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Abstract

Hyperpolarization activated cyclic nucleotide gated (HCN) channels and the current they carry, Iy,
are widely and diversely distributed in the central nervous system (CNS). The distribution of the
four subunits of HCN channels is variable within the CNS, within brain regions, and often within
subcellular compartments. The precise function of I, can depend heavily on what other channels
are co-expressed. In this review, we give an overview of HCN channel structure, distribution, and
modulation by cyclic adenosine monophosphate (cAMP). We then discuss HCN channel and Iy,
functions, where we have parsed the roles into two main effects: a steady effect on maintaining the
resting membrane potential at relatively depolarized values, and slow channel dynamics. Within
this framework, we discuss Iy, involvement in resonance, synaptic integration, transmitter release,
plasticity, and point out a special case, where the effects of I, on the membrane potential and its
slow channel dynamics have dual roles in thalamic neurons.
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1. INTRODUCTION

After the initial description of a current activated by hyperpolarization in the heart (named

funny current, or l¢, Brown et al., 1979), a hyperpolarization-activated current, permeable to
Na* and K*, was discovered almost ubiquitously in the brain. Among the first brain regions
where Iy, was identified were the hippocampus (Halliwell and Adams, 1982), the dorsal root
ganglion (Mayer and Westbrook, 1983), the midbrain red nucleus (Kubota et al., 1985), the
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sensorimotor cortex (Spain et al., 1987) and the nucleus prepositus hypoglossi (Bobker and
Williams, 1989).

Fast forward to the late 1990s: the molecular identity of I, was revealed, almost at the

same time, by a number of research teams (Santoro et al., 1997, 1998; Gauss et al.,

1998; Ludwig et al., 1998). Consensus on the nomenclature was achieved and the protein
subunits mediating I, were named hyperpolarization activated cyclic nucleotide gated
(HCN) channels. In particular, four subunits were identified in mammals, with differential
dependencies on voltage and cAMP, as discussed in section 2. Iy, functions have been studied
with blockers and, from the early 2000s, genetic knockout models that have allowed the
study of the effects of I, in more complex behaviors in live animals. In addition, 1}, has been
found to underlie a series of brain diseases. The majority of the changes in this case fall

in the category of transcriptional channelopathies, due to the disruption of the regulation of
I expression (Waxman, 2001; Biel et al., 2009), or, in some cases a disrupted regulation

of cAMP modulation, such as seems to be the case in neuropathic pain (Emery et al.,
2012). Inherited genomic mutations have been described in epilepsy (Rivolta et al., 2020;
Hung et al., 2021; Porro et al., 2021). Excellent reviews have been published recently on
the involvement of Iy, in pathologies, and pharmacological approaches to targeting HCN
channels (Sartiani et al., 2017; Chang et al., 2019; Santoro and Shah, 2020; Balducci et al.,
2021).

Since their initial descriptions, the functions of I, and HCN channels in neurons have been
somewhat of a conundrum because these channels mediate both excitatory and inhibitory
effects, sometimes even in the same neurons under different conditions. These effects

have their basis in the influence of I}, on the resting membrane potential and on input
resistance. Because their reversal potential is between =50 and —20 mV (Pape, 1996),

when HCN channels are active near a neuron’s resting membrane potential, the influx

of inward current depolarizes the membrane potential and therefore maintains it closer to
the threshold for an action potential (excitatory effect). This is exemplified in Fig. 1A,
where the application of ZD7288, an I}, blocker (Harris and Constanti, 1995; Gasparini and
DiFrancesco, 1997), hyperpolarizes the membrane potential, such that the same depolarizing
stimulus that was generating an action potential in control conditions (Fig. 1A1) remains
sub-threshold when 1, is blocked (Fig. 1A2). On the other hand, by contributing an increase
in membrane conductance, HCN channels significantly dampen changes in the membrane
potential, therefore requiring larger inputs to initiate an action potential (inhibitory effect).
This aspect is exemplified in Fig. 1A3, where, upon compensation of the ZD7288-induced
depolarization with tonic current, the neuron fires more action potentials in response to the
same depolarizing current, due to the larger input resistance when I, is blocked (as visible
from the change in potential highlighted by the orange arrows). This dichotomy between
functions is particularly evident in the single-neuron hyperexcitability seen in epilepsy,
where either up- or down-regulation of I}, have been observed, in different animal models
(Noam et al., 2011). The relative contribution of the excitatory and inhibitory roles of I},

in this context can be dissected using computational simulations (Dyhrfjeld-Johnsen et al.,
2009). We discuss the various functions Iy, exerts by regulating the membrane potential in
section 3.2 below. Moreover, HCN channels have relatively slow activation and deactivation
kinetics, which confer slow time-dependent changes in response to changes in the membrane

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Combe and Gasparini

Page 3

potential. These slow channel dynamics are essential for some of the effects of I}, in neurons,
which we discuss in section 3.1; interestingly, in some cases it is the slow deactivation

upon depolarization that determines the effects of Iy, as in the case of excitatory synaptic
potentials and their summation (Magee, 1999, 2000), as discussed in section 3.1.3. In other
cases, the slow activation and deactivation act synergistically to confer resonance and/or
oscillatory behavior to certain neurons, as discussed in section 3.1.2.

2. OVERVIEW OF HCN CHANNELS

HCN channels are part of the superfamily of six-transmembrane channels, most structurally
related to two known voltage-gated potassium channels, K,,10 and K11, and to cyclic
nucleotide-gated channels. There is more than one oddity about the HCN channel: the
selectivity pore has a structure that should confer K* selectivity, yet it is also permeable to
Na*. Also, the polarity of its voltage gate is reversed, such that hyperpolarization opens the
pore, and depolarization causes the pore to close. Finally, although the structure of HCN
channels is related to the broader class of cyclic nucleotide-gated channels because of the
presence of the cyclic nucleotide-binding domain, cyclic nucleotides are not required for
HCN channel opening, although cAMP binding directly to the channel does increase the
open probability.

2.1 STRUCTURE

Using cryo-EM (single-particle electron cryo-microscopy), Lee and MacKinnon (2017,
2019) elucidated the full-length three-dimensional structure of a human HCN channel at

3.5 A resolution, confirming some previously proposed structural elements and answering
some of the questions regarding HCN’s special characteristics. The overall structure is
comprised of four identical subunits, each with a pore region, voltage sensor, HCN domain,
cyclic nucleotide binding domain (CNBD) and C-linker. The HCN domain, CNBD and
C-linker are in the cytosol. The HCN domain seems to contact both the voltage sensor

and the cytoplasmic domains via the C-linker and has been found to both ensure correct
insertion of channels at the membrane and to functionally associate CAMP binding and
voltage sensitivity (Porro et al., 2019; Wang et al., 2020). The C-linker connects the S6
transmembrane helix to the CNBD. In the cytosol, a portion of each C-linker sits on the
C-linker of the adjacent subunit, contributing to tetramerization (Zagotta et al., 2003). When
cAMP binds the CNBD, the C-linkers transmit movement to the transmembrane domains of
the channel, discussed further in section 2.3.

Each pore-forming portion of a subunit is formed from helices designated S5 and S6,

which are linked to the voltage-sensing domain S1-S4. Between S5 and S6 are amino acids
forming the selectivity filter region that match that of potassium-selective channels, yet it
acts more like a non-selective channel. This may be due to a twist in the geometry of the
HCN filter, such that the amino acid sequences that line the pore in a K* channel, creating
four binding sites, are only partially available in HCN channels (Lee and MacKinnon, 2017).
For this reason, if K* is not in the pore at the time, Na* is not prevented from flowing
through (Lee and MacKinnon, 2017). As a consequence, the relative permeabilities to K*
and Na* for HCN channels (from 3:1 to 5:1, reviewed in Pape, 1996 and Biel et al., 2009)
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are not as biased towards K* as in potassium channels (from 14:1 to more than 250:1, Hille,
2001), and because its reversal potential, between =50 and —20 mV (Pape, 1996), is more
depolarized than a typical resting membrane potential, I, is a net inward current throughout
its activation range for physiological Na* and K* concentrations.

In the three-dimensional structure of most voltage-gated potassium channels, S1-S4 would
interact with S5 and S6 in an adjacent subunit, rather than S5 and S6 of the same
polypeptide chain that they are in. This arrangement is referred to as “domain-swapped”.
This necessitates that the linker between S4 and S5 is a long alpha-helix running
horizontally between subunits, which is thought to act like a belt around the subunits,
allowing the pore to open or close upon movement of S4 (Long et al., 2005). HCN channels
are not domain-swapped; S1-S4 are linked to S5 and S6 in the same polypeptide chain. The
cryo-EM maps show that the S4 helix is longer compared to that of K, channels and was
initially proposed to act in the same fashion as an S4-S5 linker, albeit with inverted gating
(Lee and MacKinnon, 2017). However, the deletion of this S4-S5-linker-like region does not
interfere with gating via hyperpolarization (Flynn and Zagotta, 2018).

Like other voltage sensors, S4 of HCN channels moves toward the cytosol with
hyperpolarization (Méannikko et al., 2002), however there are additional steps that may
explain the inverted gating. In HCN’s open state, S4 has moved 10 A toward the cytosol,
broken into two helices, and bent away from the HCN domain, such that the bottom portion
of S4 is almost parallel to the cytoplasmic membrane (Dai et al., 2019; Kasimova et al.,
2019; Lee and MacKinnon, 2019). One interpretation has been that by doing this, S4 moves
S5 enough that there is room for the pore domain to relax to an open position. Another
feature revealed by crystal structure is that S4 and S5 are closely aligned, with several points
of contact (Lee and MacKinnon 2017). Based on this, a slightly different interpretation

has been that the channel is held closed by interactions between residues in S4 and S5

that are broken when S4 moves down in response to hyperpolarization, and then the open
conformation is stabilized by interactions between the C-linker and CNBD with the HCN
domain of adjacent subunits (Lee and MacKinnon, 2017; Cowgill et al., 2019; Ramentol et
al., 2020). Overall, it appears that the closed state of HCN is energetically a little expensive,
and that hyperpolarization-induced movement and bending of S4 releases constraints on the
conformation, allowing the channel pore region to relax into an open configuration. Channel
opening, then, is mostly a matter of releasing the constraints that hold the channel in a
closed conformation “at rest”.

2.2 SUBUNITS AND DISTRIBUTION

Four different subunit types have been discovered (HCN1-4), differing in the speed of
activation and deactivation, and sensitivity to voltage and to modulation via cAMP. HCN1
has the most depolarized V1, and fastest activation speed (within hundreds of ms, Santoro
et al, 2000), while full activation of HCN2 and HCN4 can take seconds (Ishii et al., 1999;
Seifert et al., 1999; Santoro et al., 2000). As such, HCN activation is about 10 times slower
in thalamic relay cells where HCN2 and HCN4 predominate than in hippocampal CAl
where HCNL1 is elevated (Santoro et al 2000). There is evidence that different subunit types
form heteromers which have intermediate characteristics (Chen et al., 2001).
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The extent to which cAMP modifies voltage dependence is highest for HCN4, followed
by HCN2, and lowest for HCN1 (reviewed in Robinson and Siegelbaum, 2003; Biel et
al., 2009; Sartiani et al., 2017). HCN3 is generally considered to be insensitive to cCAMP
(Mistrik et al., 2005; Stieber et al., 2005). It is interesting that the subunit-specific built-
in voltage regulation and cAMP affinity can work in opposite directions. A homomeric
channel of HCN4 would have the slowest activation kinetics and intermediate voltage
dependent gating, but would be most likely to bind cAMP, thus increasing its activation
speed. Hypothetically, this could confer multi-level control of Iy, e.g. in the presence of
neuromodulators upstream of cCAMP.

In situ hybridization (Moosmang et al., 1999; Monteggia et al., 2000; Santoro et al.,
2000) and immunohistochemistry (Notomi and Shigemoto, 2004) demonstrated that all
four subunits are expressed in the adult rodent brain, each with their own distinct patterns,
overlapping in some cases. Distribution depends on brain area, developmental stage, and
subcellular compartment. Notomi and Shigemoto (2004) published a detailed region-by-
region immunohistochemistry study of HCN subunit expression in rat and in their recent
review, Santoro and Shah (2020) have compiled extensive RNA data from both human
and mouse databases. Briefly, in the adult rodent, HCN1 expression is most prominent in
the olfactory bulb, neocortex, hippocampus, cerebellum, and superior colliculus, a visual
processing area in the midbrain. HCN2 expression is widespread and diffuse. HCN3
expression is low overall but shows local intense protein expression in the olfactory bulb
and piriform cortex, hypothalamus, tegmental nuclei and habenular nucleus (Notomi and
Shigemoto, 2004; Mistrik et al., 2005). HCN4 is most abundant in the olfactory bulb and
thalamus (Notomi and Shigemoto, 2004; Moosmang et al., 1999; Santoro et al., 2000).

Highly heterogeneous expression of I within a single cell type in the olfactory bulb
prompted Angelo et al. to suggest a role for I}, in allowing for more parameters and

higher dimensional representation of information in odor circuits (Angelo and Margrie,
2011; Angelo et al., 2012). A similar phenomenon has been found in different classes

of interneurons in the accessory olfactory bulb (Maksimova et al., 2019). In layer | of

the medial agranular cortex, some interneurons (regular spiking and burst-accommodating)
have a developmental-associated increase in I, over time while other interneurons (non-
accommodating) seem to have a decrease in I, over the same time period (Bohannon and
Hablitz, 2018). Cell-type specific expression in the hippocampus (Zemankovics et al., 2010)
and olfactory bulb (Holderith et al., 2003) may serve to promote cell-specific participation in
oscillatory activity.

In many neurons, HCN channel distribution is not widespread, but rather restricted to
somatic, dendritic, and/or axonal compartments. Trafficking and subcellular distribution of
HCN channels is regulated by TRIP8b (Santoro et al., 2004; Shin et al., 2008; Lewis et al.,
2009; Han et al., 2011). Such heterogeneity in ion channel distribution has been suggested
to be a way by which the computational power of neurons is multiplied (Gasparini and
Magee, 2006; Nusser, 2009; Gidon et al., 2020). In dopaminergic neurons of the substantia
nigra pars compacta (SNc), a development-associated redistribution of HCN channels shifts
HCN2 and HCN4 subunits from a purely somatic expression to both somatic and dendritic
compartments (Dufour et al., 2014). Differences in the compartmentalization of I, would
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presumably reshape these cells’ ability to integrate GABA-mediated signaling (Neuhoff et
al., 2002) by determining their response to hyperpolarization as they mature. For these
neurons, hyperpolarization, and the following rebound firing may be critical signals for
reward prediction error (Neuhoff et al., 2002; Otomo et al., 2020). SNc dopaminergic
neurons also have the unusual feature of an axon emanating from a dendrite. Engel and
Seutin (2015) determined that there is a relatively high expression of I}, in the area of
dendrite near the axon in SNc dopaminergic neurons that were characterized by the presence
of a prominent sag. The high density of HCN channels lowers the input resistance near

the axon, which may then narrow the window for coincidence detection (Engel and Seutin,
2015).

In layer V neocortical pyramidal neurons, Atkinson and Williams (2009) found a 10-fold
increase in HCN1 and Iy, in the apical dendrites during the first postnatal month of
development, while somatic expression comprised HCN2 and remained steady. The adult
expression pattern in these cells is a gradient of I, along the apical dendrite that increases
with distance from soma. This pattern is duplicated in pyramidal neurons of hippocampus,
subiculum, and neocortex (Magee, 1998; Williams and Stuart, 2000; Lérincz et al., 2002).
The functional relevance of these expression patterns and their developmental maturation is
discussed in the dendritic synaptic integration section (3.1.3).

At variance with the pattern described above, there is a uniform distribution of Iy, in the
apical dendrites of layer V pyramidal neurons in the medial entorhinal cortex (Medinilla

et al., 2013), somata and dendrites of juxtaglomerular olfactory neurons (Holderith et

al., 2003), and dendrites of Purkinje neurons (Angelo et al., 2007). Bullis et al. (2007)
characterized principal neurons in stratum radiatum of area CA1 in the hippocampus that
have pyramidal cell morphologies with a reverse gradient of Iy, in the apical dendrite (higher
at soma). The gradient is shallow, and the total apical arbor is shorter, but the net effect
seems to be essentially the same as that found in CA1 pyramidal neurons; inputs along
apical dendrite are normalized when measured at the soma (Bullis et al., 2007), as discussed
in section 3.1.3.

In thalamic reticular neurons, HCN2 is expressed in spines along with GIuR4 receptors,
possibly providing a brake on excitatory input to these cells and shaping their output (Abbas
etal., 2006; Ying et al., 2007). In monkey prefrontal cortex pyramidal neurons, HCN1 and
HCN1/2 channels were found in spines, co-localized with a,a-adrenoreceptors (Wang et al.,
2007). This arrangement was hypothesized to provide the smallest functional compartment
within which HCN channels (presumably the HCN1/2 heteromers) could be negatively
modulated by norepinephrine during a working memory task. However, in other pyramidal
neurons, HCN1 and HCN2 expression is lower in spines than on dendritic shafts (Lérincz
et al., 2002; Notomi and Shigemoto, 2004; Dougherty et al., 2013). While the restriction

of HCN channels to small compartments in close proximity to other interacting currents

or modulators in some neurons makes some sense intuitively, the functional impact of
exclusion of HCN from spines in other neurons is unclear.

In basket cells of the hippocampus, HCN channels are mostly found in the axon (Notomi
and Shigemoto, 2004; Roth and Hu, 2020; but see Aponte et al., 2006 for somatic expression
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as well), where they facilitate fast spiking by opposing hyperpolarization that would
otherwise accumulate via Na*/K* ATPases during high-frequency trains of action potentials
(discussed also in section 3.2.1; Roth and Hu 2020). Cerebellar basket cells also express
HCN in the axon and at low levels in the soma (Southan et al., 2000; Lujan et al., 2005).

In these cells there is a gradual concentration, during postnatal development, of HCNL1 in
the axon and axon terminals that make inhibitory synapses on Purkinje cells. As the basket
cells are the main inhibitory drive on the Purkinje neurons, and the Purkinje neurons are the
only output of the cerebellum, this postnatal accumulation of HCN1 may play a major role
in shaping the output of the cerebellum. Southan et al. (2000) found that the presence of I}, in
cerebellar basket cell axon terminals enhanced GABAergic neurotransmission, so a gradual
increase during development may serve to sharpen Purkinje cell output.

2.3 MODULATION

As opposed to most voltage-gated channels, the HCN channel can be modulated directly by
the second messenger CAMP, bypassing the involvement of PKA and phosphorylation of the
channel, as was first discovered in cardiac sino-atrial node cells (DiFrancesco and Tortora,
1991) and subsequently demonstrated in hippocampal neurons (Pedarzani and Storm, 1995).
cAMP binding directly to the CNBD increases the open probability of HCN channels but

is not a prerequisite for channel opening. When the CNBD is deleted from the cytoplasmic
domain, a partial autoinhibition of HCN that this domain confers in the absence of cAMP is
eliminated, such that channels behave as if they have cAMP bound (Wainger et al., 2001).

In the absence of cCAMP, salt bridges between the HCN domain and C-linkers of opposite
and adjacent subunits also help keep the channel closed (Porro et al., 2019). The cryo-EM
structure of HCN1 bound to cAMP shows that binding of cCAMP in a pocket in the CNBD
of each subunit induces relatively small conformational changes that twist the C-linkers

and consequently the transmembrane domains of the channel in the direction of opening,
therefore widening but not opening the channel pore (Lee and MacKinnon, 2017; Gross et
al., 2018). Subunits that demonstrate a larger response to CAMP (such as HCN2 and HCN4)
may undergo larger conformational changes in response to cAMP binding (Zagotta et al.,
2003; Porro et al., 2019).

Binding of cAMP also increases voltage sensitivity of the HCN channel by inducing
conformational changes that ultimately affect the position of the voltage sensor (Porro et
al., 2019). The overall effect of cAMP binding is to allow HCN channels to open at more
depolarized membrane potentials, as evidenced by a depolarized shift in V1, the membrane
potential at which there is 50% of the maximal conductance. This effect is subunit-specific;
the V1o of HCNL1 is only marginally shifted by cAMP (~2 mV; Santoro et al., 1998),

the V1, of HCN3 is shifted slightly in the hyperpolarized direction (Mistrik et al., 2005;
Stieber et al., 2005), and the V12 of HCN2 and HCN4 can be shifted in the depolarized
direction by 10 to 20 mV (Wainger et al., 2001, lishii et al., 1999; Seifert et al., 1999). As
a consequence of the depolarized shift in V19, the activation kinetics, that are themselves
voltage-dependent, become faster in the presence of cAMP (Wainger et al., 2001).

Because of its sensitivity to cCAMP, |}, is subject to regulation by neuromodulators that
increase or decrease CAMP. Serotonin induces depolarization and decreases input resistance
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via a current with Kinetics and pharmacology matching Iy, in brainstem neurons (Bobker
and Williams, 1989), thalamocortical neurons (Pape and McCormick, 1989) and CA1l
pyramidal neurons (Gasparini and DiFrancesco, 1999). In addition to serotonin, it was
shown that norepinephrine induces small depolarizations from Vst and both serotonin and
norepinephrine dampen the voltage response to hyperpolarizing pulses by increasing Iy,
(Pape and McCormick 1989). In the above studies, upon identifying an I,-dependent effect,
researchers reproduced the effect with a cAMP analog and/or an adenylate cyclase activator.
Histamine has similar effects on I, in thalamocortical neurons (McCormick and Williamson,
1991) as does dopamine in retinal ganglion cells (Chen and Yang, 2007). Adenosine, on

the other hand, was shown to decrease I, amplitude and shift its activation curve in the
hyperpolarized direction, removing the constraint on burst firing in thalamocortical neurons.
This effect was reproduced by inhibiting adenylyl cyclase (Pape, 1992). Excellent reviews
(Pape, 1996; He et al., 2014; Sartiani et al., 2017) go into detail about neuromodulators and

Ih.

cAMP modulation of HCN channels is disrupted by TRIP8b (Lewis et al., 2009; Santoro

et al., 2009; Zolles et al., 2009). This soluble auxiliary subunit might directly compete with
cAMP for a binding site on the CNBD (Han et al., 2011; DeBerg et al., 2015; Bankston
etal., 2017) or prevent cAMP from inducing the conformational change described above,
interfering with modulation in an allosteric manner (Hu et al., 2013; Saponaro et al., 2014,
2018; Porro et al., 2020). TRIP8b also controls subcellular trafficking (Santoro et al., 2004),
but this process seems to be controlled by different binding sites on TRIP8b and on the HCN
channel (Lewis et al., 2009).

As for other cyclic nucleotides, nitric oxide stimulates soluble guanylate cyclase, elevating
cGMP levels which then have an effect on Iy in thalamocortical neurons that is similar to
cAMP (Pape and Mager, 1992). In superior olivary complex neurons, however, nitric oxide
has differential effects on HCN1 and HCNZ2, hyperpolarizing and depolarizing the V15,
respectively (Kopp-Scheinpflug et al., 2015). The effect on HCN2, but not HCN1, was found
to be dependent on cGMP.

HCN channels are subject to modulation by several additional factors (reviewed in detail by
Lewis et al., 2010; He et al., 2014; Sartiani et al., 2017): other cyclic nucleotides and their
upstream effectors; protons; temperature; PIP,; posttranslational modifications, including
phosphorylation by PKA; scaffolding proteins; and at least one additional auxiliary subunit
besides TRIP8b.

Finally, as are all biophysical processes, I, is sensitive to temperature. How much a
biological process is affected by temperature is quantified by Q1, the ratio of the rates

of a process at two different temperatures separated by 10°C (Sterratt, 2014). Q1o will have
a value for any process that is affected by temperature, such as activation and deactivation
kinetics. It is helpful to keep this in mind when reading literature where experiments may
be performed at different temperatures. Qg values for I, have been reported for activation,
deactivation, and current amplitude (Magee, 1998).
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3. GENERAL FUNCTIONS

As discussed in section 2.2, HCN channels are among those with the most varied subcellular
distribution; rarely are they distributed uniformly along the axo-somato-dendritic axis. Most
commonly, they show gradients or concentration in specific subcellular compartments. As

a consequence, their contributions to neuronal function will be diversified according to

their distribution. Additionally, the contribution of HCN channels to neuronal function will
depend on the complement of other channels that are co-expressed in those specific neurons
or compartments. In some cases, especially in the case of Cay3.2 (T-type) CaZ* channels,
the interactions of these two channels can have effects that are distinctly different from those
of I, alone.

In the next sections, we present some examples of the many functions that have been
revealed for HCN channels. We propose that these functions can be categorized depending
on whether it is predominantly the slow channel dynamics or the steady effect on the
membrane potential that determine each of them. Figure 2 shows a summary of these
functions based on location (dendritic or axonal) in a schematic neuron; the color of the
ellipses around the traces represent whether the effect of Iy, on a particular function is mostly
due to the slow channel dynamics (red) or the membrane potential (blue). In one example
the contribution of Iy, involves both (purple).

3.1 SLOW CHANNEL DYNAMICS

3.1.1 Slow activation and deactivation kinetics of I, result in sag and
rebound—Due to its peculiar voltage-dependence, depolarized reversal potential and slow
channel dynamics, I}, tends to oppose voltage changes in a self-limiting manner (Fig. 1).

In order to illustrate the time- and voltage-dependence of HCN conductance (and current)
activation, and its effect on the membrane potential, we used a computer simulation with a
multicompartmental model of a CA1 pyramidal neuron, where I}, is active at rest (Maccaferri
et al., 1993). Given a hyperpolarizing step from the resting membrane potential (Vest),
neurons with appreciable Iy, will demonstrate a sag potential (Fig. 1B1, highlighted in
green); |y, is activated by the step and opposes it with a net, slow inward current, pulling the
membrane potential back up towards rest, until the h-conductance and current reach a steady
state (Fig. 1B2, B3). Upon cessation of the hyperpolarizing current injection, the membrane
potential relaxes to Vs following the membrane time constant; at the same time, Iy, starts
to turn off, but because it is slow to do so (Fig. 1B2, B3), inward current via Iy, still briefly
depolarizes the cell above Vg, resulting in a depolarizing overshoot of the membrane
potential which then slowly returns to rest (Fig. 1B1, highlighted in red). This transient
overshoot in the depolarized direction is commonly referred to as (post-inhibitory) rebound.
Depending on the complement of other voltage-dependent channels expressed in neurons,
this rebound may result in one or more action potentials (Cooper and Stanford, 2000;
Ferrante et al., 2017). In CA1 pyramidal neurons, I,-dependent rebound spiking is ordinarily
masked by the A-type potassium current. If 15 is removed, an I,-dependent rebound spiking
is uncovered (Ascoli et al., 2010).

An analogous, opposite phenomenon to the depolarizing sag happens with a depolarizing
step if Iy, is partially active at V. Iy, turns off in response to depolarization and
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deactivation of the inward Iy, current pulls the membrane potential back down toward

V/est. Once the depolarizing step ends, the membrane potential undergoes a hyperpolarizing
overshoot before Iy has time to activate, finally coming back to rest as Iy, returns the
membrane potential to its resting state. This self-limiting effect of I, can be related to
oscillatory activity (discussed in section 3.1.2). Sag and rebound are referred to as “damped
oscillations” by Hutcheon and Yarom in their review of the mechanisms underlying
resonance (Hutcheon and Yarom, 2000).

Although the presence of a sag has been used in the past as evidence of I, expression

and a way to characterize particular neuronal subtypes (for example, dopaminergic neurons
in the substantia nigra pars compacta, see Lacey et al., 1989; Yung et al., 1991), there

may be examples where the sag is negated by additional factors. Layer V neurons in

the medial entorhinal cortex have appreciable I, as demonstrated by ZD7288-induced
increases in input resistance and EPSP summation, without visible sag (Medinilla et al.,
2013). Likewise, fast spiking basket cells of the dentate gyrus were shown to have HCN
channels by pharmacology, single-cell PCR, and several electrophysiological parameters,
without showing a visible sag (Aponte et al., 2006). According to these authors, I}, in these
neurons could have a shallow activation curve that makes it less sensitive to changes in the
membrane potential and/or a time-course of activation that overlaps with the membrane time
constant, resulting in an imperceptible sag and rebound. It is therefore probable that different
combinations of the kinetics of HCN channels and the passive membrane properties (in
particular the activation time constant <y, and the membrane time constant <, as explained
below in section 3.1.2) will make the sag more visible in some cells than others.

3.1.2 Slow channel dynamics mediate resonance—Some neurons have an
intrinsic property, called resonance, that allows them to be more responsive to certain
frequency input (Hutcheon and Yarom, 2000; Hashimoto, 2020) at what is called a cell’s
peak resonant frequency. In different neuronal types, this characteristic can manifest either
in spontaneous voltage oscillations that can be sub- or supra-threshold, or in the tendency to
respond best to inputs arriving within a certain frequency window. This may be a neuron’s
way of discriminating between different frequency inputs and/or facilitate participation in
oscillatory activity at that preferred frequency (Richardson et al., 2003; Tohidi and Nadim,
2009).

One way to probe for a peak resonant frequency is by injecting a ZAP (impedance (Z)
amplitude profile, also called chirp) input current, a sinusoidal input current with constant
amplitude and a frequency that changes linearly from 0 to up to 20 Hz (Fig. 3A).

The frequency at which the impedance amplitude reaches its maximum is the resonance
frequency. In a system with constant impedance, the amplitude of the voltage response will
remain constant across all frequency input. A peak in the voltage response arises when there
are attenuated voltage responses on either side of a given frequency, allowing neurons to
behave as band-pass filters due to a combination of neuronal passive and active properties,
as described below.

A neuron’s passive properties, membrane capacitance (Cr,) and membrane resistance (Ry),
provide neurons with a low-pass filter with a cutoff frequency of /2% *t ;) determined
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by the membrane time constant (t,,= R;*Cpy). As the frequency of the oscillating current
input increases, the voltage across the membrane has less and less time to change, resulting
in attenuated voltage responses at frequencies higher than the cutoff determined by t, (Fig.
3B).

A neuron’s active properties, and in particular, voltage-gated currents such as Iy, that
actively oppose changes in the membrane potential, provide neurons with a high-pass filter,
i.e. a mechanism for dampening low-frequency oscillations. For currents to be able to fill
this role, they need to exhibit 1) a reversal potential at the base of their activation curve,
and 2) slow activation kinetics (Hutcheon and Yarom, 2000). Iy, preferentially attenuates
low frequency oscillations (Fig. 3C), since its activation by hyperpolarization opposes
further hyperpolarization, satisfying requirement 1. Requirement 2 is met because I, has
an activation time constant () of tens or hundreds of ms, depending on the membrane
potential and subunit composition. Because of these two features, Iy, effectively opposes
slow membrane potential changes, therefore attenuating the voltage response at lower
frequencies, up to a cutoff frequency of 1/2*mr*t,) (Hutcheon and Yarom, 2000). More
rapid changes to the membrane potential outpace I, activation, allowing sinusoidal current
at those frequencies to maximally change the membrane potential (Fig. 3C), up to the cutoff
frequency determined by ., (Fig. 3D). As mentioned in section 3.1.1 for the generation of
sag, if t, and T, are comparable and therefore overlap, this phenomenon is not apparent.

Some neurons exhibit intrinsically oscillating rhythmic activity that can be either sub- or
supra-threshold, when an amplifying current, such as persistent Na* current (Inap), is also
present (Hutcheon and Yarom, 2000). Spontaneous subthreshold oscillations can result from
this interaction because the two currents activate with voltage changes in opposite directions,
and because Iy, activation and deactivation are slow with respect to changes in Iygp (Dickson
et al., 2000). Stellate cells in layer Il of the entorhinal cortex, which provide the input to the
dentate gyrus through the perforant pathway, have spiking and subthreshold oscillations due
to interaction between I and Ingp (Alonso and Llinas, 1989; Dickson et al., 2000). In these
neurons, subthreshold oscillations are abolished when I, is blocked (Fig. 2C, Giocomo and
Hasselmo, 2008).

These layer 1 stellate cells show a dorso-ventral gradient in the frequency of subthreshold
oscillations (Giocomo et al., 2007). Along the dorso-ventral axis, an increase in <, is
correlated with a smaller peak resonant frequency (Giocomo and Hasselmo, 2008), which
may be the result of the decrease in the amplitude of I, along the axis (Garden et al., 2008),
or may be related to a gradient in subunit differences as well. Such a dorso-ventral gradient
in the ratio of HCN1 and HCN2 has been demonstrated in the hippocampus (Dougherty et
al., 2013). The resonance gradient in the entorhinal cortex disappears in HCN1 knockout
mice, suggesting that HCN1 channels are responsible for the gradient, although resonance
is not completely abolished. In these mice, there is a remaining uniform resonant frequency
that is lower (roughly 2 Hz), consistent with a slower <, left by other HCN subunits
(Giocomo and Hasselmo, 2009). One interpretation is that HCN1 channels would usually
suppress the lower resonant frequency because they are expressed at higher densities (Nolan
et al., 2007). It has been suggested that this gradient in I, amplitude and t, may determine
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grid cell size and spacing along the dorso-ventral axis, via differences in subthreshold
oscillations (Giocomo et al., 2011) and/or integration properties (Garden et al., 2008).

In some lateral geniculate nucleus thalamocortical relay cells, high frequency bursts with
inter-burst frequency 1-2 Hz, were found to depend on an interaction between Iy, and low-
threshold T-type Ca2* current (McCormick and Pape, 1990a, 1990b). This phenomenon is
discussed further, in section 3.3. Inferior olive neurons, which project from the brainstem to
the cerebellum, and provide excitatory input to Purkinje neurons, demonstrate spontaneous
oscillations, both subthreshold and spiking, that have a refractory period in between calcium
spikes that is dependent on Iy, (Bal and McCormick, 1997). Resonance in these neurons

is abolished in HCN1 knockout mice (Matsumoto-Makidono et al., 2016). Hippocampal
oriens-lacunosum moleculare interneurons, which provide inhibition to the most distal apical
dendrite of CA1 pyramidal neurons, exhibit intrinsic spontaneous firing which is not blocked
by glutamate receptor agonists. The frequency of spontaneous firing is I,,-dependent and
slows down in ZD7288 (Maccaferri and McBain, 1996).

Other examples can be found in which oscillations are not spontaneous, but are driven,

with a peak resonant frequency set up by I,. Cells falling into this category may still
participate in oscillatory activity if they are driven by afferent input. For example, in the
hippocampus, Ip-dependent resonance is in the theta range (Hu et al., 2002). Input from
medial septum interneurons, as well as excitatory input from the entorhinal cortex and CA3,
entrains CA1 in theta oscillations, which is thought to be tied to particular behaviors or
events and may facilitate communication within or between regions of the CNS (reviewed
in Colgin, 2013). Non-spontaneously active cells with I;,-dependent resonance include some
pyramidal neurons in the neocortex (Hutcheon et al., 1996), some, but not all, cell types in
the hippocampus (Zemankovics et al., 2010), pyramidal neurons in the subiculum (Wang

et al., 2006), neurons in the olfactory amygdala (Vera et al., 2014), and some, but not all,
interneurons in the olfactory bulb (Hu et al., 2016).

Resonance due to Iy, can co-exist with other resonant mechanisms. Such appears to be

the case in CA1 pyramidal neurons where it has been shown that at more hyperpolarized
membrane potentials, I, has a greater impact on resonance that gives way to an Iy, effect

at more depolarized potentials (Hu et al., 2002). In these cells, theta oscillations driven by
the medial septum appear to comprise two distinct phenomena, rather than a continuous
modulation of resonance (Hu et al., 2002). Peak resonant frequency specifically in the apical
dendrites of these CA1 pyramidal neurons can be attributed to I, (Narayanan and Johnston,
2007; Hu et al., 2009). Hu et al. (2009) suggested that this resonance has a particular role in
filtering input from the medial entorhinal cortex, which provides the major excitatory input
to distal apical dendrites in CA1, where I}, expression is high.

3.1.3 The slow channel dynamics of HCN channels in dendritic synaptic
integration—HCN channels control the time course of excitatory synaptic potentials
(EPSPs). In neurons where Iy, is active at rest, its slow voltage-dependent deactivation during
depolarizing input effectively produces a time-dependent hyperpolarization that shortens the
duration of the EPSPs (Magee, 1999). When Iy, is blocked, EPSPs are wider and show more
temporal summation (Fig. 2E, Medinilla et al., 2013). As a consequence, the differential
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expression of HCN channels in neurons, and in particular the steep gradient in density
along the dendrites of pyramidal neurons, endows dendritic EPSPs recorded locally with
progressively faster decays along the dendritic apical tree, as more and more Iy, shortens

the EPSP duration. This reduction in the half-width of the EPSPs ends up compensating

for the dendritic filtering the EPSPs experience in their propagation to the soma, due to the
passive properties of dendrites, which becomes progressively larger with the distance from
the soma (Rall et al., 1967). The end result is that most inputs will show the same degree

of temporal summation for frequencies up to 100 Hz when recorded at the soma (Magee,
1999; Williams and Stuart, 2000); this compensation is removed when I}, is blocked, such
that distal inputs will show a larger degree of temporal summation than proximal ones. In
CAL pyramidal neurons, the gradient in Iy, along with the increase in EPSP amplitude along
the apical dendrites (Magee and Cook, 2000), is considered responsible for normalizing the
impact of synaptic inputs, making it independent of their location (Magee, 2000). Using

an elegant computational approach, Angelo et al. (2007) have shown that HCN channels
affect EPSP time course and summation both by acting as a static shunt conductance

and because of their slow voltage-dependent deactivation kinetics. The shunt conductance
decreases EPSP amplitudes, and the slow deactivation Kinetics of I, curtails the EPSP width
in a cumulative fashion during a train. These authors concluded that normalization of EPSP
summation can be achieved with uniformly larger HCN channel densities in the dendrites
of most neurons, as they found in cerebellar Purkinje neurons, as well as non-uniform
distributions. On the other hand, the HCN channel gradient creates a gradient of inductance
in CA1 apical dendrites, which produces temporal synchrony of rhythmic inputs arriving at
different locations of the dendritic tree (Vaidya and Johnston, 2013). Because Iy, turns off
(decreasing inward current) and on (increasing inward current) in response to depolarizing
and hyperpolarizing phases of oscillatory input, respectively, the peaks and troughs of the
membrane potential in response to the oscillatory current input occur earlier than they would
for passive dendrites (Narayanan and Johnston, 2008). This phenomenological inductance
supplied by Iy, provides a mechanism for phase advance of voltage in relation to the
oscillatory inputs; as a result, the peak voltage occurs progressively earlier in the phase for
higher I}, densities in the distal dendrites. This effect counters the passive dendritic filtering
that would cause a phase delay for distal dendritic inputs with respect to proximal ones.
Thus, the responses to these inputs are synchronous when recorded at the soma but shifted
in time in the presence of ZD7288. Because of its slow channel dynamics, as explained

in section 3.1.2, I, only affects low frequency oscillations; therefore, this synchrony is
prominent at frequencies that are relevant for active states of the hippocampal network, such
as rhythmic gamma frequency bursts arriving in the theta frequency range, a pattern that is
also optimal for plasticity induction (Larson et al., 1986).

We discuss effects of I}, on membrane potential in section 3.2, but it is worth noting here
that another interesting role of I}, in synaptic integration is that it maintains the resting
membrane potential depolarized with respect to the reversal potential for GABA receptors
in CA1 pyramidal neurons (Pavlov et al., 2011). In the absence of I}, the integration time
window for action potential generation is widened, showing that hyperpolarizing inhibition
is necessary for input integration to be temporally precise. In neurons of the subthalamic
nucleus, which express mostly HCN2 and HCN3 subunits with a more hyperpolarized
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activation threshold, Iy, is not active at rest; its main effect is to counteract GABAergic
inhibition from the globus pallidus and generate a single rebound spike rather than a burst
by preventing the de-inactivation of Cay/3.2 channels, therefore helping prevent akinesia and
bradykinesia (Atherton et al., 2010).

In some cases, the impact of HCN channels on dendritic integration can be observed

in neurons where the density of the channels increases during development or decreases
following pathological states. In principal cells of the medial superior olive, a 30 mV-
depolarizing shift in the activation curve of HCN channels, due to intracellular diffusible
factors, as well as >10-fold increase in the maximal conductance, gives rise to a large
h-conductance active at rest in mature neurons (Khurana et al., 2012). By reducing the
membrane time constant, this change sharpens the window of coincidence detection for
these neurons at the onset of hearing, contributing to the developmental changes that
confer the sub-millisecond temporal precision required for the transmission of sound
localization cues. With Iy, intact, only coincident (within < 200 ps) stimulation of ipsilateral
and contralateral inputs will reliably generate action potentials (Fig. 2D; Khurana et al.,
2012). When Iy, is blocked, inputs separated by as much as 600 ps will still sometimes
generate action potentials. In another developmental event, layer V (thick/tufted 5B)
neocortical pyramidal neurons experience a >10-fold age-dependent increase in the density
of apical dendritic HCN channels (mostly HCN1) in the first postnatal month (Atkinson
and Williams, 2009). This increase is related to a functional development where the

cell is initially one continuous electrical compartment, followed by the emergence of
distinct somatic and dendritic compartments that handle synaptic integration differently

as the network matures (Atkinson and Williams, 2009). The increase in HCN1 gives rise
to an effective time-dependent hyperpolarization upon deactivation, as described above,
shortening EPSP duration. As a consequence, the cells switch from somatic integrators
where action potentials are generated by efficient summation at the axonal site of
integration, to compartmentalized integrators with the generation of dendritic spikes that
forward propagate to trigger axonal action potential firing (Larkum and Zhu, 2002). In the
mature 5B neurons, because of the density gradient, HCN channels have dual functional
roles, depending on whether the increase in conductance or the depolarization aspect is more
pronounced (Harnett et al., 2015). At the soma and proximal dendrites, a lower density

of HCN channels primarily serve to depolarize the membrane potential, with a limited
effect on the membrane conductance. In the tuft, the high membrane conductance imparted
by HCN activity decreases excitability by decreasing summation, in a manner consistent
with the studies described above, shortening the decay of EPSPs, and dampening the
regenerative recruitment of the channels (Na*, Ca2* and NMDA\) required for the initiation
of supra-linear processes. These effects combined could allow for synaptic inputs arriving
at basal and apical dendrites that carry different streams of information to be integrated
independently (Williams, 2004). As for pathology-related changes, sciatic nerve injury
causes a decrease in HCN channel function in layer V neurons of the anterior cingulate
cortex, that results in enhanced EPSP integration, due to slower EPSPs, and more neuronal
firing, which results in mechanical pain hypersensitivity (Santello and Nevian, 2015). All
the normal attributes could be restored in injured animals when I}, function was increased by
selective modulation of 5-HT7 receptors.
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3.2 STEADY DEPOLARIZING EFFECT ON MEMBRANE POTENTIAL

3.2.1 Role of I in axonal function and transmitter release via steady effect
on V,—HCN channels can be found in some presynaptic terminals, where they play a role
in transmitter release via control of Vg The first report of HCN channels contributing

to neurotransmitter release came from the neuromuscular junction of crayfish muscle

cells innervated by glutamatergic axons (Beaumont and Zucker, 2000). The activation of
serotonin receptors in the presynaptic terminals leads to increased synaptic strength that was
shown to depend on depolarization caused by cAMP modulation, and subsequent Cs* and
ZD7288-sensitive inward current. Similarly, HCN1 channels are preferentially localized in
the axons and terminals of cerebellar basket cells (Lujan et al., 2005), where they depolarize
the membrane potential; their blockade by ZD7288 significantly decreases the amplitude
and frequency of spontaneous IPSCs recorded in the soma of Purkinje cells, many of

which originate from neighboring basket cells (Fig. 2H, Southan et al., 2000). However,
involvement of HCN channel-mediated depolarization in presynaptic LTP at the mossy
fiber-CA3 synapses in the rat hippocampus (Mellor et al., 2002) was later ascribed to a
non-specific effect of the blocker ZD7288 at high concentrations (Chevaleyre and Castillo,
2002), possibly due to the block of T-type Ca2* channels (Sanchez-Alonso et al., 2008).
Nonetheless, in the hippocampus, HCN channels were found at perforant path terminals
making synapses onto dentate gyrus granule cells (Bender et al., 2007). HCN channels could
have a role in the stabilization and maturation of those synapses, by providing a steady
presynaptic depolarization, since their expression in terminals reached a peak in the second
postnatal week and waned subsequently, due to decreased transport into the axon.

In mouse cerebellar mossy fibers, HCN2 channels are uniformly distributed in boutons and
axons, where they modulate conduction velocity, which is increased by noradrenaline and
decreased by serotonin and adenosine, which up- and down-regulate [cCAMP];, respectively
(Byczkowicz et al., 2019). In addition, I, blockade by ZD7288 significantly decreases the
maximal failure-free firing frequency in these neurons, that are able to fire at > 1 kHz

(Fig. 2F, Byczkowicz et al., 2019). In these neurons the increase in conduction velocity
may be due to faster voltage-gated Na* channel activation, as provided by maintenance

of membrane depolarization via HCN2 channels. On the other hand, in another neuronal
type known for high frequency firing, the principal cells of the medial superior olive,

HCN channels expressed in the axon initial segment depolarize the resting membrane
potential and decrease spike probability by raising the action potential threshold, either by
increasing Na* channel inactivation and/or by activating K, 1 channels (Ko et al., 2016).

In these neurons, 5-HT released from the raphe decreases Iy, activation, and hyperpolarizes
selectively the axonal, but not somatic or dendritic, resting potential, therefore increasing
the distance from the action potential threshold without degrading the temporal resolution
needed for the integration of location-dependent stimuli (see Khurana et al., 2012 in section
3.1.3).

Parvalbumin-expressing perisoma-inhibiting interneurons of the dentate gyrus, express
heteromers composed of HCN1 and HCN2 subunits in axons and perisomatic terminals
(Aponte et al., 2006). In these neurons, block of HCN channels in the remote axon prevents
the induction of persistent firing at gamma (~50 Hz) frequencies that efficiently inhibit
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large populations of granule cells (Elgueta et al., 2015); this effect is not due just to the
hyperpolarization of the membrane potential, since it is not reversed by depolarizing the
resting potential with 5 mM KCI. Recent data suggest that the role of HCN channels in

this case is to dynamically counter the strong hyperpolarizing current during repetitive firing
mediated by Na*/K* ATPases that are densely expressed at this location (Roth and Hu,
2020).

Most of the examples in this section point to a facilitatory role of Iy, in action potential
generation and conduction, and neurotransmitter release. Opposite evidence comes from the
glutamatergic terminals onto entorhinal layer 111 cortical neurons, where pharmacological

or genetic ablation of HCN1 channels reduces the tonic depolarization that this current
provides, and the resulting hyperpolarization relieves Cay3.2 T-type Ca2* channels of
inactivation. This increased Ca?* influx results in an increase in terminal excitability and
transmitter release, as measured by an increase in frequency of miniature EPSCs recorded in
the target neuron (Fig. 2G, Huang et al., 2011). This counterintuitive finding points out again
the relevance of the environment where Iy, is expressed, as well as the interactions with other
voltage-dependent channels.

3.2.2 Role of | in plasticity and memory functions through regulation of Vi,
—Similar to what described for Huang et al., 2011 in 3.2.1, a somewhat counterintuitive
consequence of the effect of the interaction between HCN and Cay/3.2 channels has been
found for the synapses onto distal dendrites of hippocampal CA1 neurons from neurons

in layer 111 of the entorhinal cortex. These axons form the temporo-ammonic pathway,
terminating in the stratum lacunosum-moleculare. Nolan et al. (2004) demonstrated an
increased long-term potentiation (LTP) at these synapses, but not at the Schaffer collateral
synapses, in HCN1 knockout mice where the deletion was restricted to the forebrain. In
addition, these mice showed an enhanced performance in spatial learning tasks. The initial
interpretation was that HCN1 channels, that are expressed in high density in these distal
dendrites, exert an inhibitory constraint on hippocampal-dependent memory by regulating
dendritic integration and plasticity at these synapses, with a mechanism, due to the slow
channel dynamics of I}, similar to what is described in 3.1.3 (Magee, 1999). However,
subsequently, it was found that the genetic deletion or pharmacological block of HCN
channels resulted in larger, regenerative, dendritic Ca2* spikes following brief tetanic
stimulation (Tsay et al., 2007). I}, tonically depolarizes the resting membrane potential in
the distal dendrites of CA1 pyramidal neurons and thereby increases inactivation of T- and
N-type Ca2* channels, shortening dendritic calcium spikes. In HCN1 knockout mice, the
membrane potential hyperpolarizes, and activation of the now available calcium channels by
the EPSP causes the plateaus to last longer (Fig. 2B; Tsay et al., 2007); these non-linear
events are thought to be more significant for induction of long-term potentiation at these
synapses (Golding et al., 2002). Removing HCN channels in this case has dual, interacting,
excitatory effects by 1) increasing the input resistance and therefore the amplitude of the
EPSPs and 2) hyperpolarizing the Vp,, to a level where T- and N-type Ca2* channels

were de-inactivated and therefore could be activated by those EPSPs. Conversely, in layer
V pyramidal neurons of the medial prefrontal cortex, the activation of HCN1 channels
promotes persistent firing directly through tonic membrane depolarization (Thuault et
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al., 2013). This conclusion was reached because persistent firing, that was abolished in
HCNZ1 knockout mice or in the presence of ZD7288, could be rescued by DC current
injection to reestablish a more depolarized resting potential. However, genetic deletion
of HCNZ1 channels restricted to these neurons was sufficient to impair certain working
memory performances, that are thought to be supported by persistent firing (Zylberberg
and Strowbridge, 2017), therefore highlighting the permissive role of I;, on some learning
paradigms. Taken together, these two examples of opposing effects of I, on neuronal
excitability, and ultimately memory functions, highlight how Iy, impact strongly depends
on the complement of other ion channels expressed in each specific neuronal subtype.

Purkinje neurons in the cerebellum are spontaneously active, and their firing frequency

is modulated by the timing of excitatory (through climbing and parallel fibers) and
inhibitory inputs (from basket and stellate cells). The high density of HCN1 channels in
their dendrites dynamically oppose hyperpolarization to keep the V,, close to the action
potential threshold, whether the most recent input was excitatory or inhibitory, enabling
integration that is independent of the previous history of the neurons, and providing at

the same time a more effective dynamic range (Nolan et al., 2003). As a consequence,

in wild-type mice, spontaneous firing terminates only at a trough of an hyperpolarizing
ramp, and quickly resumes upon depolarization, such that the firing frequency is similar
upon hyperpolarization and depolarization (Fig. 2A; Nolan et al., 2003). In HCN1 knockout
mice, however, the membrane potential is strongly hyperpolarized by the same ramp, due

to lack of Iy, and neurons take much longer to resume spiking upon depolarization. This
effect has profound repercussions on plasticity in these neurons, that are involved in learning
motor tasks that require accurate repetition of a series of similar movements, generated by
fluctuating inhibitory and excitatory inputs. As a consequence, HCN1 knockout mice have
profound deficits when learning to balance on a rotating rod (Nolan et al., 2003).

3.3 An example of I, controlling neuronal activity via both slow dynamics and V., in the
same neuron

The two effects we dissected in the examples above, on the membrane potential and slow
dynamics, coexist in thalamocortical neurons. The thalamus contains multiple nuclei that
act as relay stations and as a gateway between the various subcortical areas and the cortex
(Steriade and Llinas, 1988). The membrane potential in thalamocortical relay neurons is
controlled by the interplay of I, and various leak K* channels (Meuth et al., 2003; Bista

et al., 2015), which are differentially modulated by neuromodulators via ascending systems
from the brainstem. Interestingly, in these neurons, Iy, is mostly composed of HCN2 and
HCN4 subunits (Kanyshkova et al., 2009; Zobeiri et al., 2019), whose activation can be
strongly modulated by cAMP (Wainger et al,. 2001; lishii et al., 1999; Seifert et al., 1999).
For this reason, changes in the intracellular concentration of cAMP, due to neuromodulators,
can dramatically shift the activation curve of Iy, and therefore its contribution to the
membrane potential. Due to the complement of other channels in these neurons, the level of
resting membrane potential can switch the neuronal firing between two completely different
modes. When devoid of external innervation, thalamocortical relay neurons are characterized
by rhythmic bursts of action potentials at a frequency of 0.5-4 Hz (McCormick and

Prince, 1988; Pape, 1996). These bursts are originated by a slow, I,,-dependent, depolarizing

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Combe and Gasparini

Page 18

ramp from hyperpolarized potentials, reaching the activation threshold of T-type Ca2*
channels, which, with their activation and inactivation dynamics, mediate the short Ca2*
plateaus triggering a series of fast Na*/K* action potentials (Fig. 21, left; McCormick and
Pape, 1990a). Upon repolarization, the hyperpolarized overshoot activates I, which slowly
depolarizes Vp, to the point where T-type Ca?* channels are activated, and so on. On the
other hand, noradrenaline or serotonin cause a depolarization of the membrane potential by
increasing the intracellular concentration of cAMP, therefore shifting the activation curve

of 1y, to the right, as well closing leak K* channels (McCormick, 1992), and these same
neurons fire sequences of single action potentials (Pape and McCormick, 1989). This can be
simulated by a depolarizing current injection (Fig. 2I, right; McCormick and Pape, 1990a).
A recent study with knock-in mice that express a mutant HCN2 channel retaining normal
voltage-dependent gating but disrupted cAMP-binding, suggests that the cAMP regulation
of these channels is essential for regulating the transition between the burst and tonic firing
modes (Hammelmann et al., 2019). These two different firing modes, modulated by complex
synaptic interactions with inhibitory and excitatory afferents from other thalamic nuclei or
extra-thalamic areas, are thought to be the basis of the activity of these neurons during sleep
and wake states, respectively (Steriade and Llinas, 1988).

4. CONCLUSIONS

Because of their dual effects on excitability, arising from a stabilizing effect on the
membrane potential (excitatory) and a decrease in input resistance (inhibitory), as well

as their slow channel dynamics that give rise to resonance and the tuning of the window
for synaptic integration, the functions of I, and HCN channels in neurons are multifaceted.
Here we have framed the widespread and diverse contribution of this current to neuronal
function as being largely attributable to one or the other of these effects. We hope that

our treatment of the literature provides a useful reference for readers seeking a general
knowledge of I, and HCN channels in the CNS, as well as a unique perspective for readers
already familiar with the field, in the context of this special issue dedicated to the 40 years
from the discovery of the “funny” current.
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Figure 1.
Effects of HCN channel activation on neuronal excitability. Al) current clamp recordings

from a CA1 pyramidal neuron in response to 500 ms current hyperpolarizing and
depolarizing steps (—200 to 100 pA). Notice the characteristic sag during the 200 pA-
hyperpolarizing step, as well as the fact that the neuron reaches the threshold for action
potential initiation for the 100 pA-depolarizing current injection. A2) the perfusion of
ZD7288 (20 pM) causes a hyperpolarization of the membrane potential, as well the
removal of the sag during hyperpolarization. As a consequence of an increase in the input
resistance, the voltage change is larger, particularly at steady state because of the sag
removal. A3) when ZD7288 hyperpolarization is compensated by the injection of tonic
current to overcome loss of I’s contribution of the resting membrane potential, the larger
depolarizing step generates more action potentials than in control conditions, due to the
larger input resistance. The difference in voltage displacement between control conditions
and ZD7288 is made clearer by comparing the orange arrows in the two conditions. B)
Model simulation to show the time course of the changes in the voltage (B1), h-current
(I, B2), and h-conductance (g, B3), in a multicompartmental model of a CA1 pyramidal
neuron a during a 500-ms long hyperpolarizing current injection (=200 pA). Units in B2 and
B3 are expressed as current and conductance densities, respectively. Details are in the text.
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Figure 2.
The contribution of HCN to neuronal functions can be divided into contribution of Iy, to

the steady effect on the membrane potential (blue circles), slow dynamics (red circles), or

a combination of both (purple circle). Detailed descriptions of each phenomenon can be
found in the text. A) Iy, stabilizes the membrane potential after inhibitory input in Purkinje
neurons; this effect is eliminated in HCN1 knockout mice (modified, with permission, from
Nolan et al., 2003). B) I, depolarizes the resting membrane potential in distal dendrites of
CA1 pyramidal neurons indirectly shortening dendritic calcium spikes; in HCN1 knockout
mice the plateaus are longer (modified, with permission, from Tsay et al., 2007). C) the slow
kinetics of Iy, allow for subthreshold oscillations in entorhinal cortex layer 111 stellate cells;
oscillations are abolished when I}, is blocked (modified, with permission, from Giocomo
and Hasselmo, 2008). D) in principal neurons of the medial superior olive, the window for
coincidence detection is sharpened by Iy,; the window widens when I, is blocked (modified,
with permission, from Khurana et al., 2011). E) the slow deactivation of I, curtails EPSPs
in distal dendrites of pyramidal CA1 neurons, such that temporal summation is much
larger when I, is blocked (modified, with permission, from Medinilla et al., 2013). F)

in cerebellar mossy fibers, I, opposes hyperpolarization in the axon, allowing for high
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frequency firing that fails when Iy, is blocked (modified, with permission, from Byczkowicz
etal., 2019). G) Iy, depolarizes the presynaptic terminal of certain synapses in entorhinal
cortex layer I1l, indirectly inhibiting glutamate release; release increases when 1, is blocked
(modified, with permission, from Huang et al., 2011). H) I}, in the axons and terminals of
cerebellar basket cells depolarizes the membrane potential and increases GABA release;
release decreases when Iy, is blocked (modified, with permission, from Southan et al.,
2000). 1) a slow I-dependent depolarization in thalamocortical relay neurons (left) allows
T-type Ca2* activation and a burst of Na*/K* action potentials. Tonic firing (right) ensues
when the membrane potential is depolarized to simulate larger Iy, activation (modified, with
permission, from McCormick and Pape, 1990a).
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impedance magnitude (MQ)

Page 32

impedance plots

Passive

Resonance

N

log(frequency)

Contribution of Iy, to the resonance properties of neurons. A) current injection protocols for
a hyperpolarizing step (left) and a ZAP or chirp current (right, details in the text). B and

C, corresponding voltage profiles with I, blocked, leaving mostly the passive properties of
neurons (B) and with I}, active (C). The plots on the right show the impedance amplitude as
a function of the frequency (logarithmic scale), obtained from the traces in the middle, for
the two conditions. D) The combination of the low-pass filter due to the passive properties
of the membrane (grey line) and the high-pass filter imposed by the slow activation of Iy,
(dotted line) creates a resonance profile, with a peak denoted by the red arrowhead. Note the
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arrowheads in C) with the same meaning. Modified, with permission, from Hutcheon and
Yarom (2000).
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