.
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Figure 4 – FLNa-dependent HCN1 clustering and Ih inhibition are dynamin-dependent and 
reversible. A, Confocal images of HEK293 cells that co-express HCN1GFP and FLNaDsRed, showing 
reduced HCN1 clustering following incubation with the selective dynamin-inhibitor dynasore. The 
images are a stacked representation of optical slices (z) with <1 mm thickness per slice. The green 
channel represents HCN1GFP signal, whereas insets in red represent the signal emitted from FLNaDsRed 
in the same cell.  B, Example traces of Ih, recorded from HCN1GFP +FLNaDsRed –expressing HEK293 
cells pre-treated with either vehicle (0.26% DMSO) or dynasore. C, Quantitative summary of Ih density 
in cells expressing either HCN1GFP +FLNaDsRed or HCN1[D22]GFP + FLNaDsRed, pre-treated with either 
vehicle or dynasore. Exposure to dynasore resulted in two-fold increase of Ih density in HCN1GFP 
+FLNaDsRed –expressing cells, whereas Ih density in HCN1[D22]GFP +FLNaDsRed expressing cells was 
insensitive to dynasore.
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FLNa-induced alterations of HCN1 channel surface expression

The data presented so far suggest that FLNa promotes the elimination of HCN1 channels 
from the cell membrane. To directly test whether FLNa influences HCN1 surface expression, 
we employed total internal reflection fluorescent microscopy (TIRF-M), a technique that 
allows the visualization of only a very thin section of the cell (50-150 nm), representing 
membrane and peri-membranous domains (Jaiswal and Simon, 2007). To discern the signal 
of surface-expressed channels from intracellular ones we obtained both widefield images (at 
a right angle) and TIRF-M images of the same cells. A comparison of widefield and TIRF-M 
images revealed a sub-population of HCN1GFP clusters localized to peri-membranous 
regions, whereas other clusters were localized to intracellular compartment (Fig. 5A,E-F). In 
contrast to the punctate surface expression of HCN1GFP in the presence of FLNa, the surface 
distribution pattern of both HCN2GFP and HCN1[D22]GFP was diffuse (Fig 5B,C). This was 
also the case for HCN1GFP in the presence of FLNa[23-24]DsRed, the truncated FLNa construct 
that lacks the actin binding domains  (Fig. 5D). Taken together, these results imply that 
interaction of HCN1 with FLNa results both in HCN1 channel clustering on the cell surface, 
as well as in intracellular accumulation of channel protein via endocytosis.
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Figure 5 - Intracellular and surface localization of HCN1 clusters revealed by TIRF-M imaging. 
A-D, Widefield and TIRF images of cells expressing FLNa and HCN channel constructs. A, Widefield 
images of both FLNaDsRed  (evident by their DsRed signal) and HCN1GFP (GFP signal) are shown, as 
well as TIRF images of the GFP signal obtained from the same cells. The right column (#4) represents 
a magnified region of the TIRF image to its left. Note the clustered appearance of HCN1GFP when 
expressed alongside FLNaDsRed under TIRF conditions. B-C, Widefield and TIRF images of HCN1[D22]

GFP (B) and HCN2GFP (C), expressed in the presence of FLNaDsRed. D, Widefield and TIRF images of 
HCN1GFP co-expressed with FLNa[23-24]DsRed. E-F, A close examination of widefield and TIRF images 
reveals that some of the HCN1GFP clusters observed in the presence of FLNaDsRed are near the cell 
surface (as evident by their presence in both widefield and TIRF images, green arrows), whereas others 
are intracellular (as evident by their virtual disappearance from the TIRF image, light blue arrows). 
Scale bars = 5 mm.
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Discussion

To investigate the roles of FLNa in regulating HCN1 channel trafficking and function, 
we combined a mutational approach with confocal imaging, TIRF microscopy and 
electrophysiology to investigate the roles of FLNa in regulating HCN1 channel trafficking 
and function. The key findings of this study are: (1) FLNa induces the clustering of HCN1 (but 
not of HCN2) channels in both peri-membranous and intracellular domains; (2) Intracellular 
clustering of HCN1 by FLNa represents accumulation of the channels in lysosomes, and is 
accompanied by reduced Ih amplitude and altered gating; (3) Both FLNa-dependent HCN1 
internalization and Ih inhibition can be rescued by selective interference with the GTPase 
activity of dynamin.

Previous work in melanoma cell lines demonstrated increased Ih amplitude, shifted voltage-
gating and accelerated kinetics in cells devoid of FLNa (Gravante et al., 2004). Whereas the 
complete absence of FLNa influences many cellular properties such as motility, elasticity and 
endosomal localization (Liu et al., 1997; Stossel et al., 2001), our data support a selective 
role for FLNa in regulation of HCN1 channels: deletion of the FLNa binding domain in 
HCN1 channels up-regulated Ih density and facilitated gating properties. A central finding of 
this study is the FLNa-dependent accumulation of HCN1 channels in lysosomes. Increased 
internalization and degradation of HCN1 channels is expected to result in net decrease of 
HCN1 channel abundance on the membrane, consistent with reduced Ih density. 

An intriguing aspect of HCN channel regulation by FLNa is its isoform-specificity, manifested 
by exclusive regulation of the HCN1 channel isoform by FLNa (Gravante et al. 2004). 
Isoform-specific regulation of HCN channels may alter Ih properties (Brewster et al., 2002) 
and influence channel heteromerization (Brewster et al., 2005). Recently, we found subunit-
specific distribution and trafficking dynamics of HCN channels in hippocampal neurons: 
whereas the expression of HCN1GFP channels was punctate and accompanied by dynamic 
vesicular transport along dendrites, HCN2GFP channels were characterized by a diffuse 
distribution pattern and reduced mobility kinetics (Noam et al., 2010). Interestingly, the 
trafficking dynamics of the HCN1 isoform in hippocampal neurons were strongly inhibited 
upon actin-stabilization, implying the tight involvement of the actin network in regulating 
HCN1 channel trafficking.

Little is known on the dynamics of HCN channel turnover within the membrane. Following 
internalization, membrane proteins can be sent to lysosomal degradation or alternatively be 
redirected to recycling (Maxfield and McGraw, 2004). HCN2 and HCN4 channels are readily 
observable in recycling endosomes, providing a pool of “spare” channels to be re-inserted 
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into the cell membrane upon stimulation (Hardel et al., 2008). Surprisingly, we found only a 
minority of HCN1 channels in this “recycling pool”.  FLNa does not bind HCN2 or HCN4, 
and our results suggest that FLNa binding to HCN1 aggregates the channels on the cell 
surface, destining them to internalization and lysosomal degradation. The exact mechanism 
is not fully understood, but seems to involve specific interaction domains within the FLNa 
and HCN1 molecules as well as dynamin-mediated internalization. In general, FLNa can 
influence channel trafficking to lysosomal organelles by either controlling the location and 
stability of the channels within the membrane, or by regulating intracellular processes of 
protein sorting into distinct endocytic compartments. Considering the fact that we could not 
detect substantial presence of FLNa in HCN1-containing intracellular clusters or in other 
endocytic organelles (Fig. 3), it seems more likely that the regulation of HCN1 channels by 
FLNa occurs at--or in proximity--to the cell membrane. 

Thus, based on the current evidence, we propose two alternative models for the action of FLNa 
on HCN1 channels: in the first model (Fig. 6A), a protein complex between HCN1, FLNa, 
actin, and other potential (yet to be identified) cytoskeletal proteins targets the channels to 
specialized microdomains on the membrane. This results in a non-homogenous distribution 
of HCN1 channel protein on the cell surface. In this scenario, the clustered localization of 
HCN1 channels on the membrane allows for a more efficient endocytosis by enabling the 
internalization of large channel aggregates in a single endocytic event. Increased efficiency 
of HCN1 channel internalization leads eventually to the accumulation of channel protein in 
lysosomes, resulting in net decrease of both surface and total channel protein, and decreased 
Ih amplitude. An alternative model suggests that HCN1-FLNa interaction occurs throughout 
most of the cell surface, and rather than re-directing channels to specific microdomains 
(as proposed in model #1), FLNa promotes internalization along vast portions of the cell 
membrane (Fig 6B). Facilitating internalization may occur via complexes that include actin, 
as well as other adaptor proteins and dynamin. The clustered appearance of surface HCN1 
in the second model may represent distinct regions on the membrane that are more resilient 
to internalization, and therefore contain large amounts of non-internalized channel protein. 
Further studies into the insertion, internalization and lateral diffusion of surface HCN1 
channels are required to fully distinguish between these two models.
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Figure 6 – Models of HCN1 clustering and internalization by FLNa. The cartoons depict two 
alternative models explaining the clustering effect of FLNa on both surface and intracellular HCN1 
channels, and their accumulation within lysosomes. According to model #1 (depicted in A), HCN1-
FLNa interaction localizes HCN1 channels into distinct microdomains within the membrane, resulting 
in their clustering (top panel). These domains facilitate an efficient internalization of HCN1 by enabling 
the endocytosis of large volume of protein in a single internalization event. Whereas some endosomes 
may find their way back to the membrane through recycling, the continuous internalization would 
eventually result in net accumulation in lysosomes (bottom panel). An alternative model (B) suggests 
that interaction between FLNa and HCN1 leads to internalization of the channels across vast portions 
of the membrane (top panel), while the clusters observed on the surface represent sub-regions where 
internalization occurs at lower rate, therefore “rescuing” the channels from endosomal fate (lower 
panel). However, the continuous internalization from the majority parts of the membrane results in 
accumulation of HCN1 channels in lysosomes. C, In the absence of FLN-HCN1 interaction, a more 
diffuse membrane distribution is observed either due to lack of specific targeting within the membrane 
(according to model #1) or due to reduced internalization (according to model #2). Because of the 
enhanced stability of the channels within the membrane, less channel molecules are present in organelles 
of the endocytic pathway.
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The involvement of FLNa in membrane protein trafficking is not unique to HCN channels. 
Several ion channels and receptors have been reported to interact with FLNa, including 
dopamine D2/D3 receptors (Lin et al., 2001; Li et al., 2000), Kir 2.1 channels (Sampson et 
al., 2003), mu-opioid receptors (Onoprishvili et al., 2003), and the Kv4.2 potassium channels 
(Petrecca et al., 2000). Whereas in some cases FLNa increases the stability of proteins within 
the cell membrane (Petrecca et al., 2000; Sampson et al., 2003; Seck et al., 2003; Beekman 
et al., 2008), in other cases it may promote internalization and sequestration (Cho et al., 
2007; Minsaas et al., 2010). Thus, the effect that FLNa exerts on its binding partner may be 
influenced by many factors, including the identity of the interacting protein, and may further 
result in the co-regulation of different membrane proteins.

Regulation of HCN channels by auxiliary proteins is emerging as a key mechanism by 
which the trafficking and biophysical properties of HCN channels can be modulated. The 
brain-specific auxiliary protein TRIP8b is a potent regulator of HCN1 and HCN2 channels, 
influencing both their surface expression and gating properties (Lewis et al., 2009; Santoro 
et al., 2009; Zolles et al., 2009; Han et al., 2011). Additional HCN-interacting proteins have 
also been reported (Yu et al., 2001; Kimura et al., 2004). Interestingly, TRIP8b has been 
recently found to influence HCN channel surface expression via control of internalization 
and lysosomal targeting: TRIP8b splice variants that promote surface expression inhibit 
channel internalization (Lewis et al., 2011), and TRIP8b variants that reduce HCN surface 
expression increase lysosomal targeting (Popova et al., 2011). Our findings on the roles of 
the actin-binding protein FLNa in promoting HCN1 channel internalization and degradation 
suggest that multiple mechanisms and auxiliary proteins may participate in regulation 
of HCN channel turnover. Studies into the combinatorial effects of these mechanisms in 
different physiological contexts will promote our understanding of the dynamic control of 
channel surface expression, and their implications. 

In summary, the results presented in this study imply an inhibitory role for the actin binding 
protein FLNa on the membrane expression of HCN1 channels, mediated by increased 
internalization and lysosomal targeting. Our results suggest isoform-specific mechanisms 
that control the endocytic targeting and stability of HCN channels within the cell membrane, 
processes that may underlie dynamic regulation of the channels in a variety of physiological 
contexts.
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Supplemental information

Supplemental Figure 1 – Functional expression of HCN channels in HEK293 cells. Example 
traces of whole-cell responses to hyperpolarizing steps (from -40 to -130 mV, in 10 mV decrements) 
of transfected HEK293 cells. A, Expression of untagged mouse HCN1 (alongside with EGFP, at 1:1 
ratio), resulted in a typical Ih with HCN1-like properties. B-C, both C’- and N’ terminus fusion of GFP 
to HCN1 yielded Ih with comparable properties. D, Deletion of the FLNa-binding domain in HCN1 
was not detrimental to channel function, as evident by the typical Ih traces. E, Expression of GFP-fused 
HCN2 channels resulted in Ih with slower kinetics and altered gating, as expected for this channel 
isoform (Biel et al., 2009). F, Endogenous Ih could not be detected in HEK293 cells, as shown in a cell 
transfected with only DsRed.
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Supplemental Figure 2 – Distribution patterns of endogenous and exogenous FLNa in HEK293 
cells. Left: The distribution pattern of native FLNa in HEK293, as demonstrated by immuno-labeling 
of a non-transfected HEK293 cells with a monoclonal antibody directed against FLNa. Note the typical 
filamentous distribution of FLNa in filopodia tips. Center: A distribution pattern similar to that of native 
FLNa is observed in DsRed -fused FLNa (FLNaDsRed) –expressing HEK293 cells. The image represents 
the DsRed signal emitted solely from the transfected FLNaDsRed. Right: In contrast to native FLNa and 
exogenous FLNaDsRed, expression of a truncated mutant of FLNa that includes only the last two IgG-like 
domains (which form the HCN1 binding domain) but not the actin-binding domains results in non-
specific, homogenous distribution of the protein. All images are a z-stack representation of confocal 
optical slices at <1 mm thickness. Scale bars = 10 mm.

Supplemental Figure 3 -  FLNa-dependent clustering of N’ terminus-fused GFP-HCN1 channel 
protein. Similar to the results obtained with HCN1GFP, co-expression of HCN1GFP-N’ with FLNaDsRed 
resulted in intense clustering (top panel), whereas co-expression of HCN1GFP-N’ with truncated FLNa 
(FLNa[23-24]DsRed) resulted in a more continuous distribution pattern (bottom panel). Scale bars = 10 
mm.
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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 
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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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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.





*A commentary article, discussing two recently published works:

Upregulated H-Current in Hyperexcitable CA1 Dendrites after Febrile Seizures. Dyhrfjeld-
Johnsen J, Morgan RJ, Foldy C & Soltesz I., Front Cell Neurosci 2008; 2:2. doi:10.3389/
neuro.03.002.2008 

HCN hyperpolarization-activated cation channels inhibit EPSPs by interactions with 
M-type K+ channels. George MS, Abbott LF & Siegelbaum SA, Nat Neurosci 2009; 
12(5):577-584.

Hyperpolarized views on the roles of the hyperpolarization-
activated channels in neuronal excitability* 
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Commentary

Regulation of neuronal excitability involves the coordinated function of numerous ion 
channels. Many ion channels coexist in an individual neuron, and their orchestrated function, 
influenced by their abundance, subcellular locations, and cellular molecules, modulates 
channel properties that govern neuronal excitability (Santoro and Baram, 2003; Lai and Jan, 
2006; Beck and Yaari, 2008). The role of the hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels in regulating neuronal excitability has long been a subject of 
debate (Santoro and Baram, 2003). These unusual channels open in response to membrane 
hyperpolarization and mediate the non-inactivating cationic, depolarizing current Ih .The 
depolarizing current conducted by HCN channels drives the membrane potential closer to the 
action-potential firing threshold; thus, it follows intuitively that these channels may serve an 
excitatory role. However, by being open at subthreshold membrane potentials, HCN channels 
also reduce the input resistance of the membrane (Rin), which results in a shunting inhibitory 
effect that diminishes the efficiency of incoming EPSPs.

Both upregulation and downregulation of Ih and of HCN channel expression have been 
reported in several animal models of epilepsy (Chen et al., 2001a; Brewster et al., 2002; Shah 
et al., 2004; Jung et al., 2007) as well as in human epileptic hippocampus (Bender et al., 2003). 
However, the complex, apparently contrasting, effects of Ih has impeded further understanding 
of the physiological consequences of Ih regulation. Two recent studies have addressed 
directly these issues by studying the contribution of the opposing effects of Ih on dendritic 
and neuronal excitability. Whereas several previous studies associated downregulation of 
Ih with increased excitability (Shah et al., 2004; Jung et al., 2007), Dyhrfjeld-Johnsen et al. 
asked whether upregulation of dendritic Ih, which they found after experimental prolonged 
febrile seizures, could coincide with or even account for hyperexcitability. Importantly, 
the experimental set-up used by Dyhrfjeld-Johnsen et al. allowed for free fluctuations in 
resting membrane potential, permitting the study of the depolarizing effect of Ih along with 
its shunting properties. 

The experiments by Dyhrfjeld-Johnsen and colleagues revealed a complex picture: using 
dendritic recording techniques in hippocampal CA1 pyramidal cells, the investigators 
observed an upregulated Ih in dendrites of rats that had experienced febrile seizures 
approximately 4 weeks earlier. In comparison to control animals, this effect was associated 
with a depolarized membrane potential that was a result of the increased Ih, because it could 
be abolished by pharmacologically blocking the conductance. Injections of current to these 
neurons resulted in an increased firing rate, compared with control neurons, demonstrating the 
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hyperexcitability of the neurons with augmented dendritic Ih. When the depolarizing effects 
of the augmented Ih on membrane potential were blocked (i.e., membrane potential was kept 
constant), the hyperexcitability was only partially reversed, indicating the involvement of 
additional, as yet unknown, factors in the modification of neuronal excitability following 
febrile seizures.

Thus, the results of Dyhrfjeld-Johnsen et al. demonstrated that hippocampal, pyramidal CA1 
neurons are hyperexcitable following febrile seizures and that this hyperexcitability was, 
at least in part, a result of a depolarized membrane potential that was due to upregulated Ih. 
To isolate the potential role of increased Ih in febrile seizure-induced hyperexcitability from 
other influences, the authors then turned to computational models in which the physiological 
consequences of Ih can be studied independently of uncontrolled changes that may occur in 
vivo. They applied their empirically measured Ih values obtained following febrile seizures 
to three models based on published work, yet allowed membrane potential to fluctuate 
rather than fixing it at a given value. Under these conditions, the investigators found that the 
depolarizing effect of Ih outweighed its shunting effect in each of the models; in other words, 
the overall effect of Ih was excitatory. 

The study by Dyhrfjeld-Johnsen et al. provides an elegant demonstration of how (under certain 
conditions) Ih may play a proexcitatory role and implies that additional channels/conductances 
may contribute to the hyperexcitability observed in the febrile seizure model. Their findings 
raise several questions: in which conditions or contexts does Ih play an excitatory role? Can 
the balance between the inhibitory and excitatory effects of Ih be dynamically regulated? 
These questions form the basis for the work by George and colleagues. First, consistent with 
previous studies, George et al. found that selective pharmacological blocking of Ih resulted 
in the expected hyperpolarized membrane potential in CA1 pyramidal neurons and increased 
input resistance. A novel and interesting finding involved the biphasic effects of Ih: recordings 
of somatic responses to synaptic stimulation, in the presence or absence of Ih, revealed a 
relationship between the strength of the synaptic stimulus and the function of Ih. While the 
current had a proexcitatory influence on weak synaptic stimuli, it had an inhibitory effect 
when stronger, yet still subthreshold, stimuli were applied, as measured by reduced peak 
EPSP. The biphasic relationship between stimulus strength and Ih could not be reproduced in 
a simple computational model in which Ih was the only active conductance, because in such 
a model, Ih always exerted an excitatory effect on subthreshold EPSPs (i.e., the depolarizing 
effect of Ih was greater than its shunting properties), indicating that the parameters included 
in the model were not sufficient to represent the real life neuron. The discrepancy between the 
experimental observations and the computational prediction was resolved when the authors 
introduced a new player to their computational model—the subthreshold, slowly activating 
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potassium conductance, known as the M-current (IM). Not only did the presence of IM restore 
the biphasic relationship between stimulus strength and the effect of Ih on excitability, but 
changes in IM levels could also shift the crossover point at which Ih turned from excitatory 
to inhibitory. Thus, the computational data predicted that increased IM would promote the 
inhibitory effects of Ih on somatic EPSPs, whereas low levels of IM would result in a more 
excitatory Ih. These predictions were tested by measuring the effect of Ih on somatic EPSPs in 
pyramidal CA1 neurons while pharmacologically blocking IM. Indeed, in the absence of IM, 
Ih had a pure excitatory effect on both weak and strong stimuli. 

Both studies reviewed here challenge the traditional notion of a single role for dendritic Ih in 
regulating neuronal excitability. They suggest the alternative concept that Ih may play either 
a pro- or anti-excitatory role, depending on physiological conditions, such as the regulation 
of other active currents and the nature of the neuronal input to the cell (Santoro and Baram, 
2003; Dyhrfjeld-Johnsen et al., 2009). While these studies provide experimental support for 
an important new perspective on Ih, they also point out a number of unexplored questions. For 
example, at the cellular level, HCN channels are regulated in numerous ways that influence 
not only the magnitude of Ih, but also its kinetics, voltage dependence, additional biophysical 
properties, and location within the neuron. Any of these factors can affect the function of 
HCN channels. Thus, existing studies have found exquisite transcriptional control of HCN 
channels (Brewster et al., 2002; Shah et al., 2004; Jung et al., 2007), their heteromerization 
(Brewster et al., 2005), and their interaction with accessory proteins that influence channel 
surface expression, subcellular localization, and channel properties (Gravante et al., 2004; 
Shin et al., 2008; Lewis et al., 2009). The elucidation of these different aspects of HCN 
channel regulation, especially in relationship to the co-regulation of other ion channels 
and the physiological context, will further advance the understanding of the function this 
important class of ion channels. This information will help investigators and clinicians to 
better understand the pathologies associated with HCN channel dysregulation in the epileptic 
brain and ultimately will provide targets in the search for better therapies.
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Communicatie in onze hersenen heeft plaats middels elektrische signalen: de zogenaamde 
actiepotentialen zijn korte pulsjes (1 ms, 100 mV), die in complexe patronen worden 
overgedragen van het ene neuron naar het andere en van het ene netwerk naar het andere. 
Elke zenuwcel kan informatie ontvangen van soms wel 10.000 andere cellen en moet 
deze integreren tot zijn eigen specifieke antwoord. Spanningsafhankelijke, specifieke 
ionkanalen in het membraan van de zenuwcel spelen een sleutelrol bij het functioneren 
van het membraan. Hun iondoorlaatbaarheid bepaalt de membraanpotentiaal (en die op 
haar beurt weer de iondoorlaatbaarheid) en in grote mate de waarschijnlijkheid waarmee 
neuronen actiepotentialen vuren (een eigenschap die exciteerbaarheid wordt genoemd). 
De ionkanalen bepalen ook de manier waarop inkomende informatie wordt geïntegreerd 
en zo beïnvloeden ze de activiteit van het hele netwerk. Het reguleren en moduleren van 
de exciteerbaarheid is dus een belangrijke eigenschap van ionkanalen. Langs die weg zijn 
ze mede verantwoordelijk voor vele vormen van plasticiteit van de hersenen. Dankzij die 
plasticiteit blijven de hersenen functioneren tijdens groei en veroudering en kunnen we ons 
voorstellen dat processen als leren en geheugen zijn geïmplementeerd. Het disfunctioneren 
van deze regulatie van de exciteerbaarheid kan uitmonden in epilepsie, een hersenziekte die 
gekarakteriseerd wordt door een tijdelijke hypersynchronisatie van bijna alle neuronen in 
de betrokken hersengebieden en waarbij de patiënt tijdelijk de algehele controle over zijn 
zenuwstelsel verliest. Het bestuderen van de mechanismen die ionkanalen in de hersenen 
reguleren is dan ook essentieel voor ons begrip van het functioneren van gezonde én zieke 
hersenen.

In dit proefschrift wordt de regulatie onderzocht van HCN-kanalen: door Hyperpolarisatie 
en Cyclische Nucleotiden geactiveerde ionkanalen. Deze spanningsafhankelijke kanalen 
vervullen belangrijke en unieke functies in het reguleren van de exciteerbaarheid van 
neuronen. Anders dan andere spanningsafhankelijk kanalen openen HCN-kanalen zich bij 
hyperpolarisatie van het membraan en laten ze zowel natrium als kalium door en verzorgen 
zo de kationstroom Ih. Bijzonder is ook dat de geleiding van de h-stroom vooral plaats heeft 
onder de kritische drempelwaarde voor het genereren van een actiepotentiaal, waardoor ze 
bij uitstek geschikt is om de vuurfrequentie te moduleren. Het moduleren van Ih gebeurt op 
zeer verschillende tijdsschalen; daardoor kunnen de HCN kanalen hun belangrijke rol spelen 
in meerdere vormen van neuronale plasticiteit. In epileptische hersenen zijn afwijkingen 
gevonden in expressieniveaus, subcellulaire lokalisatie, membraanexpressie en in het 
functioneren van HCN-kanalen, hetgeen erop duidt dat ontregeling van dit type kanaal bij 
deze pathologie een relevante factor is.
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Om hun functie naar behoren te kunnen uitoefenen, dienen ionkanalen, nadat ze zijn gevormd, 
naar het goede cellulaire compartiment getransporteerd en meestal in het membraan geplaatst 
te worden; dit actief verplaatsen van de ionkanalen wordt in de literatuur “trafficking” 
genoemd. In de afgelopen jaren is het steeds duidelijker geworden dat dit transport van 
ionkanalen van en naar het membraan een belangrijk mechanisme is dat de exciteerbaarheid 
van neuronen binnen een kort tijdsbestek modificeert. Dit proefschrift richt zich vooral 
op de mechanismen die betrokken zijn bij het transport van de HCN-kanalen, waarbij de 
voornaamste interesse uitgaat naar de manier waarop de aanwezigheid, de beschikbaarheid 
en de lokalisatie van HCN-kanalen in het membraan van zowel het soma als de dendrieten 
van neuronen worden geregeld.

In Hoofdstuk 2 wordt het transport van HCN-kanalen direct bestudeerd met behulp van 
tijd gesynchroniseerde microscopie in gekweekte neuronen uit de hippocampus van de rat. 
De HCN-kanalen werden daartoe voorzien van een fluofoor die fluorescente detectie in de 
cel mogelijk maakt. Op deze manier werd het transport van de HCN-kanalen live gevolgd 
en kon de kinetiek van de bewegingen van de HCN-kanalen door de dendrieten worden 
gekarakteriseerd. In de hippocampus komen twee dominante varianten van het HCN-kanaal 
voor: HCN1 en HCN2. Deze twee varianten bleken sterk verschillende transporteigenschappen 
te bezitten. Terwijl de HCN1-kanalen zich concentreren in kleine blaasjes die zich met grote 
mobiliteit in de dendrieten verplaatsen, zijn de HCN2-kanalen diffuus verspreid over de cel 
en vele malen minder mobiel. Een belangrijke functionele vondst is dat het toedienen van 
de excitatoire neurotransmitter glutamaat het transport van HCN1-kanalen reversibel kan 
remmen. Toedienen van glutamaat legt het transport van de kanalen stil, waarna de kanalen 
lokaal in het membraan gefixeerd worden en er een verhoging van Ih gemeten kan worden. 
De activiteit en subtype-afhankelijke eigenschappen van HCN-kanalen in hippocampale 
neuronen, zoals beschreven in Hoofdstuk 2, zouden de basis kunnen vormen voor een 
homeostatische regulatie van de cellulaire exciteerbaarheid door Ih, maar ze zouden ook een 
belangrijke rol kunnen spelen bij hersenpathologieën zoals epilepsie.

Om de moleculaire en cellulaire mechanismen achter de modulatie van HCN-kanalen verder 
te ontrafelen is in Hoofdstuk 3 – 5 onderzoek verricht naar eiwitten die een directe interactie 
aangaan met HCN-kanalen, en naar eiwitten die mogelijkerwijs van invloed zijn op het 
transport, de membraanexpressie en het functioneren van HCN-kanalen. Hoofdstuk 3 richt 
zich op het onderzoek naar de effecten van het HCN-hulpeiwit TRIP8b op het functioneren en 
de membraanexpressie van de HCN-kanalen. TRIP8b is een eiwit dat specifiek in neuronen 
voorkomt en dat een directe binding aangaat met het HCN-kanaal. Er bestaan verschillende 
varianten van TRIP8b, die de membraanexpressie van HCN-kanalen soms verhogen en 
soms verlagen. Alle varianten van TRIP8b beïnvloeden ook de doorlaatbaarheid van het 
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HCN-kanaal, ze vertragen de activeringskinetiek van Ih en ze verschuiven de spannings-
afhankelijkheid van de activatie naar lagere potentialen. Met mutagenese op specifieke plaatsen 
in het gen tonen we in Hoofdstuk 3 aan dat TRIP8b en HCN1-kanalen een interactie aangaan 
via twee specifieke moleculaire bindingsplaatsen: één op de C’-terminus van het kanaal en 
de ander aan het Cyclisch-Nucleotide BindingsDomein (CNBD). Beide bindingsdomeinen 
zijn nodig om de membraanexpressie van HCN-kanalen te verhogen. Het vertragen van het 
openen van het HCN-kanaal door TRIP8b wordt echter alleen veroorzaakt door het CNBD, 
waar TRIP8b en cAMP om concurreren. De resultaten in dit hoofdstuk geven inzicht in 
de complexe interacties tussen TRIP8b en het HCN-kanaal en de consequenties voor het 
kanaaltransport.

Voor een correcte regulatie van eiwittransport is het cytoskelet van eminent belang. In 
Hoofdstuk 2 hebben we al aangetoond dat de integriteit van het actine skelet noodzakelijk 
is voor het functioneel transport van HCN1-kanalen. De rol van het cytoskelet werd nader 
bestudeerd in de Hoofdstukken 4 en 5 aan de hand van het actine bindende filamine A 
(FLNa). Naast de structurele functie die FLNa speelt bij het stabiliseren van actinenetwerken 
in de cel, kan FLNa ook een interactie aangaan met diverse ionkanalen en receptoren wat 
hun membraanexpressie beïnvloedt. Aangetoond is dat HCN1- (maar niet HCN2- of HCN4-
) kanalen een interactie aangaan met FLNa maar de fysiologische implicaties van deze 
interactie zijn nog onduidelijk.

FLNa is een veelbelovende kandidaat voor de regulering van neuronale HCN-kanalen maar 
we weten nog zo weinig over het voorkomen en de verspreiding van FLNa in de volwassen 
hersenen dat daar eerst een inventariserende studie naar gedaan is in Hoofdstuk 4. Met 
behulp van immunolabeling hebben we het specifieke expressiepatroon van FLNa in kaart 
gebracht in hersencoupes van de volwassen rat en in gekweekte primaire neuronen van de 
hippocampus. FLNa is duidelijk aanwezig in de dendritische schacht van hippocampale 
en corticale neuronen maar we hebben nog geen bewijs dat het voorkomt in dendritische 
“spines”, de gespecialiseerde plaats waar een neuron het inkomende signaal van een ander 
neuron opvangt. Omdat HCN1-kanalen waarschijnlijk niet voorkomen in spines in de 
neocortex en hippocampus, wordt het aantrekkelijk de hypothese te formuleren dat FLNa 
betrokken is bij het weren van bindingspartners uit deze gebieden. Binnen deze context zal 
de functionele rol van FLNa in de volwassen hersenen verder onderzocht moeten worden.

Toen de verspreiding van FLNa in de hersenen eenmaal in kaart was gebracht, onderzochten 
we de mechanismen waardoor FLNa op subcellulair niveau de HCN-kanaal localisatie en 
functie beïnvloedt (Hoofdstuk 5). De subtype specifieke verspreiding van HCN-kanalen 
in neuronen (Hoofdstuk 2) werd ook gevonden in HEK293 cellen: HCN1-kanalen zijn 



190

Nederlandse samenvatting

geconcentreerd in blaasjes, terwijl HCN2 kanalen diffuus over de cel verspreid zijn. 
De bundeling van HCN1-kanalen is afhankelijk van FLNa. Deze bundeling hebben wij 
waargenomen in zowel het celmembraan als de intracellulaire compartimenten, de laatste 
lokalisatie wordt veroorzaakt door internalisatie en transport richting het lysosoom. 
De vermindering van Ih door internalisatie van HCN1-kanalen heeft waarschijnlijk een 
significante invloed op de fysiologische eigenschappen van de cel. Deze vermindering van Ih 
kon worden voorkomen met dynasore, een specifieke blokker van het enzym dynamine dat 
betrokken is bij de internalisatie. We concluderen dat FLNa zijn remmende werking lijkt uit 
te oefenen door endocytose en afbraak van specifieke HCN-kanaal subtypen.

Dit proefschrift verschaft nieuwe inzichten in de complexe regulatie van HCN-kanalen 
in neuronen: er wordt onder meer bewijs geleverd voor een zeer dynamische (en 
activiteitsafhankelijke) kinetiek van HCN-kanaal “trafficking” in dendrieten. De lokalisatie 
van de HCN-kanalen en hun transportmechanisme is subunit specifiek en we hebben een 
sterke betrokkenheid vastgesteld van secundaire eiwitten bij de regulatie van het transport 
van specifieke HCN-varianten, de membraanexpressie en de functionele eigenschappen 
van deze kanalen. Deze bevindingen verbreden onze kennis van de cellulaire machinerie 
die HCN-kanalen reguleert en werpen een aantal interessante nieuwe vragen op, die verder 
reiken dan dit proefschrift. Een van de vragen die we nog niet beantwoord hebben is hoe 
celspecifiek de hier beschreven mechanismen zijn. Een dieper inzicht in hoe ontsporing van 
deze regelmechanismen zou kunnen leiden tot pathologische situaties zoals epilepsie, zal nog 
veel experimenteel werk vergen.
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