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Abstract

What physiological role does a slow hyperpolarization-activated ion channel with

mixed cation selectivity play in the fast world of neuronal action potentials that are

driven by depolarization? That puzzling question has piqued the curiosity of physiol-

ogy enthusiasts about the hyperpolarization-activated cyclic nucleotide-gated (HCN)

channels, which are widely expressed across the body and especially in neurons. In

this review, we emphasize the need to assess HCN channels from the perspective of

how they respond to time-varying signals, while also accounting for their interactions

with other co-expressing channels and receptors. First, we illustrate how the unique

structural and functional characteristics of HCN channels allow them to mediate a

slow negative feedback loop in the neurons that they express in. We present the sev-

eral physiological implications of this negative feedback loop to neuronal response

characteristics including neuronal gain, voltage sag and rebound, temporal summa-

tion, membrane potential resonance, inductive phase lead, spike triggered average,

and coincidence detection. Next, we argue that the overall impact of HCN channels

on neuronal physiology critically relies on their interactions with other co-expressing

channels and receptors. Interactions with other channels allow HCN channels to

mediate intrinsic oscillations, earning them the “pacemaker channel” moniker, and to

regulate spike frequency adaptation, plateau potentials, neurotransmitter release

from presynaptic terminals, and spike initiation at the axonal initial segment. We also

explore the impact of spatially non-homogeneous subcellular distributions of HCN

channels in different neuronal subtypes and their interactions with other channels

and receptors. Finally, we discuss how plasticity in HCN channels is widely prevalent

and can mediate different encoding, homeostatic, and neuroprotective functions in a

neuron. In summary, we argue that HCN channels form an important class of chan-

nels that mediate a diversity of neuronal functions owing to their unique gating kinet-

ics that made them a puzzle in the first place.
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1 | INTRODUCTION

Ion channels are membrane proteins that mediate most electrical

activity in excitable cells, including neurons. The physiological range

of neuronal membrane voltages fall famously between the equilibrium

potential for potassium (around �80 mV) and the equilibrium poten-

tial for sodium (around +60 mV). So, what function does a membrane

protein that reaches only about half its maximal activation at hyperpo-

larized voltages (around �80 mV) achieve, especially when the activa-

tion of the channel continues to reduce as the voltage depolarizes

towards +60 mV (Figure 1A)? Further, in the fast-paced setting of

neuronal action potentials that last about a millisecond (Figure 1B),

what function can this membrane protein with slow kinetics (on the

order of 10–1000 s of milliseconds; Figure 1B) even achieve? Why

would such a protein allow both sodium and potassium ions to pass

through? These puzzling questions pertain to the hyperpolarization-

activated cyclic-nucleotide-gated (HCN) channels that occupy a rather

unique place with their slow kinetics and voltage-dependent activa-

tion profiles dominant at hyperpolarized voltages. This unique class of

voltage-gated ion channels is made of four different main subunits

(HCN1–HCN4), with several different auxiliary subunits. Ionic cur-

rents mediated by these channels have been known by different

names1–4: the pacemaker current, the funny current (If), the queer cur-

rent (Iq), and the h current (Ih).

In this review, we provide a synthesis of the implications for the

expression of HCN channels in neurons and their compartments. We

argue that the puzzling biophysical characteristics of HCN channels

are the very reason for their ability to confer unique physiological

capabilities upon neurons that they express in. Over the decades, the

confounding biophysical characteristics have posed several questions

and have been a source of numerous fundamentally important

debates about the relationship between ion-channel properties and

F IGURE 1 The unique activation profile of HCN channels. (A) The typical physiological range of neuronal membrane voltages is between
�80 mV and +60 mV. HCN channels, however, have a uniquely hyperpolarization-activated profile. The half-maximal activation voltage of these

channels is around �80 mV with channels closing at typical supra-threshold voltages (>�45 mV). (B) Action potentials are fast events that last for
around a millisecond period. HCN channel activation (obtained with a large hyperpolarizing voltage pulse) is slow, with time constants on the
order of tens to thousands of milliseconds (shown is an example with activation time constant, τHCN = 50 ms). Shown is the overlay of HCN-
channel activation on the time course of action potential to demonstrate the slow nature of HCN channels. Note that the overlay is solely
intended for conveying the differences in time courses of HCN channel activation (slow) and an action potential (fast). The two plots representing
different quantities derived from distinct experimental conditions have no other relationship. The voltage dependent properties and activation
time constants of HCN channels are representative of typical HCN channels and are derived from electrophysiological recordings.15,18,37
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neuronal function. We provide an overview of some of the important

questions and debates about HCN channels and present a perspective

that synthesizes different viewpoints. We particularly emphasize the

interactions viewpoint, where the implications of ion channels on neu-

ronal physiology ought to be viewed in the context of the multifarious

interactions of these channels with morphological, passive, and active

properties of neurons. We argue that HCN channels confer upon neu-

rons a diversity of unique physiological capabilities in the context of

these interactions. The diversity of conferred physiological capabilities

is further enhanced when the ability of these ion channels to change

in response to activity patterns is accounted for.

Whereas our review focuses on the unique physiological capabili-

ties that the HCN channel confers upon single neurons, there are sev-

eral recent reviews that focus on different aspects of HCN channel

structure and function.1,5–12

2 | HCN PROTEINS: STRUCTURE AND ITS
RELATIONSHIP TO THEIR UNIQUE CHANNEL
PHYSIOLOGY

The structure of voltage-gated ion channels allows them to detect

changes in the transmembrane potential and effectuate conforma-

tional changes in the protein structure towards allowing flow of spe-

cific ions. Unlike most voltage-gated ion channels that increase their

conductivity in response to depolarization, HCN channels allow flow

of ions across the membrane in response to hyperpolarization of the

membrane potential. Further, HCN channels are non-specific monova-

lent cationic channels that allow sodium and potassium ions (perme-

ability ratio for Na+:K+ is �1:4), setting their reversal potential (the

voltage at which the current reverses its direction) to be unique at

around �20 to �30 mV. Whereas the voltage-dependent conforma-

tional changes mediate the gating properties of ion channels, their

selectivity to specific ions is typically conferred by selectivity filters in

their pore region. What structural differences in the protein molecule,

both in terms of voltage-dependent conformational changes as well as

the design of the selectivity filter, bestow these unique characteristics

upon HCN channels?

The HCN channel is a tetrameric structure made of the pore-

forming HCN1–HCN4 subunits in mammals.13–17 Functionally, these

subunits majorly differ in terms of their voltage-dependent gating pro-

files, activation kinetics, and their dependence on cyclic nucleotides.

Specifically, homo-tetramers made of HCN1 subunits yield the fastest

HCN channels with the activation time constant in the 30–300 ms

range.15,18 On the other end, homo-tetramers made of HCN4 sub-

units yield the slowest of the HCN channels with an activation time

constant on the order of few hundred milliseconds to a few sec-

onds.14,16,19 In addition, HCN2 and HCN4 channels are extremely

sensitive to binding of intracellular cyclic adenosine monophosphate

(cAMP), driving a large depolarizing shift to the voltage-dependent

activation profile.14,16,19–21 On the other hand, HCN1 and HCN3

channels show weak sensitivity to cAMP binding.20–23 As HCN chan-

nels can be homo- or hetero-tetrameric, the physiological

characteristics of native HCN channels and their modulation by cAMP

are dependent on the co-expression profiles and stoichiometry associ-

ated with the different pore-forming subunits20,24,25 and other auxil-

iary subunits.2,26 The expression profiles of these subunits are

variable across different cell types of the brain.18,27 As this review pri-

marily focuses on the functions of HCN channels in cortical and hip-

pocampal pyramidal neurons, it is essential to note that these cells

predominantly express HCN1 and HCN2.18,27

Each pore-forming HCN-channel subunit is comprised of six

transmembrane segments S1–S6. The S4 segment acts as a voltage

sensor as it is comprised of multiple repeats of charged residues. The

unique reverse voltage dependence of HCN channels emerges as a

consequence of the absence of the domain swapping of voltage sen-

sors as well as the specific hyperpolarization-induced conformational

changes associated with the S4 helix. Another important characteristic

of HCN channels, their ability to conduct both sodium as well as

potassium, is thought to be a consequence of the differences in the

selectivity filter compared to potassium channels. Structurally,

the HCN-channel selectivity filter is very similar to the potassium-

channel selectivity filter. Strong selectivity for potassium ions in

potassium-channel selectivity filter (permeability ratio for Na+:K+ is

�1:1000) manifests due to the presence of four ion-binding sites in

the selectivity filter. In contrast, HCN channels preserve only two of

these potassium ion-binding sites with the outer half of the selectivity

filter dilated. These structural properties associated with the voltage-

sensor conformational changes and the selectivity filter confer the

unique physiological characteristics of HCN channel as a

hyperpolarization-activated, non-specific monovalent cation chan-

nels.9,17,18,28–32

3 | THE RESTING VIEWPOINT:
CONDUCTANCE-CURRENT BALANCE AND
INPUT RESISTANCE

The resting membrane potential (RMP) of a neuron is defined as the

steady-state membrane potential of a neuron at zero current injection.

The RMP of a neuron is governed by the concentration gradients

associated with the different ions and the membrane permeability for

each of these different ions under resting conditions.33–35 As resting

membrane permeability is predominantly mediated by potassium leak

channels, RMP stays closer to the equilibrium potential of potassium

(around �70 mV). However, in neurons that express HCN channels, a

mixed cation channel that is permeable to both potassium and sodium

ions and is open under resting conditions (Figure 1A), there is a strong

inward current mediated by sodium ions. Thus, RMP must account for

enhanced sodium permeability mediated by HCN channels, which

results in a depolarization of RMP in the presence of HCN

channels.36–38

Steady-state input resistance (Rin) is a well-established measure

of neuronal gain and excitability. An important contributor to Rin is

the set of ion channels that are in open state at the voltage where Rin

is measured. With each open ion-channel acting as a parallel
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conductance, the overall conductance increases when there are more

ion channels present on the membrane. As resistance is inversely

related to conductance, a higher number of conducting ion channels

(at the voltage-level where the measurement is being carried out)

results in a reduction of the steady-state gain, Rin. With reference to

the expression of HCN channels, with their voltage-dependent profile

implying that there are open HCN channels at rest, these observations

translate to a reduced Rin in the presence of HCN channels.36–38 Thus,

the expression of HCN channels enhances the overall resting conduc-

tance and reduces the excitability of a neuron.

Together, the resting current through HCN channels depolarizes the

membrane which takes the neuron closer to action potential threshold,

thereby making it easier for an incoming current to elicit an action

potential. This implies an enhancement in excitability owing to HCN-

channel expression. In striking contrast, the resting conductance conse-

quent to HCN-channel expression is higher, which reduces Rin, implying

a reduction in the voltage response to incoming current. This implies a

reduction in excitability owing to HCN-channel expression. The con-

ductance and the current mediated by resting HCN channels, therefore,

act in opposite directions in terms of how they regulate excitability.

This dichotomy between the current- vs. conductance-based viewpoints

under resting conditions has been a source of considerable debate about

the impact of HCN channels on neuronal excitability.2,3,26,30,36–54

Much of the debate has centered around the question of how

HCN channels, which mediate an inward current, could reduce the

excitability of neurons. Here, we argue that the conductance-current

conundrum is simply a reflection of looking at HCN channels from the

resting state of a neuron. If one considers the dynamic viewpoint (as to

how HCN channels respond to incoming time-varying stimuli) and

assess whether the inward current is enhanced or shut down by a

depolarizing input, the resolution to how an inward current could

reduce excitability becomes clear. The unique characteristics of the

HCN channels mediating a hyperpolarization-activated inward current

ensure that under a dynamic perspective, the ability of HCN channels

to reduce excitability is obvious without an element of doubt. In addi-

tion, and importantly, we will also address the conductance-current

conundrum from the perspective of interactions with other ion chan-

nels that co-express with HCN channels.

In what follows, we present the dynamic viewpoint that views

HCN channels as a negative feedback loop that mediates a reduction in

excitability, and an interactions viewpoint which emphasizes the need

to assess HCN-channel physiology in the context of the global structure

involving the expression of other channels.

4 | DYNAMIC VIEWPOINT: NEGATIVE
FEEDBACK LOOP

Neuronal excitability is not defined by merely the RMP and Rin of a

neuron. These measures are steady-state measures of neuronal physi-

ology and do not account for neural responses to time-varying inputs

under typical in vivo conditions. In addition, Rin is not governed merely

by the resting conductance associated with the ion channels that are

expressed there, but also with the dynamics of how these channel

conductances dynamically change with input stimuli.

Let us consider an example. Consider a neuron that does not

express HCN channels (Figure 2A). The response of such a neuron to

a negative or positive pulse current is typically an exponential-like

charging curve that settles at a hyperpolarized or depolarized steady-

state voltage value, respectively (Figure 2B,C). Now, let's add HCN

channels to this passive neuron that acts as an integrator of incoming

information. The HCN channel mediates a voltage-dependent conduc-

tance. Therefore, as the neuron responds to a positive current input

with a depolarizing response, the resulting voltage deflection reduces

the HCN-channel conductance (Figure 1A). A reduced channel con-

ductance in turn reduces the inward current that is mediated by the

HCN channel, which results in hyperpolarization of the neuron. Thus,

depolarization of a neuron by an input stimulus results in a hyperpo-

larization of the membrane potential because the HCN channel deac-

tivates with depolarization. Similarly, if the input were to be negative

that leads to a hyperpolarization. This hyperpolarization activates

HCN channels, resulting in an inward current that depolarizes the

neuron. Consequently, the current through HCN channels always acts

to counterbalance the impact of the stimulus current.40 Hence, HCN

channels act as a negative feedback loop (Figure 2A) that suppresses

the voltage response irrespective of which direction the input current

flows in. This counterbalancing current that flows through HCN chan-

nels implies that they suppress the steady-state voltage response,

which directly translates to a reduction in input resistance and firing

rate.36–38,41,46,47 In a spike train, this slow counterbalancing current

mediated by HCN channels also allows them to mediate spike fre-

quency adaptation. Specifically, within a spike train, cumulative deac-

tivation of HCN channels (which are slow) by successive action

potentials continually decreases the inward current, thereby increas-

ing the interspike intervals between later spikes.

Therefore, from the perspective of HCN channel dynamics medi-

ating a negative feedback loop, it is abundantly clear how they would

be able to reduce excitability. In other words, although HCN channels

mediate an inward current, this inward current is shut down by depo-

larization and is enhanced by hyperpolarization, mediating a biophysi-

cal mechanism that mediates a negative feedback loop that

suppresses responses. Thus, ion-channel impact on excitability should

not be viewed from whether a channel mediates an inward or an out-

ward current, but on how the channel current dynamically varies in

response to inputs in specific directions. An ion channel that shuts

down an inward current in response to depolarization is a restorative

conductance that reduces excitability, and not a regenerative conduc-

tance that enhances excitability.

We note that this ability to dynamically suppress the voltage

response, and thereby reduce neuronal excitability, is simply a

reflection of the unique gating properties of the HCN channels and

did not involve any interaction with other ion channels. Thus, there

are not two, but three mechanisms at play that define how HCN

channels regulate excitability. The resting current depolarizes the
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RMP, the resting conductance reduces input resistance, and the

dynamical current response acts as a negative feedback loop that

suppresses the output (thus reducing input resistance). We will later

assess the impact of other ion channels and synaptic activity on

these three components when we assess interactions with other

ion channels.

5 | DYNAMIC VIEWPOINT: SAG,
REBOUND, AND TEMPORAL SUMMATION

The uniqueness of HCN channels is not limited to their ability to

mediate a hyperpolarization-activated inward current (Figure 1A) but

also extends to the current being a slow current (Figure 1B). The slow

F IGURE 2 The presence of HCN channels introduces a slow negative feedback loop that mediates sag/rebound and suppresses temporal
summation in neurons. (A) Top, The lipid bilayer on the plasma membrane along with the ion channels there introduce an integrator-like structure.
The presence of HCN channels introduces a slow negative feedback loop through a current that is dependent on the output voltage. The
hyperpolarization-activated nature of the inward HCN current translates to a negative feedback structure, with the slow kinetics of HCN
channels mediating the slow feedback.11,40,89,147,256 (B, C) Temporal evolution of the output (S) of an integrator neuron in response to negative
(B) or positive (C) inputs. (D, E) Temporal evolution of the output (S) of a resonator neuron and the state variable related to the negative feedback
(m) in response to negative (D) or positive (E) inputs. The bottom-most plots constitute a phase-plane representation (of m vs. the output S) of the
dynamics depicted in the respective panels. Note the manifestation of sag and rebound in the output traces. The manifestation of sag and
rebound in the presence of HCN channels has been electrophysiologically observed in several neuronal subtypes.256 (F) Top, Impact of the
presence of HCN channels on single inhibitory (left) or excitatory (right) synaptic potentials. Note the small reduction in amplitude, a pronounced
change in decay kinetics, and the rebound in synaptic potentials obtained in the presence of HCN channels. Bottom, Impact of the presence of
HCN channels on temporal summation of multiple inhibitory or excitatory synaptic potentials. Note the large reduction in temporal summation
(compare amplitudes of the last synaptic potential without and with HCN; two-sided arrows), a pronounced change in decay kinetics, and the
rebound (single-sided arrows) in synaptic potentials obtained in the presence of HCN channels. The strong impact of HCN channels on temporal
summation has been electrophysiologically demonstrated in multiple neuronal subtypes.37,55,56,129 Parts of panels A–C in this figure have been

modified from Mittal and Narayanan.89
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kinetics of these currents confer upon neurons (that express these

channels) important additional capabilities.40,41,47 First, if the channel

(de)activation time constant is larger than the membrane time con-

stant (which is typically on the order of 20–40 ms in most hippocam-

pal and cortical neurons), HCN-induced suppression of the voltage

response continues beyond the membrane reaching steady-state

(Figure 2D,E). This induces a characteristic sag potential (Figure 2D,E)

with the activation of HCN channels that deviates from the

exponential-like charging that is observed in the absence of HCN

channels (Figure 2B,C).40 Second, owing to these kinetic differences

between the membrane time constant and the HCN-channel deacti-

vation, there is also a rebound in the opposite direction when the cur-

rent is turned off (Figure 2D,E). Sag and rebound manifest for both

positive and negative stimulus directions (Figure 2D,E) and could be

asymmetric depending on the direction of current (e.g., Sag and

rebound in Figure 2D vs. Figure 2E), the exact membrane voltage of

the neuron when the stimulus arrives, and its relationship to the acti-

vation curve (Figure 1A). The rebound in response to negative stimuli

(Figure 2D), typically referred to as post inhibitory rebound, can elicit

spiking if the rebound is large enough to cross action potential

threshold.

Although sag and rebound are characteristic features for the

expression of HCN channels, it is important to note that the absence

of sag or rebound does not necessarily translate to the absence of

HCN channels. As elucidated above, sag and rebound emerge as a

consequence of the intricate differences between the kinetics of the

ion channel and the membrane time constant. There can be scenarios

where HCN channels do express, but do not result in sag or rebound

because of the relatively faster kinetics of the channels compared to

membrane time constant. In addition, interactions with other ion

channels that co-express with HCN channels can also modulate the

ability of neurons to manifest sag or rebound.

Although the restorative nature of HCN-channel gating proper-

ties imply that they should reduce synaptic potentials (irrespective of

whether they are excitatory or inhibitory), the slow kinetics imply that

they are not effective in altering the amplitude of single post-synaptic

potentials (Figure 2F). Specifically, as the rise time of synaptic poten-

tials are typically on the order of milliseconds, the slow kinetics of

HCN channels translate to little time for activation/deactivation

of HCN channels towards suppressing the amplitude (Figure 2F).

However, as the decay time constant of synaptic potentials range

from tens to hundreds of milliseconds (depending on the receptor

kinetics), the suppressive capabilities of HCN channels translate to a

reduction in the decay time constant of synaptic potentials, coupled

with a rebound (Figure 2F). When multiple synaptic inputs arrive on

the postsynaptic neuron within specific frequency ranges, the reduc-

tion in decay time constant of synaptic potentials directly translates

to suppression of temporal summation with the expression of HCN

channels (Figure 2F).37,55–57 The slow kinetics and the unique gating

properties also allow HCN channels to regulate neuronal responses

(such as plateau potentials and resultant dendritic spikes in neurons)

elicited by coincident interactions or astrocytic activation.58–60

6 | DYNAMIC VIEWPOINT: IMPEDANCE,
SPECTRAL SELECTIVITY, INDUCTANCE, AND
PHASE LEAD

Foundational lectures in cellular neurophysiology typically start with

basic elements of electrical circuit: resistors (R), capacitors (C), and

inductors (L). In the process of introducing neural responses, lectures

then delve into membrane charging curves and how neural responses

could be modeled using combinations of resistors and capacitors. Stu-

dents are told that the lipid bilayer in conjunction with ionic solutions

on either side of the membrane together act as a capacitor, and that

transmembrane proteins that are permeable to ions act as inverse

resistors. An invariable question that arises during these initial classes

is about whether there are inductors in neurons. As the idea of RC cir-

cuits as low pass filters is presented, a typical follow up question per-

tains to whether the low-pass filtering can be converted to band-pass

filtering by introduction of inductive components.

Electrical equivalent circuits have been used widely in the repre-

sentation and analysis of the neuronal membrane and conductances

associated with it.61–65 Electrical impedance, defined as the ratio of

the voltage response to injected current, is a standard measurement

used to characterize frequency-dependent neuronal responses.

Impedance, by definition, is a complex number with resistance form-

ing its real part and reactance its imaginary part. While resistance is a

positive quantity, reactance can be either positive or negative,

depending on the presence of inductive or capacitive elements,

respectively. Further, a reactance of zero implies that the current and

voltage are in phase, while a positive or a negative reactance indicates

the voltage response leading (positive phase) or lagging (negative

phase) the input current, respectively. Thus, neuronal impedance

forms a highly powerful and versatile measurement, as its magnitude

provides a measure of frequency-dependent excitability of neurons,

and its phase indicates the temporal relationship between the input

current and output voltage of the neuron.41

The recognition of the cell membrane behaving as a resistance-

capacitance (RC) circuit, and thus the presence of negative reactance

as a component of its impedance occurred much before (see (Cole,

1932)65 and references therein) the first measurements of positive

(inductive) impedance were made. The first measurement of an

inductive reactance was made by Cole and Baker62 in the squid giant

axon. They had argued against the membrane being modeled as just

an equivalent RC circuit and had suggested the addition of an induc-

tive element to the equivalent circuit.61,62 Cole had also suggested

that such inductive elements could be realized using time-varying

conductances.66 Later, after Hodgkin and Huxley presented their

parallel conductance model,63 it was initially argued and later dem-

onstrated that voltage-dependent, time-variant conductances can

exhibit inherent reactive properties, which may be capacitive or

inductive.64,67–70 It was also shown that excitatory conductance

changes give rise to a capacitive reactance whereas conductance

changes that aid in membrane recovery give rise to an inductive

reactance.67,69 Such capacitive and inductive reactances emerging
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due to the presence of time-varying, voltage-dependent conduc-

tances have been named variously as anomalous66 or phenomenologi-

cal reactances.68,70

Although the use of stimuli of various frequencies in assessing

neuronal impedance has been prevalent for a long time,65,71,72 starting

in 1984,73 Puil and colleagues performed multiple studies on mem-

brane resonance74–76 using the chirp stimulus (Figure 3B). Using

chirp-current injections and various other techniques, they and others

have reported electrical resonance in multiple cell types,40,47,74–81 and

have developed analytical frameworks to analyze impedance

and describe the implications of these anomalous reactances

(especially inductances in conjunction with passive membrane resis-

tance and capacitance) to filtering, resonance and oscilla-

tions.40,68,70,75,79,82–84 Several conductances, including those

mediated by the M-type potassium channel, the h channel, T-type cal-

cium channels, and some slowly activating potassium channels, have

been reported to independently mediate resonance behavior in differ-

ent neuronal subtypes.40,78,80

F IGURE 3 Impedance amplitude and phase profiles of neurons in the presence and absence of HCN channels. (A) Top, Integrator neuron.
Bottom, Resonator neuron comprised of slow negative feedback from HCN channels. (B) Responses of neurons without (middle) and with
(bottom) HCN channels to a chirp stimulus (top). (C) Response magnitude of an integrator neuron (blue) and resonator neuron (red) as functions of
input frequency, derived from their respective responses to the chirp stimulus. It may be noted that the impact of HCN channels is confined to
suppressing the output associated with low-frequency inputs, an observation that follows electrophysiological recordings in the presence
vs. absence of HCN channels.40,41,47 (D) Voltage responses of a neuronal dendrite to a chirp current stimulus at different voltage values (�55,

�65, and �75 mV). (E) Impedance amplitude (top) and phase (bottom) profiles derived from traces shown in panel A. The impedance amplitude
profile shows resonance for all scenarios with resonance frequency increasing with hyperpolarization. The impedance phase profile shows
positive phase regimes in lower frequencies, with the positive area increasing with hyperpolarization. (F) Voltage responses of a neuronal dendrite
to a chirp current stimulus at different voltage values (�55, �65, and �75 mV) in the presence of a HCN channel blocker. (G) Impedance
amplitude (top) and phase (bottom) profiles derived from traces shown in panel C. The impedance amplitude profile shows no resonance across all
voltages. The impedance phase profile shows no positive phase regimes across all voltages. Traces in (D–G) are plotted from electrophysiological
data in Narayanan and Johnston.41,47 Parts of panels A–C in this figure have been modified from Mittal and Narayanan.89
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All resonating conductances could be considered to be equivalent

to anomalous inductances, given that these conductances, in conjunc-

tion with the passive membrane, exhibit resonance owing to their spe-

cialized voltage- and time-dependent properties.40 The HCN channel is

a resonating conductance, as it can elicit resonance from a passive RC

circuit.47,82 Recognizing this, neurons that contain the h conductance

have been modeled as equivalent RLC circuits.40,41,85–88

Intuitively, the emergence of resonance in the presence of HCN

channels and other resonating conductances can be understood in the

context of the slow negative feedback loop introduced earlier.41,89

The RC circuit mediates a low pass filter (Figure 3A–C). The addition

of an ion channel that mediates a slow negative feedback loop to this

base circuit allows targeted suppression of low-frequency inputs

(Figure 3C). As the time constant associated with the feedback loop is

high, there is not enough time for the channel to activate or deacti-

vate in the presence of high-frequency inputs. On the other hand,

when the inputs are in the low-frequency range, there is enough time

for the channel to activate and deactivate, thereby suppressing the

output voltage (negative feedback). The amount of suppression there-

fore is frequency-dependent, with the suppression being higher at

lower frequencies. This targeted suppression of low-frequency inputs

results in the emergence of resonance in these neural structures

(Figure 3B,C).

The presence of HCN channels introduces membrane potential

resonance in neurons, with resonance increasing with

hyperpolarization of membrane voltage, making neurons behave as

voltage-dependent band-pass filters (Figure 3D–G). As certain neuro-

nal subtypes such as the hippocampal pyramidal neurons show

increased expression of HCN channels in the dendrites, there is an

increase in resonance frequency of dendritic compartments compared

to their somatic counterparts.47 Expectedly, the positive phase com-

ponent in the impedance phase profile also increases with membrane

hyperpolarization (Figure 3E) as well as in dendritic compartments in a

manner that is dependent on the current through HCN channels

(Figure 3G).41 The presence of HCN channels in neuronal dendrites

modulate local field potentials (LFP) by regulating return currents medi-

ated by these ion channels.90–93 Importantly, the inductive phase lead

in lower frequencies introduced by HCN channels contributes to spike

phase differences in individual neurons with reference to the LFP.90

7 | DYNAMIC VIEWPOINT: CLASSES OF
EXCITABILITY AND SPIKE-TRIGGERED
AVERAGE

Decades ago, Hodgkin had delineated excitability into three distinct

classes based on the characteristics of the f–I curve that defined the

frequency of action potentials (f ) elicited as a function of injected

pulse current amplitude (I).94 The class of excitability was defined by

how the f–I curve looked like beyond the rheobase current (defined as

minimal current required to elicit action potential firing in a neuron). If

the neuron can elicit action potentials at arbitrary small values of firing

frequency, the neuron was referred to as belonging to Class

1 excitability. A neuron that elicited a single action potential for a

large range of current values beyond rheobase current, and then jump

to eliciting a greater number of action potentials at a high frequency

belonged to Class 2 excitability. In other words, neurons belonging to

Class 2 excitability cannot elicit action potentials at arbitrarily small

frequency values owing to jump between single action potential

regime to multiple action potential regime (at a high frequency). Neu-

rons in the Class 3 excitability regime elicit a single action potential

irrespective of how high a current is injected into the neuron.94,95

Although defined from the perspective of the shape of f–I curve,

this delineation of excitability classes proved extremely insightful from

several perspectives, including insights about bifurcation structures,

spike initiation dynamics, neural dynamics, and neural coding. The

need to account for the class of excitability of a neuron also arose in

defining what neurons are capable of, with coincidence detection and

temporal coding at the very top of the list.95–110 Specifically, neurons

endowed with Class 1 excitability characteristics act as integrators,

whereas neurons with Class 2/3 excitability act as coincidence detec-

tors. Much of the controversy associated with whether neurons are

equipped to perform coincidence detection arise from considering

neurons as Class 1 integrators without accounting for the two other

classes of neurons that are capable of performing coincidence detec-

tion with high precision.98–100,111–114

The classes of excitability have been defined in terms of the com-

petition between slow peri-threshold restorative vs. regenerative cur-

rents.95 Although the distinction has been thought of as in terms of

outward vs. inward currents, we argue that the restorative

vs. regenerative distinction is more apt as a channel that mediates a net

inward current could act as a restorative conductance (e.g., HCN chan-

nels; Figure 2A) Specifically, a neuron endowed with a net slow regen-

erative conductance manifests Class 1 excitability whereas neurons

where the restorative slow conductance wins the competition displays

Class 2/3 excitability.95,98–100,114 As HCN channels mediate an impor-

tant slow restorative conductance that is widely expressed in neurons,

their expression profile can alter the class of excitability of neurons.

Neurons with high density of HCN channel expression can act as coin-

cidence detectors because the presence of HCN channels allows the

slow restorative current to dominate peri-threshold dynamics.98–100,114

The three different classes of excitability can be considered as a

continuum, with expression profiles of resonating conductances such

as HCN channels allowing neurons to traverse this continuum. This

continuum of classes of excitability also represents the integrator–

coincidence detector continuum, whereby a neuron can traverse

back-and-forth between being an integrator to being an ideal coinci-

dence detector simply by adjusting the density of specific sets of ion

channels.98–100,114,115 HCN channels are one among a class of such

ion channels whose density can define the operating regime of the

neuron as an integrator or a coincidence detector.

The spike-triggered average (STA) and measures such as the STA

characteristic frequency and coincidence detection window can be

used as graded measures of switches across the different classes of

excitability rather than viewing them as three distinct discrete clas-

ses.98–100,108,114,115 To elaborate, STA defines the average stimulus
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that triggers a spike in a neuron. The characteristics of STA are

strongly dependent on the properties of the ion channels expressed

by the neuron.95,98–100,104–108,114–117 Class 1 neurons show uniphasic

STA defining time-dependent integration of incoming stimuli. In con-

trast, Class 2/3 neurons manifest biphasic STA with a spike-proximal

positive lobe and a negative lobe that together govern coincidence

detection, with the negative lobe also indicative of post-inhibitory

rebound capabilities of Class 2/3 neurons.95,98–100,114 Among other

routes to switch along the integrator-coincidence detector continuum,

increase in HCN-channel density can switch the STA shape across

classes. The measures from the STA therefore span a continuum of

values indicative of such switches across classes with changes in

HCN-channel density.98–100

8 | SPATIAL VIEWPOINT: IMPLICATIONS
FOR INHOMOGENEOUS DISTRIBUTION OF
HCN CHANNELS

There are lines of evidence from different neuronal subtypes for the

expression of HCN channels across all compartments. Apart from

their expression in the soma and dendrites of several neurons,36–

38,56,112,118–123 they also express in axonal initial segments124,125 and

in synaptic terminals.126 An important attribute of HCN channels is

their inhomogeneous distribution within several neurons, especially

cortical and hippocampal pyramidal neurons where HCN-channel den-

sity is higher in distal dendritic compartments. There have been sev-

eral functional roles attributed to such inhomogeneous distribution of

HCN channels in pyramidal neurons.

As a direct consequence of the resting inward current mediated

by HCN channels, the resting membrane potential of distal dendritic

locations is depolarized compared to the somata and the proximal

dendritic locations.127 As a consequence of the gradient in

HCN-channel density, the resting conductance as well as the ability to

suppress the steady-state responses (as a consequence of a stronger

negative feedback loop) are higher in distal dendritic compartments.

This results in a reduction in input resistance in distal compartments

compared to their proximal counterparts in hippocampal and cortical

pyramidal neurons.37,47,128 Thus, higher expression of HCN channels

in distal compartments results in a more depolarized RMP and

reduced input resistance values in these compartments.

An important functional role for a distance-dependent increase in

HCN channel density is the ability of such inhomogeneous distribution

to normalize temporal summation across the somato-dendritic

axis.55,56,129 Specifically, passive cable filtering increases the rise time

and the decay time constant of synaptic potentials.130–132 Thus, if the

input characteristics of synaptic potentials are identical across locations,

distal synaptic potentials incur larger attenuation and filtering as they

traverse a larger distance to the soma compared to their proximal coun-

terparts. Therefore, somatically measured temporal summation for proxi-

mal synaptic inputs will be lesser compared to that of the distal

synapses, because the somatically measured decay time constant of dis-

tal synaptic potentials will be higher. HCN channels, however, reduce

temporal summation as a function of their ability to act as slow negative

feedback loops. Thus, adjusting the density of HCN channels in distal

locations to be higher compared to proximal dendritic locations would

yield a larger reduction in local temporal summation at distal locations.

The enhancement in temporal summation induced by cable filtering can

thus be nullified by a location-dependent suppression of temporal sum-

mation with HCN channels expressing at higher densities at distal loca-

tions. There are experimental lines of evidence to suggest that the

manifestation of a positive proximo-distal gradient in HCN channels nor-

malizes temporal summation across the somato-dendritic arbor.55,56,129

From the perspective of impedance measurements, the inhomo-

geneous distribution of HCN channels in pyramidal neurons mediate

functional maps in maximal impedance amplitude, resonance fre-

quency, resonance strength, and inductive phase component as func-

tions of somato-dendritic distance. Whereas resonance frequency,

resonance strength, and inductive phase increase as functions of den-

dritic distance from the soma, there is a reduction in the maximal

impedance amplitude along the same axis.41,47,128,133,134 The gradient

in impedance phase introduced by the inhomogeneous distribution

of HCN channels also produces temporal synchrony (at the somata) of

rhythmic inputs impinging on different dendritic locations.135 Akin to

the normalization of temporal summation, the differential positive

phase introduced by inhomogeneous distribution of HCN channels

counteracts the negative phase introduced by distance-dependent

cable filtering to elicit somatic temporal synchrony.135 The impact of

inhomogeneous distribution of HCN channels on impedance measure-

ments and other properties also depend on morphological and electri-

cal characteristics of the somato-dendritic structure.114,136,137

Whereas impedance measurements relate to subthreshold excitabil-

ity, the inhomogeneous distribution of HCN channels also have a pro-

nounced impact on the STA and coincidence detection windows.98–

100,114 Specifically, the STA of individual neurons transitioned from Class

I excitability at proximal dendritic locations to Class II/III for distal den-

dritic locations, demonstrating that STA should be considered as a

compartment-specific measurement rather than a neuron-specific mea-

surement. Owing to this transition, the STA characteristic frequency and

the STA selectivity strength increased with increasing distance. Impor-

tantly, owing to the inhomogeneous distributions of ionic conductances,

coincidence detection window reduced from the slow gamma range

(25–60 Hz) in proximal locations to the fast gamma range (60–150 Hz)

in the distal locations,99,100,114 matching with the specific gamma range

inputs they have been shown to be associated with.138–141

9 | INTERACTIONS VIEWPOINT:
DEPENDENCE ON CO-EXPRESSING
CHANNELS

The impressive cellular physiological abilities of HCN channels are fur-

ther amplified when they naturally interact with the several other ion

channels that express in neurons and their dendrites. The most promi-

nent of all the outstanding functions that are possible because of

HCN channels interacting with other channels is their pacemaking
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capability. HCN channels are also called as pacemaking channels and

require either noise or interaction with other ion channels for mani-

festing sustained oscillations. HCN channels can introduce damped

oscillations in neurons based on their expression profile and their

kinetics. The voltage sag that is observed in the presence of HCN

channels (Figure 2D,E) is just the first cycle of a damped oscillation.40

As a biophysical mechanism for mediating slow negative feedback

loop (Figure 2A), it is theoretically clear that HCN channels should be

able to maintain oscillations with either noise or with an additional

fast mechanism that can sustain damped oscillations introduced by

HCN channels.142 It has been shown using electrophysiological and

computational techniques that HCN channels can indeed act as pace-

making channels when they interact with either noise or with other

fast conductances that amplify the damped oscillations.1–4,40,108,143–

153 HCN channels are critically involved in pacemaking physiology in

several neuronal subtypes across the brain, especially in mediating

low-frequency oscillations typically in the theta-frequency (3–10 Hz)

range.2,3,5,153–155

Each of the several functional properties mediated by HCN chan-

nels can be modulated by the presence of and interactions with other

ion channels and receptors. Under resting conditions, the

conductance-current conundrum presented by the expression of HCN

channels is strongly tempered by the expression of other ion channels

that are also active under resting conditions. Specifically, much of the

debate about the conductance-current conundrum stems from con-

sidering HCN channels in isolation with the passive properties of the

neuron (apart from not accounting for the dynamic nature of HCN

channel gating kinetics resulting in a negative feedback loop). How-

ever, neuronal physiology emerges because of strong interactions

between the several sub- and supra-threshold ion channels that

express across the spatio-temporal extent of neuronal membrane.

Thus, we argue that the very question of whether a given ion channel

enhances or reduces excitability is ill posed without the context of

what other channels are present and how they interact with the con-

sidered ion channel.42,45,54

For instance, in the presence of co-expressing A-type K+ chan-

nels, the net effect of HCN channels is a suppression of the current-

based impact with conductance-based impact playing a dominant role

(Figure 4A). Specifically, both HCN and A-type K+ channels show an

increasing gradient in their expression profile along the somato-apical

axis of hippocampal pyramidal neurons.37,156 The interaction between

these two subthreshold ion channels yields a scenario where the

current-based impact is suppressed by the correlated expression pro-

files of one inward (HCN) and another outward (A-type K+) current

(Figure 4A). On the other hand, as both channels yield an enhanced

conductance-based impact owing to their ability to reduce input

resistance,36,37,47,157,158 there is a dominance of conductance-based

impact (Figure 4A).54 The A-type K+ channels are fast depolarization-

activated inactivating channels whose kinetics and gating profile are

very different from the slow hyperpolarization-activated HCN chan-

nels. However, the window component associated with A-type K+

channels in hippocampal pyramidal neurons spanning the subthresh-

old voltage regime156,157,159–161 allow for an overlapping voltage

range where these two conductances could interact.54 The ability of

A-type K+ channels to alter input resistance,157,158 a steady-state

measurement that typically does not depend on inactivating channels,

is testament to the impact of the critical role played by the window

component on neuronal physiology.

Under in vivo conditions where the background synaptic activity

is high (Figure 4B), the presence of balanced high-conductance states

(where the average net current flowing is zero, while the synaptic con-

ductance being high contributes to reduced input resistance) play a

critical role in regulating the conductance-current balance.54 Specifi-

cally, in the presence of high-conductance states, the impact of HCN

current is suppressed because of the gain of the neuron is reduced by

the high-conductance state. In addition, when the background activity

is extremely high, the parallel conductance mediated by the back-

ground activity dominates over the HCN (or other channel) conduc-

tances which have a relatively lower conductance value compared to

the net synaptic conductance (Figure 4B). Thus, it is critical that the

debate on the conductance-current balance explicitly accounts for

interactions of HCN channels with other ion channels and receptors

and their subthreshold expression and activation profiles.42,45,54

Similarly, although HCN channels mediate sag, post-inhibitory

rebound, membrane potential resonance, coincidence detection, and

oscillations in neurons, these physiological outcomes can be critically

regulated by other co-expressing ion channels.98–

100,108,114,115,147,158,162–168 As an example, the absence of sag or reso-

nance thus should not be construed as evidence for the absence of

HCN channels (or other resonating conductances) because reso-

nance/sag could be suppressed by interactions with other co-

expressing channels. To elaborate, the question of the relationship

between a given ion channel and any of these physiological properties

assumes a unique one-to-one mapping between ion channels and

physiological outcomes. However, in the context of diversified

ion-channel expression profiles and the global structure of their cross-

interactions, neuronal functions emerge from a many-to-many rela-

tionship between ion channels and physiology.162,163 Thus, the evalu-

ation of the role of HCN channels (or any other channel) on neuronal

physiological characteristics must account for the global structure of

ion-channel expression in that specific neuron and for neuron-

to-neuron variability in terms of how each ion channel contributes to

different measurements.54,108,147,162,165,166,168–171

HCN channels expressed in the presynaptic compartments have

been shown to interact with calcium channels to regulate synaptic

release properties. Specifically, the depolarization caused by HCN

channels to the resting potential of the presynaptic terminal acts to

govern inactivation of calcium channels in the presynaptic termi-

nal.12,126 It is important that this impact of HCN channels on calcium

influx and synaptic release is also critically reliant on the global struc-

ture and properties of the specific channels expressed in the presyn-

aptic compartment.172 A similar analysis on the important role of

interactions of HCN channels with spike-generating and other con-

ductances holds for their specific roles in axonal initial segment as

well.124,125 Specifically, the different ion channels and receptors

expressed in these compartments and their interactions with HCN
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F IGURE 4 Pictorial representation of the impact of ion channel interactions inspired by Feynman diagrams for interactions among subatomic
particles. (A) HCN channels (red circles) mediate inward (negative) currents and contribute to an increased conductance. A-type K+ channels (blue
circles) mediate outward (positive) currents and contribute to an increased conductance. When they are co-expressed, they interact with each

other (black lines), ensuring that the conductance-current balance is titled in favor of conductance (purple circles depict larger values on the
conductance axis, but have smaller values on the current axis). Both HCN and A-type K+ channels increase along the somato-apical trunk of
hippocampal CA1 pyramidal neurons, leading to an increase in both conductance and currents along this axis. Their interactions (black lines)
suppress the impact of current and enhance the impact of conductance thereby leading to an overall restorative influence along the
somatodendritic axis. Interactions between HCN and A-type K+ channels have been electrophysiologically demonstrated using pharmacological
agents.158 (B) The presence of an HCN-channel cluster (red circle) results in an inward (negative) current and contributes to an increased
conductance. However, when balanced synaptic high-conductance states are coexistent (green circles), they progressively suppress the impact of
HCN channels on both conductance and current (orange circles) based measurements. The different orange circles refer to progressively larger
number of synapses, and the balanced nature of synaptic inputs ensures that these circles lie on the conductance axis with no impact on average
resting potential. Whereas A-type K+ channels tilt the HCN conductance-current balance heavily in favor of conductance (A), the impact of HCN
channels on conductance- and current-based measurements are severely weakened under synaptically driven high-conductance states (B). These
diagrams summarize findings in Mishra and Narayanan.54
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channels should be accounted for in assessing their impact on

conductance-current balance and other physiological outcomes.

How do we characterize and report physiological properties in a

scenario where changes to a channel alters several properties, espe-

cially resting membrane potential, through interactions with other ion

channels? While there are no perfect answers to this, we have argued

for the importance of measuring and reporting physiological quantities

at multiple voltages.41,47,54,100,108,147,158,165,169,173 To elaborate, if

one is interested in measuring resonance in the presence vs. the

absence of HCN channels (Figure 3), the situation becomes tricky

because blockade of HCN channels also depolarizes the membrane.

One way to assess the impact of HCN-channel blockade is to perform

resonance measurements at the respective membrane voltages before

and after blockade. However, as the depolarization induced by HCN-

channel blockade can be as large as 10 mV, this implies a change in

driving force not just for HCN channels but for all channels across the

different compartments. In addition, as conductance-current balance

is modulated by other ion channels and by background synaptic activ-

ity (Figure 4), the depolarization observed under in vitro conditions is

not representative of what could be happening in vivo. In such a sce-

nario, measuring resonance properties before and after at fixed volt-

ages offers an ideal way to compare the impact of HCN channel

blockade on resonance properties (Figure 3). Thus, in reporting physi-

ological characteristics of neurons where membrane potential changes

are observed, we suggest reporting of measurements at multiple volt-

ages and not just one single voltage in addition to reporting the mem-

brane potential changes themselves.

10 | PLASTICITY VIEWPOINT:
HOMEOSTASIS, METAPLASTICITY, AND
PATHOPHYSIOLOGY

Plasticity in the brain is ubiquitous123,133,174–182 and HCN channels

are no exception in their ability to undergo bidirectional plasticity.

Changes in HCN-channel properties as a function of cyclic nucleotide

binding is central to HCN-channel function and is a target for several

neuromodulatory influences on HCN channels (Figure 5A). As

mentioned earlier, the dependence of HCN channels on cAMP is dif-

ferential across the different HCN-channel subunits.14,16,19–23 Thus,

cAMP-dependence in native HCN channels would critically rely on

the relative expression of the different subunits in the neuron under

consideration.20,24,25 In addition, calcium influx through NMDA recep-

tors, voltage-gated ion channels, and calcium channels on the endo-

plasmic reticular membrane have been shown to be involved in HCN-

channel plasticity (Figure 5B). In terms of downstream signaling cas-

cades, several kinases including CaMKII, PKC, PKA, and p38 MAPK

have been implicated in regulating HCN-channel function (Figure 5C).

Mechanistically, HCN-channel plasticity could involve changes in the

gating properties of the channels and/or changes to the surface

expression and binding profiles of channel subunits. Importantly,

HCN-channel plasticity can be spatially localized to specific regions of

dendrites/perisomatic regions or can be spatially widespread across

the dendritic tree (Figure 5D). Together, the modulatory and plasticity

repertoire associated with HCN channels is extensive and has been

implicated in several physiological and pathophysiological roles across

different brain regions.1,3,5–12,24,41,43,46,47,150,151,173,183–195

As a direct consequence of the ability of HCN channels to medi-

ate a negative feedback loop (Figure 2A), it is unsurprising that plastic-

ity resulting in an increase in the postsynaptic current mediated by

these channels has been interpreted as a homeostatic and neuropro-

tective mechanism.41,46,47,89,133,164,165,173,188,196–199 Along similar

lines, loss of HCN channels has been shown to result in hyperexcit-

ability and a loss of homeostatic maintenance.9,11,12,26,60,200–204

An interesting scenario for HCN-channel plasticity associated

with bidirectional synaptic plasticity has led to a postulate for HCN

channels to act as a candidate mechanism for the sliding modification

threshold in hippocampal pyramidal neurons.133,197,205 Specifically,

the BCM-like plasticity rule that has been used as a theoretical frame-

work for understanding hippocampal synaptic plasticity envisages an

activity-dependent sliding modification threshold that determines the

transition from potentiation to depression.206–208 As this sliding modi-

fication threshold follows postsynaptic activity, the threshold value

increases with long-term potentiation (LTP) and reduces with

long-term depression (LTD). Importantly, this change in threshold

for plasticity must be common for all synapses in the neuron.

Although several mechanisms have been proposed for the regulation

of this sliding modification threshold,208–211 HCN channels are an

attractive target to regulate the sliding modification threshold. First,

LTP in hippocampal neurons is accompanied by an increase in HCN

channel activity46 and LTD is accompanied by a reduction.188 Second,

bidirectional plasticity in HCN channels associated with LTP and LTD

are spatially widespread and are not limited to only the channels

closer to the synapses undergoing plasticity.47,188 Third, and impor-

tantly, as a direct consequence of the ability of HCN channels to sup-

press voltage responses and reduce temporal summation (Figure 2),

increase in the current through HCN channels causes an increase in

the sliding modification threshold.205 Together, HCN plasticity implies

that LTP is associated with an increase in the sliding modification

threshold whereas LTD is accompanied by a reduction, the precise

scenario envisaged by the BCM plasticity rule. Thus, HCN plasticity,

apart from acting as a homeostatic mechanism could also be a mecha-

nism underlying the sliding modification threshold.133,197,205 A

calcium-dependent plasticity rule for HCN channels has been pro-

posed, and in conjunction with calcium-dependent synaptic plasticity

can provide stability and homeostasis in model neurons.197

Although plasticity in HCN channels has been shown to have spe-

cific implications to neuronal physiology and synaptic plasticity profiles,

it is extremely critical that plasticity in HCN channels is not treated in

isolation disregarding other changes that co-occur in different cells and

their circuits. Neural activity, depending on temporal patterns and levels

of activity, recruits several signaling components and can concomitantly

alter several molecular components with very different spatial and tem-

poral profiles. For instance, theta-burst pairing (TBP) in hippocampal

CA1 pyramidal neurons concomitantly increases synaptic strength,212

locally reduces current through A-type159,213 and calcium-dependent
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potassium214 channels, and globally enhances HCN-channel cur-

rent46,47 by recruiting different downstream signaling cascades.178

Thus, measuring only synaptic strength would have given a false

impression that TBP is a synaptic plasticity protocol, but measurement

of all components show that these components change in specific direc-

tions in a manner that is strongly coupled to each other.

The ubiquitous nature of plasticity does not imply that plasticity

is arbitrary, either in terms of the specific components undergoing

plasticity under a given condition or in the sign of such plasticity. The

strong structure imposed by signaling cascades on concomitant plas-

ticity thus makes combined plasticity to fall within a structured plastic-

ity manifold.178,215 There is a critical need to therefore not just

account for the global structure of ion channels in neurons, but also

to track plasticity across all components across different time scales

to specifically understand the impact of plasticity in HCN channels in

the context of plasticity in all the other components. Such analyses

should also account for plasticity heterogeneity that is observed

across all plasticity induction protocols, and the ability of disparate

components to elicit the same plasticity profile.178,205,209,216,217

Tracking plasticity in any one component (such as synaptic weight or

HCN channels) and interpreting outcomes based on changes in only

that single component would therefore result in erroneous conclu-

sions that do not respect the holistic impact of all changes that are

concomitant to plasticity in that single component. Experimental and

theoretical analyses need to account for plasticity across all compo-

nents before adjudging the impact of any form of plasticity on differ-

ent aspects of neural and network function.

HCN-channel plasticity has been observed in several cardiac and

neurological disorders as well, contributing to several instances of HCN

channels acting as effective drug targets.8,9,11,198,203,218 Several

F IGURE 5 Modulation and plasticity of HCN channels. (A) Illustration of the shift in the activation profile of HCN channels by cyclic AMP
(+cAMP) with reference to baseline condition without cAMP binding (baseline). A rightward shift in the activation profile may be observed in the

presence of cAMP.1,4,151,192 The amount of cAMP-induced shift in activation profile is dependent on the specific subunits that the HCN-channel
is constructed with. (B) Illustration of various calcium sources that have been implicated in HCN-channel plasticity. Calcium entry into the cytosol
through NMDAR,46,47 voltage-gated calcium channels (VGCC),185,187 or inositol trisphosphate receptors (InsP3R)

173,187 can activate downstream
signaling cascades towards inducing HCN-channel plasticity. (C) Illustration showing some of the prominent signaling mechanisms that have been
implicated in HCN plasticity: CaMKII,46,190 PKA,173,187 PKC,188 p38 MAPK.189,200 (D) Plasticity in HCN channels can be either localized to
dendrites/soma173,184 or be spatially widespread.41,47,188 Panel D was modified from Figure 2 of Mishra and Narayanan.178 HCN-channel
plasticity with different spatial localization profiles and the role of these different calcium sources and enzymes in mediating HCN-channel
plasticity have been experimentally demonstrated.
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anesthetics and anticonvulsants have been shown to modulate HCN

channels.11,57,198,203,219–225 HCN channel plasticity has been observed

in several neurological disorders including chronic stress and

depression,12,51,203,226–229 epilepsy,6,8,9,11,52,57,60,189,198,200–202,204,230–

235 Alzheimer's disease,9,236,237 and Fragile X syndrome.199,238–241 Even

in the scenario of neurological disorders, it is essential to account for

the heterogeneities across individual animals in terms of how they

respond to treatments, the global structure of different ion channels,

and plasticity spanning all components across all cellular compartments

in effectively adjudging the impact of HCN channel changes on disease

etiology.

11 | VIEWPOINT ON THE FUTURE: HCN
CHANNELS AND THEIR INTERACTIONS
IN VIVO

As is evident from the synthesis presented above, impressive strides

have been achieved in our understanding of the cellular physiological

roles of HCN channels. There is abundant clarity on the specific roles

of HCN-channel physiology and plasticity (as well as their interactions

with other cellular components and their plasticity) on neuronal

physiology. We envisage this clarity as a definite first step towards

understanding the multifarious roles of this enigmatic channel on

multi-scale physiology in vivo. To elaborate, much of our understand-

ing about HCN channels, their physiology and plasticity come from

in vitro experiments and are mostly confined to critical insights into

cellular aspects of neural function. However, these insights do not

offer clarity about the specific roles of HCN channels under in vivo

conditions, wherein neurons receive behavior-driven activity patterns.

Activity profiles of different ion channels, with expression patterns

specific to individual neurons, then participate in sculpting neuronal

firing patterns, network activity, and behavioral activity. Thus, the crit-

ical question for the future is about how HCN channels and their

interactions with other channels drive multi-scale activity (spanning

from neurons to behavior) under in vivo conditions. In what follows,

we present certain potential directions where HCN-channel function

could be probed in vivo.

It is essential to address the question of how plasticity in HCN

channels, coupled to interactions with plasticity in other components,

drive learning and memory. Specifically, the role of ion-channel plas-

ticity on engram cell formation is now clearly established. As a domi-

nant channel that strongly regulates sub- and supra-threshold

excitability, HCN channels are ideally placed to play critical roles in

engram cell formation.185 Future experiments could focus on develop-

ing techniques for imaging HCN channels during learning tasks in a

manner similar to how AMPARs have been imaged in vivo.242–244

Novel techniques need to be developed to directly record changes in

conductance values and gating properties of HCN channels from dif-

ferent neuronal compartments in vivo during learning tasks. In addition

to such in vivo analysis, available super resolution microscopy tech-

niques245 should be employed to assess the nano-domain

organization of HCN channels and their interactions with other mole-

cules in different neuronal compartments under different conditions.

Given the widespread roles of HCN channels in several pathological

conditions, such analyses should be repeated with different disease

models, together providing deeper insights about impairments to

HCN-channel function and plasticity in different disorders. In this con-

text, species differences in HCN-channel properties, expression pro-

files, and plasticity need to be carefully catalogued before conclusions

are generalized across different species.246,247

Most analyses associated with HCN channels focus on their abil-

ity to alter neural excitability or to act as pacemakers. While pacemak-

ing and excitability are extremely important physiological

characteristics, the multifarious roles of HCN channels in altering

other aspects of neuronal function warrants a deeper exploration on

how they contribute to multi-scale function. Future in vivo exploration

should extend focus to the ability of HCN channels to alter the class

of excitability of individual compartments,98–100 to mediate coinci-

dence detection,99,100,112,114 to suppress low-frequency signals and

noise.40,41,47,89 Importantly, focus should also be on the ability of cells

to titrate each such characteristic by altering HCN-channel properties

and their interactions with other channels. Such analysis under in vivo

conditions would provide important insights about how HCN channels

contribute to cellular, network, and behavioral function under differ-

ent contexts.

Interactions among different components and their plasticity

mediate all aspects of physiology. For instance, interactions among

different ion channels mediate cellular neurophysiology,63,162,163

interactions among different neurons provide a population code of

environmental variables,248–250 interactions among different brain

regions are linked to behavioral outcomes,251–254 and interactions

among plasticity in different components mediate multi-scale stable

continual learning.178,181,255 In deciphering the implications for such

complex interactional space on multi-scale physiology, it is essential

to assess the contributions of individual components as well as vari-

ability in such contributions. Given the central role of HCN channels

in regulating several aspects of neuronal physiology, it would be criti-

cal to understand how changes in their properties alter multi-scale

physiology through such interactions.

For instance, how do neural manifolds and population representa-

tions that are associated with a network change when there is plastic-

ity in HCN-channel density or properties within the neurons that form

this network? The complexities associated with addressing this ques-

tion are enormous as plasticity in different neuronal subtypes could

go in different directions and there could be neuron-to-neuron vari-

ability in changes to the HCN-channels. The implications for such

changes to the neural manifold or population representation would

depend on several factors. Some such factors are the network archi-

tecture, the pattern and intensity of afferent activity, local synaptic

weight strengths, intrinsic properties of different neurons, the exact

nature of plasticity in HCN channels in each neuron, and interactions

among molecular components and their plasticity in different neurons.

Future studies could systematically focus on delineating the impact of
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HCN channels and their plasticity on neural manifolds and population

representations of environmental variables. Such analyses could act as

a steppingstone towards understanding the multi-scale impact of

HCN-channel plasticity.

12 | CONCLUSIONS

The hyperpolarization-activated cyclic-nucleotide-gated ion channel,

the mediator of the caricaturized “funny” current, possesses idiosyn-

cratic characteristics that bestow unique physiological capabilities

upon cells they express in. Unique structural characteristics of the

HCN proteins allow these ion channels to be activated when

the membrane potential becomes more hyperpolarized, unlike most

voltage-gated ion channels that open with depolarization. Adding to

this unique gating property are other characteristics, namely their

non-specific permeability to monovalent cations and their slow kinet-

ics spanning tens to thousands of milliseconds. The net inward current

through HCN channel leads to depolarization of membrane potential,

taking the neuron closer to its firing threshold. Contrary to this, the

expression of HCN channel enhances the overall resting conductance

and reduces the excitability of a neuron. This results in the

conductance-current conundrum associated with the expression of

HCN channels that has been central to several debates about their

physiological roles.

In this synthesis exploring the cellular physiological role of

HCN channels, we argued that this conundrum is simply conse-

quent to viewing HCN channels from a static resting viewpoint

expressed in isolation. Instead, we posit that the role of HCN chan-

nels in regulating neuronal physiology is better understood when

HCN channels are visualized from a dynamic viewpoint, while also

accounting for other co-expressing ion channels. From a dynamical

viewpoint, we discussed how HCN channels in response to time-

varying inputs (rather than under steady-state conditions) mediate

a slow negative feedback loop that suppresses neuronal responses

irrespective of which direction the input current flows in. We pre-

sent the several physiological implications of this negative feed-

back loop to neuronal response characteristics including gain

(of voltage response and action potential firing), sag, rebound, tem-

poral summation, resonance, inductive phase lead, and coincidence

detection. From an interactions standpoint, we argue that the

impact of HCN channels on cellular physiology should account for

other co-expressing ion channels, each of which (including HCN

channels) are typically endowed with heterogeneous distributions

in different neuronal subtypes. Through various illustrative exam-

ples from different brain regions, we argue why it is crucial to con-

sider the presence of co-expressing ion channels and relative

distribution while assessing the impact of HCN channels on neuro-

nal response properties. Finally, we discuss how plasticity in HCN

channels is widely prevalent and can mediate different encoding,

homeostatic, and neuroprotective features in a neuron depending

on the context and global structure associated with HCN-channel

plasticity.
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