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Discovered some 40 years ago, the If current has since been known as the “pacemaker” current due to its
role in the initiation and modulation of the heartbeat and of neuronal excitability. But this is not all, the
funny current keeps entertaining the researchers; indeed, several data discovering novel and unca-
nonical roles of f/HCN channel are quickly accumulating. In the present review, we provide an overview
of the expression and cellular functions of HCN/f channels in a variety of systems/organs, and particularly
in sour taste transduction, hormones secretion, activation of astrocytes and microglia, inhibition of
osteoclastogenesis, renal ammonium excretion, and peristalsis in the gastrointestinal and urine systems.
We also analyzed the role of HCN channels in sustaining cellular respiration in mitochondria and their
participation to mitophagy under specific conditions. The relevance of HCN currents in undifferentiated
cells, and specifically in the control of stem cell cycle and in bioelectrical signals driving left/right
asymmetry during zygote development, is also considered. Finally, we present novel data concerning the
expression of HCN mRNA in human leukocytes.

We can thus conclude that the emerging evidence presented in this review clearly points to an
increasing interest and importance of the “funny” current that goes beyond its role in cardiac sinoatrial
and neuronal excitability regulation.

© 2021 Published by Elsevier Ltd.
1. Introduction

Pioneering studies carried out in the mid-1950s proposed that
the deactivation of a time dependent potassium conductance,
dubbed IK2, could represent the electrical event responsible for the
spontaneous depolarization observed in Purkinje Fibers (Noble,
1960; Weidmann, 1951). In the mid-late 1970s this view was
challenged by studies on rabbit sinoatrial node (SAN) preparations/
cells that pointed the attention to an inward current activated upon
hyperpolarization and, due to this unusual property, named the
“funny” current or If (Brown et al., 1979; Maylie et al., 1979; Noma
es, Universit�a degli Studi di

hi).

li, F. Giannetti et al., The funny
rogress in Biophysics and Mo
and Irisawa, 1976; Seyama, 1976; Weiss et al., 1978). The mysterious
dualism between the two processes: IK2 decay and the activating
inward If, was finally solved by Dario DiFrancesco in his seminal
study of 1981 where he reinterpreted the IK2 current (DiFrancesco,
1981) demonstrating that this phantom IK2 decay was nothing else
than the real If current. Taken together these studies set the stage
for the undisputable evidence that the If current provides a
fundamental contribution to cardiac pacemaker generation and
modulation. For a more comprehensive historical review of the
“birth” of If see Carmeliet (2019) (Carmeliet, 2019), and DiFrancesco
(2020) (DiFrancesco, 2020). Since its discovery, several elegant
studies have thoroughly analyzed the kinetics and ionic features of
If demonstrating that they were appropriate to support a funda-
mental role in the generation of the diastolic depolarization and
modulation of heart rate. Due to this functional role associated with
the intrinsic automaticity of pacemaker cells the funny current has
current: Even funnier than 40 years ago. Uncanonical expression and
lecular Biology, https://doi.org/10.1016/j.pbiomolbio.2021.08.007
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since been known also as the “pacemaker” current. Soon after its
discovery in the heart, the search for a similar current in neurons
began and, by the end of the ‘80s, an almost identical current was
identified and dubbed Ih (Pape and McCormick, 1989). With the
introduction of molecular biology techniques in the ion channel
field, the molecular correlates of the native f-current were identi-
fied and four Hyperpolarization-activated Cyclic Nucleotide-gated
genes (HCN1-4) were cloned (Robinson and Siegelbaum, 2003).
This step further made it possible to map the expression pattern of
HCN channels in many cells and tissues. After 40 years, the role of
this tiny conductance, responsible for initiating andmodulating the
heartbeat and neuronal excitability, is expanding far beyond these
canonical functions. Indeed, data have accumulated demonstrating
novel uncanonical roles of f/HCN channels. In the present review,
we provide a comprehensive overview of the expression pattern
HCN channels and, when available, their cellular functions in taste
buds, glia, pituitary gland, blood cells, bones, smooth muscles,
gastrointestinal system and urinary system. Moreover, HCN chan-
nel expression/role in the zygote, in stem cells and in mitochondria
are also reviewed. To maintain the same nomenclature throughout
this review, we will always refer to native currents as If or f-current
independently from the type of cells/tissue in which it was studied.

2. HCN channels in oocyte maturation and fertilization

Understanding the physiological mechanisms controlling
maturation and fertilization of mammalian oocytes is a fascinating
task for its potential application in the treatment of infertility, and
fine-tuning of both membrane resistance (Rm) and membrane
voltage (Vm) is a critical step in these processes. Multiple studies
have indeed confirmed the presence in ovarian and sperm cells of
several ion channels and described their role in controlling the
electrical properties of these cells (Agoston et al., 2004; Kunz et al,
2002, 2006; McCulloh and Levitan, 1987; Platano et al., 2005). In
particular, Yeh and colleagues (Yeh et al., 2008) have identified
HCN1, HCN2 and HCN3 proteins in several types of ovary cells
(oocytes, granulosa cells, theca cells, and corpora lutea, Table 1)
with an expression pattern depending on the maturation state of
the oocytes. HCN4 was instead identified only in oocytes and its
expression level declined throughout the reproduction lifespan
(Yeh et al., 2008). Interestingly, an indirect evidence supporting the
functional role of HCN channels comes from the observation that
the widely used chemotherapy drug cisplatin causes a dose-
dependent decrease of HCN2 expression in antral follicle gran-
ulosa and thecal cells and of HCN4 in oocytes (Yeh et al., 2009).
Although this effect is clearly not the only one associated with the
ovarian damage induced by cisplatin, it strongly suggests the
involvement of the HCN channels/If current in oocytes (patho)
physiology, and provides an additional stimulus to identify the
exact role of this current.

The presence of a HCN-like channel, named SpIH, has also been
found in the tail of Sea urchin sperm (Gauss et al., 1998). Expression
studies showed that the SpIH current shares many features with
the mammalian If, but it also has the unique property of a rapid and
incomplete inactivation. Curiously, the well-known direct HCN
modulator cAMP removes the inactivation and increases the
channel conductance without significantly affecting the voltage
dependence of the activation. The authors speculate that the role of
this channel might be to respond to the membrane hyperpolar-
ization and cAMP increase induced by the interaction between the
sperm and the Speract molecules released by sea urchin eggs, to
control the flagellar beating and thus spermmovement towards the
eggs (Gauss et al., 1998). It is however important to mention that so
far, neither HCN nor HCN-like channels have been reported in
human sperm.
2

3. HCN channels in left-right patterning during zygote
development

It is well-known that bioelectrical signals provide, together with
biochemical gradients, important cues in determining proper
in vivo morphogenesis (Levin, 2014; Levin and Stevenson, 2012),
and particularly the HCN4 currents represent one of these
instructive signals for the in vivo left-right embryo patterning
process. In Xenopus laevis embryos, HCN4 is expressed at a very
early stage (2-cell stage) and its specific downregulation, through
injection of a dominant negative (DN) HCN4 mRNA, into either one
of the two blastomeres, resulted in cardiac mis-localization of the
morphogenetic patterning genes Xnr-1, Lefty, Pitx2, and BMP-4
(Pitcairn et al., 2017). In a different study, the same group extended
the results beyond heart morphogenesis and demonstrated that
HCN4 channels are widely expressed in Xenopus embryos up to
embryonic stage 9. This evidence agrees well with the observation
reported by Pai et al. (2017) that pharmacological inhibition of the
f-current (with either ZD7288, 100 mM or ivabradine, 400 mM) at
early embryo stages (stage 1e10) caused gut, heart, and gallbladder
heterotaxia (situs inversus) in ~86% of tadpoles. Inhibition of HCN4
at more advanced stages (stages 10e40) instead did not cause any
significant increase in heterotaxia compared to non-treated em-
bryos (Pai et al., 2017).

Here, and in several other experiments described in this review,
f-channel blockers (Bucchi et al., 2007) have been employed as a
tool to identify the role of the f-current in the functional context of
the cells/tissue under investigation. It is of capital importance to be
aware that f-channel selectivity is valid within certain range of
concentrations (Fig. 1) which may be profoundly influenced ac-
cording to the type of experiment carried out (single cells or in
multicellular/tissue).

4. HCN channels in cell proliferation and apoptosis: evidence
from stem and cancer cells

Since its original discovery in the Sinus Node and in neurons, the
role of the If current has been associated with the excitability of
terminally differentiated cells. However, in more recent years, the
presence of f/HCN channels has been also reported in Embryonic
Stem Cells (ESC) that are unspecialized, pluripotent cells endowed
with almost unlimited self-renewal capability but able to differ-
entiate into the derivatives of all three germ layers, when exposed
to appropriate stimuli. The recognition of these cells as a potentially
unlimited source of new cardiomyocytes, both for basic research
and for cell-based therapies, prompted the characterization of their
electrical properties. The functional expression of f/HCN channels
in undifferentiated ESC (Table 1) was addressed for the first time in
2005 by Wang et al. (2005). These authors reported that 30% of
mouse mESCs exhibit a modest hyperpolarization-activated inward
current, which was reversibly inhibited by the If blockers Caesium
(Csþ) and ZD7288. RT-PCR analysis carried out inmESC revealed the
expression of the HCN2 and HCN3 isoforms, with a prevalence of
HCN3; HCN1 and HCN4 signal were not detected (Table 1) (Wang
et al., 2005). The kinetic features of the current, together with its
lack of response to isoproterenol (1 mM) modulation, further sup-
ported a prevalent role of the cAMP insensitive HCN3 isoform. This
conclusion was then confirmed by Lau et al. (2011) with protein
expression studies. Different results were however obtained by
Barbuti et al. (2009) who identified all four HCN transcripts inmESC
but could not record any detectable current. Contradictory results
were also found in relation to the HCN expression in human (h)ESC.
While Wang and colleagues (Wang et al., 2005) failed to detect the
presence of f/HCN transcripts and current in hESC, Sartiani et al.
(2007) reported both the expression of HCN1, 2 and 4 channels



Table 1
Comprehensive overview of HCN channels expression and If current properties in the cellular and subcellular systems reported in this review. N.D. ¼ not detectable; empty
space ¼ not assessed; *, by eye; x, recordings performed at external high potassium; dev ¼ during development.

Subtype HCN mRNA HCN protein amplitude-density V half (mV) Refs

1 2 3 4 1 2 3 4

Oocytes
Rat

x x x x (Yeh et al., 2008)

Granulosa, and techal cells;
corpora lutea
Rat

x x x

Embryonic stem cells
Mouse

N.D/
x

x x N.D/
x

N.D x N.D/�2.2 ± 0.4 pA/pF
@ �120 mV

(Lau et al., 2011; Wang et al., 2005; Barbuti et al.,
2009)

Human N.D/
x

N.D./
x

N.D. N.D./
x

x x x N.D./-3 pA/pF *
@ �130 mV

�99.5 ± 1.4 (Wang et al., 2005; Sartiani et al., 2007)

Neuronal stem cells
Mouse

N.D x x N.D x x (Johard et al., 2020)

Human x x
Mitochondria

Human embryonic kidney
(HEK)

N.D. N.D. x N.D. �100 pA * @ �120 mVx (Le�on-Aparicio et al., 2019)

Rat renal cortex N.D. x x N.D. �180 pA * @ �120 mVx

Rat Cardiomyocytes N.D. x x x �20 pA * @ �140 mV �95 ± 7 Padilla-Flores et al., 2020
Pituitary Cells

Rat - mixed population
x x x x N.D/

x
x x x (Kretschmannova et al., 2012; Calejo et al., 2014)

Rat- lactotrophs �1.5 ± 0.4 pA/pF
@ �120 mV x

�94.1 ± 2.7 (Kretschmannova et al., 2012; Gonzalez-Iglesias
et al., 2006)

Rat-gonadotrophs �1.1 ± 0.1 pA/pF
@ �120 mV x

�83.2 ± 3.3 Kretschmannova et al., 2012

Rat-somatotrophs �1.7 ± 0.3 pA/pF
@ �120 mV x

�2.4 ± 0.4 pA @ �120 mV

�93.2 ± 3.4 (Kretschmannova et al., 2012; Simasko and
Sankaranarayanan, 1997)

Rat-thyrotrophs �2.8 ± 0.6 pA/pF
@ �120 mV x

Kretschmannova et al., 2012

Pancreas
Rat, mouse islets

x x x x (El-Kholy et al., 2007)

b-cells Mouse (MIN6) x x x x �36.4 ± 6.1 pA/pF
@ �130 mVx

�87.1 ± 1.7

Rat b-cells x x x x �37.4 ± 4.6 pA/pF
@ �130 mVx

�50 pA * @ �140 mV

�84.3 ± 3.9 (El-Kholy et al., 2007; Zhang et al., 2009)

Human b-cells x x x Dorrell et al., 2016
Rat a- cells x Zhang et al., 2008
a- cells-Mouse (a-TC6) x x x x x �100/-300 * pA

@ �140 mVx
�102 ± 1

Taste Receptors
Rat

x N.D. N.D. x x x �70 pA* @ �140 mV �105 ± 5 (Stevens et al., 2001)

Astrocytes
Mouse Cortex

x x x x x N.D N.D N.D �73.3 ± 29.6 pA
@ �150 mV

(Honsa et al., 2014; Rusnakova et al., 2013)

Rat Cortex, Spinal cord �900 pA * @ �140 mV �98 Guatteo et al., 1996
Rat Hippocampal N.D N.D N.D x

dev
�103.3 ± 32.7 pA
@ �150 mV

(Honsa et al., 2014; Seo et al., 2015)

Microglia
Rat

x x x x x x x N.D (Vay et al., 2020)

Osteoclast
Mouse

x N.D N.D x x �70 pA * @ �140 mV Notomi et al., 2015

Uterine SMC
Rat circular

�6 pA/pF * @-130 mV �84.3 (Okabe et al., 1999)

Rat longitudinal 0/-1 pA/pF* @-120 mV (Satoh, 1995; Okabe et al., 1999)
Corpus cavernous SMC

Human
x x (Gur et al., 2019)

Lymphatic SMC
Rat

x x x x x x x x (Negrini et al., 2016)

Sheep �50 ± 12 pA @ �120 mV �81 ± 1.8 McCloskey et al., 1999
Gastro-intestinal (ICCs)

Human Colon
N.D x x x (O'Donnell et al., 2015)

Mouse Colon N.D./
x

N.D./
x

x N.D./
x

x (Shahi et al., 2014; Lee et al., 2017)

Mouse Small intestine N.D N.D N.D N.D Shahi et al., 2014
Mouse Jejunum N.D. x x x x Lee et al., 2017

Gastro-intestinal (Enteric
neurons)
Human Colon

N.D x x x (O'Donnell et al., 2015)

Mouse x x x x x x N.D N.D. (Xiao et al., 2004; Yang et al., 2012)
Rat x x N.D N.D. Xiao et al., 2004
Guinea pig N.D. x N.D. x Myenteric: 305 ± 48.7 pA

@ �100 mV
Myenteric:
�85

(Galligan et al., 1990; Xiao et al., 2004)

(continued on next page)
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Table 1 (continued )

Subtype HCN mRNA HCN protein amplitude-density V half (mV) Refs

1 2 3 4 1 2 3 4

Submucous: 172 ± 80 pA
@-120 mV

Submucous:
�95 ± 5.5

Intestinal (SMC) �50 pA *@ �120 mV �91 * Yanagida et al., 2000
Guinea pig -Circular
Rabbit -Longitudinal �100 pA * @ �100 mV - 84 Benham et al., 1987

Kidney
Rat whole-tissue

x x x x x x x x (Calejo et al., 2014; L�opez-Gonz�alez et al., 2020)

Rat collecting duct cells x x x x x �500 pA * @ �140 mV �102 ± 2 (Bolívar et al., 2008; Carrisoza-Gayt�an et al., 2011;
Uawithya et al., 2008)

Rat Proximal tubule x x L�opez-Gonz�alez et al., 2016
Rat thick ascending limb of
Henle

N.D. x L�opez-Gonz�alez et al., 2016

Ureteral putative
pacemaker cells
Human

x x He et al., 2018

Mouse x Hurtado et al., 2014
Bladder (ICCs)

Human
x x x x Xue et al., 2012

Rat x x x x x x x x �50 pA * @ �120 mV (He et al. 2012, 2018; Dong et al., 2016; Deng et al.,
2015; Lu et al., 2020)

Mouse x x Wu et al., 2017
Bladder (Mucosae)

Human
x x x x x x x x Kashyap et al., 2015

Rat x x x x x x x x Kashyap et al., 2015
Bladder (detrusor SMC)

Human
x x x x x x x x Kashyap et al., 2015

Rat x x x x N.D./
x

N.D./
x

N.D./
x

N.D./
x

�200 pA * @ �140 mV �74 (Green et al., 1996; Kashyap et al., 2015; He et al.,
2012; Dong et al., 2016)

Mouse x x Al-Naggar et al., 2019
Leukocytes

Human total Leukocytes
N.D. x x N.D. Fig. 3 this review

Human Lymphocyte N.D. x x N.D.
Human Granulocyte N.D. N.D. x N.D.

P. Benzoni, G. Bertoli, F. Giannetti et al. Progress in Biophysics and Molecular Biology xxx (xxxx) xxx
and the corresponding If current in hESC (Table 1). Obviously, these
studies paved the way to further investigations with the aim to
unravel the role of this current in ESC. Studies in pluripotentmESCs,
demonstrated the involvement of HCN3 channels in cell cycle
progression; indeed, blocking the associated current with either
ZD7288 (0.1e30 mM) or Csþ (1e10 mM) caused a dose-dependent
decrease of cell proliferation (Lau et al., 2011). For example,
10 mM ZD7288, significantly increased their doubling time (from 28
to 37 h) by prolonging the S phase at the expenses of the G2/M
phase (Fig. 2) (Omelyanenko et al., 2016). Prolongation of the S
phase was caused by a slower rate of the DNA replication process,
indicating a role of HCN channels in cell cycle progression, however
the pharmacological block of If did not affect either the expression
of pluripotency markers, or the capability of the mESC to differ-
entiate into derivatives of the three germ layers (Lau et al., 2011;
Omelyanenko et al., 2016).

Altogether the most relevant observations carried out in studies
on cell cycle were: i) cells were more hyperpolarized during the S
phase than during the G0/G1 phase (Lau et al., 2011; Ng et al., 2010)
and ii) a sustained hyperpolarization of the membrane (corre-
sponding to a block of the If current) induced mitotic arrest that
could be reverted by membrane potential depolarization
(Sundelacruz et al., 2009). Based on these experiments it is thus
possible to speculate that membrane depolarization at the end of
the S phase represents a necessary step for the transition to G2/M
phase.

The presence of f/HCN channels has recently been reported also
inmouse neuronal stem cells (mNSCs) (Table 1). In these cells HCN2
represents the dominant isoform and its expression increases
during the progression of the cell cycle (Johard et al., 2020). Block of
the HCN current halted the proliferation of mNSC and caused their
accumulation in the G0/G1 phase (Fig. 2). In agreement with this
4

observation, the arrest of cell cycle in G0 was characterized by
alteration of markers of active proliferation (down-regulation)and
of quiescence (up-regulation). Also, genes associated with differ-
entiation processes were not upregulated, supporting the evidence
that HCN block did not induce differentiation (Johard et al., 2020). It
is worth noting that, despite these channels are significantly
involved in cell cycle progression both in mESC and in mNSC, the
isoforms involved are different.

Cell cycling is a central issue in cancer development and
therefore the HCN contribution to this event may represent a novel
potential pharmacological target. Johard et al. (2020) have recently
shown that, in healthy NSC exposed to radiotherapy, the block of
HCN channels (ZD7288, 10 mM) exerted a protective effect
increasing their survival; however, when the same experimental
protocol was applied to brain tumour cells (which also express HCN
channels), radiotherapy fully maintained its ability to decrease cell
survival. A clear understanding of the role of HCN channels in
cancer cell proliferation is still lacking even if emerging evidence
confirms their functional relevance. For example, Norberg and
colleagues (Norberg et al., 2010) have shown that in a cellular
model of a non-small-cell lung carcinoma (NSCLC), protein kinase C
(PKC) inhibition, induced by the chemotherapy drugs staurosporine
and PKC412, caused cell apoptosis due to a prolonged Ca2þ import
mediated by HCN2 channels. Indeed, the effect of chemotherapy
drugs was abolished when NSCLC cells were transfected with a
siRNA specifically downregulating HCN2; similarly, transfection of
HEK cells with HCN2 made these cells sensitive to staurosporine
and PKC412. According to the authors, the drug-induced Ca2þ in-
crease mediated by HCN2 channels represents the trigger for the
mitochondrial release of apoptosis-inducing factor (AIF), followed
by cell death. Although HCN channels mostly conduct Naþ and Kþ,
HCN2 and HCN4 are also permeable to Ca2þ (Michels et al., 2008),



Fig. 1. Inhibitory effect of three “f-channels blockers” on the If and on a panel of additional currents. Percentage current reduction induced in different types of cells by ivabradine
(10 mM), ZD7288 (1 mM), and Csþ (2 mM). In some cases the % of block at the indicated doses was extrapolated by eye from the dose-response curve; for simplicity, when multiple data were
available and quantitatively coherent we decided to show the “average” inhibition. N.I.:No inhibition: in this case the drug was tested but it did not elicit any effect. Data were collected from
the literature as follows: 1, (Bois et al., 1996); 2, (Demontis et al., 2009); 3, (Hsiao et al., 2019); 4, (Stieber et al., 2006); 5, (Haechl et al., 2019); 6, (Koncz et al., 2011); 7, (Delp�on et al.,
1996); 8, (BoSmith et al., 1993); 9, (Harris and Constanti, 1995); 10, (Gasparini and DiFrancesco, 1997); 11, (Satoh and Yamada, 2000); 12, (S�anchez-Alonso et al., 2008); 13, (Wu et al.,
2012); 14, (Denyer and Brown, 1990); 15, (DiFrancesco, 1982); 16, (Giannetti et al., 2021).

P. Benzoni, G. Bertoli, F. Giannetti et al. Progress in Biophysics and Molecular Biology xxx (xxxx) xxx
and Ca2þ permeability increases when HCN2 channels, that are
normally phosphorylated by PKC at Threonine 549, become
dephosphorylated (Norberg et al., 2010). This specific cell death
mechanism, triggered by PKC inhibitors andmediated by HCN2, has
also been found in primary cultures of rat cortical neurons (Norberg
et al., 2010). Although unrelated to cancer, the Ca2þ influx through
HCN channels followed by the AIF-mediated apoptosis has also
been proposed as the mechanism behind the degeneration of Spiral
Ganglion Neurons (SGNs) associated with the age-related hearing
loss (Shen et al., 2018). Shen and colleagues demonstrated that
HCN1 and HCN2 increased their expression in SGNs of old mice,
and this increase correlated with the presence of AIF in the SNG
nuclei. Further support to this mechanism comes from the obser-
vation that AIF-mediated degeneration of SNGs is increased by
cAMP-induced activation of HCN channels by the adenylyl cyclase
agonist forskolin (20 mM) (Shen et al., 2018). Lastly, it is worth
mentioning that DNA-methylation analysis in colorectal cancer
metastasis identified HCN4 as a biomarker for a poor prognosis (Ili
et al., 2020).

5. HCN channels in cellular respiration and energy
production

Mitochondria, the powerhouse of the cells, generate large
amount of ATP through the cellular respiration process. In the
matrix side of the inner mitochondria membrane (IMM), the
presence of a negative potential (DJm, between �120 and �180
mV) is a necessary condition for the occurrence of oxidative
phosphorylation since it provides a large driving force for mito-
chondria Kþ uptake which is necessary to counteract the flux
generated by the Kþ/Hþ antiporters. However, the evidence that
5

under physiological conditions, most of the known mitochondrial
Kþ channels are closed (Padilla-Flores et al., 2020) prompted to
search for novel candidate for Kþ entry. Recently, two proteomic
profiling studies of mitochondrial proteins identified several
interacting partners of the HCN channels (Le�on-Aparicio et al.,
2019; Padilla-Flores et al., 2020); based on this evidence the au-
thors proposed that HCN channels may provide a background Kþ

influx into the IMM. The HCN isoforms expression in mitochondria
depends on the specific cellular type: for example, HCN2, and HCN3
are expressed in the kidneys (Le�on-Aparicio et al., 2019), while
HCN2, HCN3, and HCN4 are present in cardiomyocytes, and HCN3 is
the most abundant (Padilla-Flores et al., 2020) (Table 1).

Patch-clamp analysis carried out in both kidney mitochondria
and cardiomyocyte mitoplasts, revealed a consistent ZD7288-
sensitive hyperpolarization-activated current (Table 1). Interest-
ingly, individual overexpression of single HCN isoforms in mito-
chondria of HEK293 cells shows that only HCN3 determines a
current with kinetic properties similar to those recorded in the
mitochondria of the renal cortex.

The expression level of HCN3 channels in kidney mitochondria
increases during metabolic acidosis which is known to cause
mitochondrial stress and selective autophagy driven by the depo-
larization of the IMM. Lopez-Gonzalez and collaborators (L�opez-
Gonz�alez et al., 2020) speculated that the increased expression of
mitoHCN3 may be required to dissipate the membrane potential,
thus initiating the mitochondrial autophagic process.

In cardiac mitoplast, instead, the kinetic properties of the If cur-
rent were coherent with the functional expression of HCN2/HCN3/
HCN4 hetero tetramers. Block of HCN channels by ZD7288 further
hyperpolarized the DJm and decreased the mitochondrial O2 con-
sumption (Le�on-Aparicio et al., 2019; Padilla-Flores et al., 2020).



Fig. 2. Effect of HCN channel block in the cell cycle progression of mouse Embryonic Stem Cells and Neuronal Stem Cells. Block of HCN3 and HCN2 channels expressed in mouse embryonic
stem and neuronal stem cells, respectively, induces cell proliferation arrest with accumulation of cells in either the S phase (mESC) or in the G0/G1 phase (mNSC). Membrane voltage during
normal cell cycle: blue corresponds to the hyperpolarized state and red to the depolarized state. See text for more details.

Fig. 3. HCNs mRNA profiling in human leukocytes. Relative HCN mRNA abundance assessed by means of qRT-PCR carried out in human total leukocytes (A) and in pure pop-
ulations of human lymphocytes (B) and granulocytes (C) isolated from blood samples of 5 healthy subjects. Lymphocytes and granulocytes were isolated by flow cytometry. In all
experiments, HCN mRNA expression was normalized to a-Tubuline (housekeeping gene) using the 2�DCt method. Reproducible and reliable quantifications could be obtained only
for HCN2 and HCN3 with the exception of HCN2 in granulocytes. *p < 0.05, Student-test.
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In conclusion, according to these studies, HCN channels, and
specifically HCN3, are part of the background conductances that
maintain a proper Kþ influx into the IMM of mitochondria thus
allowing the optimal DJm for ATP synthesis favouring cellular
respiration and ATP production.
6. HCN channels in endocrine cells

Secretory pathways are fundamental physiological processes
allowing the transport of proteins and lipids from intracellular
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organelles to the plasma membrane where they can be released in
the extracellular space. The membrane expression of HCN channels
and their involvement in the regulation of exocytotic processes has
been studied in different systems (Table 1); below an overview of
these studies is provided.
6.1. Anterior pituitary cells

There are six types of endocrine anterior pituitary cells and they
are named according to the primary hormones which are secreted:
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gonadotrophs, corticotrophs, melanotrophs, thyrotrophs, somato-
trophs, and lactotrophs. Each of these cell types has a typical action
potential profile (tall and sharp single spikes or a variety of bursting
activity) that are associated with different waves of intracellular
Ca2þ oscillations ultimately resulting in specific pattern of hor-
mones release (Fletcher et al., 2018). The mechanisms that control
the complex electrical activity and the exocytosis of these cells are
still not clear, however they require cell-type specific differential
expression of ion channels. Several currents have been proposed as
modulators of the spontaneous firing, and the If current may be one
of them (Fletcher et al., 2018). All four HCN transcripts were
detected in a heterogeneous population of rat anterior pituitary
cells cultured for 24 h, and HCN2, HCN3 and HCN4 proteins were
identified by Western blot (Kretschmannova et al., 2012) (Table 1).
Patch-clamp studies recorded the If current in the majority of
cultured thyrotrophs, gonadotrophs, and somatotrophs cells
(Kretschmannova et al., 2012; Simasko and Sankaranarayanan,
1997), while experiments performed in freshly isolated and
cultured rat lactotrophs cells indicated that If was present only in a
fraction of cells (30e40%) (Gonzalez-Iglesias et al., 2006;
Kretschmannova et al., 2012; Simasko and Sankaranarayanan,
1997) (Table 1). The effect of the If block on the spontaneous ac-
tivity of pituitary cells was evaluated in several studies, but con-
flicting results were obtained and only some of them reported a
reduction in the firing frequency (Chu et al., 2010; Kretschmannova
et al., 2012; Simasko and Sankaranarayanan, 1997). This discrep-
ancy clearly points out that further work is needed to improve our
understanding of the If function in the spontaneously activity pi-
tuitary cells.

Another important functional pathway which may involve the
contribution of the If current consists in the molecular events that
couple the activation of G-protein coupled receptors (GPCR) to the
secretory activity of pituitary cells (Kretschmannova et al., 2012).
Indeed, agonists of GPCRs are physiological regulators of the elec-
trical activity of these cells and it is known that Gs or Gi-dependent
changes in cAMP and Gq/11-dependent depletion of PIP2 can
regulate HCN channels (Baruscotti et al., 2005; Pian et al., 2007).
Interestingly, Calejo and collaborators (Calejo et al., 2014) reported
the expression of HCN2 channels both in the plasma membrane
and in (or nearby) the membrane of secretory vesicles of rat lac-
totrophs cells. Functional studies aimed at investigating a possible
involvement of HCN current in exocytosis were performed by
increasing the HCN current density in rat lactotrophs cells (via
HCN2 over-expression) and by inhibiting the current with ZD7288
(100 mM). These studies concluded that the exocytic activity is
likely regulated by localized increases of Ca2þ levels caused by
permeation through HCN2 channels.

6.2. Pancreatic cells

Pancreatic islet cells have a dynamic electrical activity which is
pivotal for hormones secretion in response to metabolic changes;
HCN channels have been found among the ion channels expressed
on b- and a-cells membranes that may thus contribute to insulin
and glucagon secretion (Dorrell et al., 2016; El-Kholy et al., 2007;
Zhang et al., 2008, 2009) (Table 1). All HCN isoforms have been
detected at themRNA level inmouse and rat islets with HCN2 being
the predominant subunit in the mouse, and HCN3 and HCN4 the
main isoforms in the rat. Immunostaining experiments carried out
in the rat model, showed that b-cells express all HCN isoforms;
investigation in a-cells was limited to HCN2 and its presence was
confirmed. In humans, the scenario is somewhat different since
only HCN1 and HCN4 are present and differentially express
depending on the b-cell subtypes (Dorrell et al., 2016). In rat b-cells
and in clonal TC6 a-cells, a HCN-mediated inward current has been
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characterized and the canonical If properties have been reported
(Table 1) (El-Kholy et al., 2007; Zhang et al., 2008). Even though the
specific role played by the current in these cells is still unclear, a
possible mechanism may involve the regulation of the membrane
input resistance (Zhang et al., 2009). Dorrell and colleagues (Dorrell
et al., 2016) reported that HCN current inhibition (with 30 mM
ivabradine) had a dual effect on insulin secretion in human islets:
during basal condition, ivabradine increased insulin secretion,
while a reduction was observed during glucose-stimulation. How-
ever, when the effect of the HCN block was tested in isolated b-like
cells generated from human pluripotent precursors, only the
stimulation of basal secretion activity was observed (Dorrell et al.,
2016). Data collected in rat islets showed somewhat different re-
sults; indeed HCN2 over-expression increased basal insulin secre-
tion, while suppression of HCN current, through overexpression of
the dominant negative HCN2-AYA channels, decreased glucose-
stimulated insulin secretion only at low (2.5 mM) external Kþ

concentrations (Zhang et al., 2009). Comparison between data
obtained in human and rat islets indicate that either HCN channels
may have species-specific effects or they may reflect different
experimental conditions (e.g. over-expression, unspecific effects
due to high ivabradine concentrations).

In mouse clonal TC6 a-cells, inhibition of HCN current with
ZD7288 (100 mM) increased glucagon secretion, while stimulation
of the HCN current by lamotrigine reduced glucagon release (Zhang
et al., 2008). Similarly, HCN current inhibition by ZD7288 (100 mM)
or cilobradine (5 mM) increased glucagon release from rat islets
(Zhang et al., 2008).

Further investigations are required to properly identify the
mechanisms linking HCN channels and exocytosis; however,
possible roles may involve regulation of membrane input resis-
tance, mixed Ca2þ and Na þ influx, and/or cytoskeleton interaction
between HCN channels and exocytotic machinery (Zhang et al,
2008, 2009).

7. HCN channels role in sour taste transduction

In vertebrates, the sour stimulus (i.e. protons) is detected by
taste receptors by means of a transduction pathway that includes
protein receptors and ion channels. The presence of the If current
was first identified in rat in 2001 by Steven and collaborators
(Stevens et al., 2001) who detected the expression of HCN1 and
HCN4 proteins in a subset of taste receptors cells of the vallate
papilla (Table 1). Three main elements indicate that HCN channels
may play a role in sour taste transduction: i) the If current in these
cells is increased by external sour stimuli, ii) lowering the extra-
cellular pH induces a dose-dependent modulation of the activation
curve of heterologously expressed HCN1 and HCN4 channels, iii)
cells expressing HCN channels do not express the transduction el-
ements involved in sweet and bitter taste detection (Stevens et al.,
2001).

8. HCN channels in glial cells

The expression of HCN channels in neuronal cells of the Central
Nervous System (CNS) has been extensively documented in a large
number of studies, and several reviews provide detailed de-
scriptions of their role (Biel et al., 2009; Santoro and Shah, 2020).
Interestingly, the presence of these channels has also been reported
in astrocytes and microglia.

Astrocytes are the prevalent glial cells in the brain, where they
perform several regulatory functions (Kimelberg and Nedergaard,
2010). The first recording of an If-like current in cultured cortical
and spinal cord astrocytes was accomplished in 1996 by Guatteo
et al. (Table 1) (Guatteo et al., 1996), but only 17 years later
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Rusnakova and colleagues (Rusnakova et al., 2013) detected the
HCN mRNA in postnatal (P10 to P50) astrocytes. In 2015, Seo et al.
(2015) analyzed the HCN isoform expression during hippocampal
development and demonstrated the presence of HCN4-positive
astrocytes in the stratum lacunosum moleculare. The evidence that
HCN4 expressionwas lost at P21 was strongly suggestive of a stage-
specific role in early astrogliogenesis. Interestingly, despite the fact
that under physiological conditions adult glial cells express low or
negligible If current, after focal cerebral ischemia, mRNA (HCN1,
HCN2 and HCN3) and protein (HCN1 and HCN3) (Table 1) expres-
sion in astrocytes increased significantly both in rat hippocampus
and mouse cortex (Honsa et al., 2014; Rusnakova et al., 2013). In
isolated cortical astrocytes, 5 weeks after ischemia these changes in
expression were accompanied by a depolarization of the resting
potential, a decrease of membrane resistance (Rm), and the pres-
ence of a substantial ZD7288-sensitive If current. Similar effects
were observed in hippocampal reactive astrocytes after global ce-
rebral ischemia, even though in these cells the membrane resis-
tance was not affected (Honsa et al., 2014). An increase of HCN1 and
HCN2 immunoreactivity in GFAP þ astrocytes was also recently
reported in the hippocampus of gerbils 4 days after the induction of
5 min transient global cerebral ischemia (Park et al., 2019).

Microglia represents the tissue-resident macrophages in the
CNS and mediate cell homeostasis and inflammatory processes.
Microglia cells display a constant movement of their processes in
order to detect insults and, based on different types of stimuli, they
may induce either neurotoxicity or neuroprotection. Many ion
channels and cell surface receptors shape these functions
(Izquierdo et al., 2019). In a recent paper Vay and colleagues (Vay
et al., 2020) provided the first evidence that isolated microglial
cells express all HCN isoforms (Table 1), however, only HCN2
exhibited expression changes after pro- and anti-inflammatory
stimuli. Curiously, HCN inhibition by ZD7288 (10e30 mM) resul-
ted in an unexpected depolarization of the cell membrane potential
and a sustained increase of intracellular Ca2þ. This evidence led to
speculate that, as observed in some neurons, a sustained back-
ground HCN current may both reduce Rm and depolarize the cell
thus influencing the gating state of other voltage-dependent
channels (e.g Kþ and Ca2þ channels). The membrane hyperpolar-
ization expected upon HCN blockade could therefore be masked by
activation/inactivation of these channels, whose effect on mem-
brane voltage may be amplified by the increased Rm caused by the
block of HCN channels. In this study, the authors also showed that
differential expression of HCN isoforms is differently regulated by
pro- and anti-inflammatory polarization of microglia (Vay et al.,
2020). HCN2 channels were significantly downregulated by a pro-
inflammatory stimulus and strongly upregulated by an anti-
inflammatory stimulus, HCN3 expression was reduced in both
conditions, and HCN1 and HCN4 expression was not affected.

HCN block induced either by ZD7288 (10e30 mM) or by siRNA-
mediated HCN2 silencing decreased the expression of the pro- and
anti-inflammatory markers stimulated by treatments with lipo-
polysaccharides (LPS) and interleukin-4 (IL4), respectively. These
data suggest that inhibition of HCN, primarily HCN2, hinders the
correct activation of microglia, likely by a modification of intra-
cellular Ca2þ signalling. The switch of microglial cells from a resting
to an active state is also characterized by cell proliferation, however
this process was limited by the inhibition of HCN channels by
30 mM ZD7288 (Vay et al., 2020).

9. HCN channels in osteoclasts

Bone resorption requires osteoclasts differentiation (osteoclas-
togenesis) and activation (Boyle et al., 2003). An interesting
observation made by Notomi et al. (2015) in mouse osteoclast
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precursor-like cells (RAW 246.7 monocyte macrophage lineage
osteoclast precursor cells) revealed that, in the presence of RANKL
(Receptor Activator of Nuclear factor Kappa-B Ligand), membrane
hyperpolarization accelerates their differentiation toward osteo-
clasts. The same group also reported the expression of HCN4 pro-
teins both in RAW cells and in mouse bone marrowederived
osteoclasts; furthermore, the HCN-mediated current was recorded
in osteoclasts derived from RAW 246.7 cells (RAW-OC) (Table 1).

Functional studies indicated that HCN channels activation in-
hibits the hyperpolarization-induced osteoclastogenesis process
(Notomi et al., 2015). An additional role of HCN channels in the
modulation of osteoclastogenesis was revealed analysing the
prostaglandin E2 (PGE2) pathway. While PGE2 stimulates the dif-
ferentiation of osteoclasts (Kobayashi et al., 2005), it also activates
the production of cAMP, which increases the open probability of
HCN channels. Interestingly, when the contribution of HCN to
membrane potential of RAW cells is removed by siRNA-mediated
HCN4 knockdown, PGE2-induced osteoclastogenesis is potentiated.

10. HCN channels in smooth muscles

10.1. Uterus

Myometrial smooth muscle displays an intrinsic pacemaker ac-
tivity which drives uterine contractions, and several factors,
including hormones, stretch, and paracrine molecules can modulate
this activity. Uterine contractions occur both in the non-pregnant
state (during the menstrual cycle) and during gestation, and ac-
cording to different physiological or pathophysiological conditions
they vary in frequency, duration, amplitude, and direction of prop-
agation (Aguilar andMitchell, 2010;Wray and Prendergast, 2019). To
date, the mechanism behind the pacemaker activity of the uterus is
still largely unknown, and neither an anatomical pacemaker region,
nor the presence of widely distributed pacemaker cells, have been
identified. However, based on the evidence that small isolated
myometrial strips show spontaneous rhythmic contractions, it is
likely that somemyocytes are endowed with an intrinsic pacemaker
activity (Wray and Prendergast, 2019; Young, 2018).

The involvement of the If current in myometrial automaticity
was suggested in the 1990s when the current was measured in
freshly isolated single longitudinal and circular smoothmuscle cells
isolated from pregnant rat uterus (Table 1) (Okabe et al., 1999;
Satoh, 1995). The If density was larger in circular than in longitu-
dinal myometrial cells and this finding well correlates with the
evidence that spontaneous APs were frequently observed in cir-
cular but not in longitudinal myocytes. This observation led to the
hypothesis that the slow activation of the If current at resting
membrane potential might cause a slow depolarization, driving the
membrane potential to the threshold for AP firing. In agreement
with this conjecture, Okabe et al. (1999) observed a reduction in the
spontaneous contraction rate of circular muscles following Cs-
induced If block (IC50 of 0.15 mM). Additional data indicated that
If inhibition by ZD7288 (100e200 mM) decreased the force ampli-
tude of spontaneous and oxytocin-induced contractions of longi-
tudinal uterine strips isolated from in-term pregnant rats (Alotaibi
et al., 2017). Unexpectedly, in addition to decrease the force
amplitude, ZD7288 also increased the frequency of contractions.
The interpretation of these results is not straightforward since
ZD7288was used at high concentrations and therefore non-specific
effect on other ion channels are likely contributing.

10.2. Corpus cavernous

The beneficial effects of ivabradine on erectile dysfunction (ED)
observed in patients with heart failure and in ApoE knockout mice,



P. Benzoni, G. Bertoli, F. Giannetti et al. Progress in Biophysics and Molecular Biology xxx (xxxx) xxx
have been attributed to the drug-induced reduction of heart rate,
endothelial oxidative stress, and penile fibrosis (Baumh€akel et al.,
2010; Mert et al., 2018). Recently, Gur and colleagues (Gur et al.,
2019) verified the hypothesis that HCN channels may also be
functionally expressed in the smooth muscle of the corpus
cavernous. Their study indeed identified the presence of HCN3 and
HCN4 proteins in smooth muscle cells of the human penile corpus
cavernous (Table 1) and showed that ivabradine (100 nM-1 mM)
was able to induce a concentration-dependent relaxation of tissue
strips of the human corpus cavernous previously contracted by
phenylephrine. This effect was independent from the Nitric Oxide
(NO)/soluble guanylyl cyclase pathway since it was maintained in
the presence of both nonspecific nitric oxide synthase (NAME) and
soluble guanylyl cyclase (ODQ) inhibitors. Gur and co-workers thus
proposed that the direct inhibition of HCN channels in penile tissue
may contribute to the beneficial effects of ivabradine on ED, and
that HCN block may be a useful treatment for patients who have
cardiovascular risk factors and ED (Gur et al., 2019). In addition,
they also reported the evidence that ivabradinemay affect other ion
channels such as L-type Ca2þ and Kþ channels.
10.3. Lymphatic vessels

Smooth muscle cells of the lymphatic ducts walls exhibit
spontaneous contractions that are preceded by either a single or a
complex pattern of APs (Kirkpatrick and McHale, 1977; Ward et al.,
1991). A similar activity was more recently confirmed by Telinius
and colleagues (Telinius et al., 2015) in isolated thoracic and
mesenteric human lymphatic vessels. Themain feature of these APs
is the presence of a slow depolarization process that drives the cell
membrane potential from the most negative value, reached at the
end of the repolarization process, to the threshold for the next AP.
The first suggestion that a hyperpolarization-activated inward
current similar to If might be involved in these spontaneous elec-
trical oscillations came from a study of Allen and McHale, 1988 on
bovine lymphatic ducts. However, it was only in 1999 that
McCloskey (McCloskey et al., 1999) fully described the If current in
freshly isolated sheep mesenteric lymphatic smooth muscle cells
(Table 1), and showed that blockade of this current by Csþ (1 mM)
or by ZD7288 (1 mM) decreased the frequency of spontaneous
contractions in intact lymphatic vessels. Similar results were ob-
tained in rat smooth muscle cells of peripheral diaphragmatic
lymphatic vessels by Negrini and co-workers (Negrini et al., 2016)
who demonstrated the expression of all HCN isoforms (Table 1) and
the ability of HCN channels blockers (Csþ, ivabradine, and ZD7288)
to reversibly decrease the rate of contraction and to increase the
end-diastolic diameter in a dose-dependent manner. The authors
proposed that, during the diastolic phase, the inward current car-
ried by HCN channels contributes to depolarize the cell up to the
threshold for Ca2þ channels activation, which would in turn trigger
the lymphatic muscle contraction (Negrini et al., 2016). However,
the functional role of HCN channels is still not clear as proved by
data indicating that intermediate concentrations of ZD7288
increased, rather than decreased, the frequency of contractions, a
phenomenon observed also in other types of smooth muscles, such
as the bladder detrusor (Green et al., 1996) and the portal vein
smooth muscle (Greenwood and Prestwich, 2002).
11. HCN channels in the gastrointestinal system

The presence of HCN channels has been widely reported in all
the cells associated with gastrointestinal (GI) mobility and in
particular in the interstitial cells of Cajal (ICCs), in enteric neurons,
and in smooth muscle cells (Table 1).
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11.1. Interstitial cells of Cajal

Interstitial cells of Cajal (ICCs) are specialized mesenchymal
pacemaker cells organized in networks that are electrically coupled
to smooth muscle cells and are distributed in several parts of the
gastrointestinal wall. ICCs are able to generate a basic slow elec-
trical rhythm that modulate the phasic contractions of gastroin-
testinal smooth muscle cells. According to Sanders et al. (2014), the
pacemaker mechanisms responsible for the automaticity of ICCs
involve both the spontaneous release of Ca2þ from intracellular
stores and the activity of membrane ion channels such as Ca2þ-
activated Cl� channels (Ano1) and T-type Ca2þ channels. However,
in 2014 the presence of HCN1 and HCN3 transcripts was success-
fully reported in cultured murine c-kit and Ano1 positive colonic
ICCs cells by Shahi and co-workers (Shahi et al., 2014), and in 2015
HCN2, HCN3, and HCN4 proteins were detected by immunofluo-
rescence staining in human colonic ICCs (O'Donnell et al., 2015).
When mouse colonic ICCs were maintained in culture for 2e3 days,
they exhibited spontaneous APs that were reduced by If inhibitors
(5 mMCsþ, 10 mMZD7288,10 mMzatebradine and 10 mMgenistein).
Taken together these data raised the hypothesis that HCN channels
may participate in the generation of the colonic ICCs pacemaker
activity. Interestingly, the same authors demonstrated that the If
current inhibitors had no effect on spontaneous activity of small
intestinal ICCs and this is in agreement with the lack of HCN
channels expression in cultured c-kit and Ano1-positive ICCs of the
small intestine. These results indicate that different pacemaker
mechanisms likely contribute to the activity of different areas of the
GI tract (Shahi et al., 2014).

Transcriptome analysis of freshly isolated cells from the murine
tunica muscolaris of the jejunum and colon (JICCs and CICCs,
respectively) reported positive signals for HCN2, HCN3, and HCN4
in both cell types (Table 1). HCN4was themost abundant isoform in
JICCs and the least expressed in CICCs; the presence of HCN4 was
also confirmed at the protein level (Lee et al., 2017). In addition to
the full HCN4 transcript, JICCs also express truncated HCN4 variants
(HCN4v2 and HCN4v3) both encoding for the same 795 aa-long
truncated polypeptide lacking the entire N-terminal and the
S1eS4 segments.

HCN channels have also been proposed to regulate the pace-
maker activity of ICCs of murine gastric antrum cells (Si et al., 2012),
and the association between gastrointestinal pathologies and
impaired expression of HCN channels in ICCs, strengthens the role
of these channels in regulating gastrointestinal motility (Guo et al.,
2017; O'Donnell et al., 2015). Guo and co-workers (Guo et al., 2017)
indeed showed that mice with malignant ascites developed
gastrointestinal dysmotility associated with impaired peristaltic
activity likely caused by an alteration of the ICCs morphology and
by a decreased expression of HCN2 and Ca2þ transient in these cells.

11.2. Enteric neurons

The presence of the If current was first described in guinea pig
myenteric AH neurons and in a small fraction of both S and AH
neurons of the submucous plexus (Galligan et al., 1990; Messenger
et al., 1994). Since then, the presence of HCN channels in murine,
guinea-pig, zebrafish, and human neurons of the enteric nervous
system (ENS) has been reported in several studies (Table 1) (Fujii
et al., 2020; O'Donnell et al., 2015; Xiao et al., 2004; Yang et al.,
2012). Xiao et al. demonstrated that the HCN1, HCN2, and HCN4
isoforms are differently expressed in different neurons of the
myenteric and of the submucosal plexuses, and their relative
abundance depends on the species investigated (Xiao et al., 2004).
A more detailed characterization of the HCN2 positive neurons in
the GI tract of mice was performed by Yang and co-workers (Yang
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et al., 2012) who reported the protein expression mainly in
cholinergic neurons of the myenteric plexus that possess processes
positioned in close proximity to ICCs. Although these authors did
not present functional data, they suggested that HCN2 channels
activation would facilitate the release of acetylcholine from
cholinergic neurons and activate themuscarinicM receptors of ICCs
thus affecting the peristalsis. O'Donnel and co-workers (O'Donnell
et al., 2015) carried out immunofluorescence staining experiments
in the human colon and identified the presence of HCN2, HCN3 and
HCN4 channels in both the myenteric and submucosal plexuses.
Interestingly, the same authors analyzed colon samples of patients
suffering from Hirschsprung's disease and Western blot experi-
ments showed a decrease of the HCN3 protein signal, indicating a
possible involvement of this isoform in the pathophysiology of this
disease. Experiments performed in the zebrafish model also sug-
gested the involvement of the HCN4 channel of the enteric neurons
in regulating retrograde peristalsis (Fujii et al., 2020).

11.3. Gastrointestinal smooth muscle cells

The If current was identified in isolated longitudinal smooth
muscle cells of rabbit Jejunum (Benham et al., 1987) and in circular
smooth muscle cells of guinea pig ileal muscle (Yanagida et al.,
2000) (Table 1). Obviously, the presence of the current suggests a
possible involvement in the slow depolarization observed in
response to hyperpolarizing current stimuli, possibly caused by
various inhibitory neurotransmitters and hormones.

12. HCN channels in the urinary system

HCN channels have been identified in various parts of the uri-
nary system (Table 1): kidneys (Bolívar et al., 2008; Calejo et al.,
2014a; Carrisoza-Gayt�an et al., 2011; L�opez-Gonz�alez et al, 2016,
2020), uretere (Hashitani et al., 2017; He et al., 2018; Hurtado et al,
2010, 2014), and bladder (Al-Naggar et al., 2019; Deng et al., 2015;
Dong et al., 2016; He et al., 2012; Kashyap et al, 2015, 2020; Lu et al.,
2020; Mader et al., 2018; Wu et al., 2017; Xue et al., 2012).

12.1. Kidneys

In 2008 Bolivar et al. (Bolívar et al., 2008) carried out the first
recording of a hyperpolarization-activated voltage- and time-
dependent inward current in primary cultures of rat inner medul-
lary collecting duct (IMCD) cells. This current, dubbed Ivti, displayed
the typical features of the If current: mixed Kþ and Naþ perme-
ability, voltage dependence of kinetics parameters, and modulation
by cAMP and by [Kþ]o, however, it exhibited an anomalous phar-
macological profile since it was insensitive to Csþ and ZD7288
block, but blocked by Cadmium (Bolívar et al., 2008). Attempts to
identify the molecular nature of the current resulted in the iden-
tification of HCN1, HCN2 and HCN4 mRNA expression, however the
presence at the protein level was investigated and confirmed only
for HCN2 (Table 1).Whether the peculiar pharmacological profile of
this channel is due to an alternative splicing form of HCN mRNA or
to post-translational modification is at present unknown and
extremely puzzling. Several other groups confirmed the expression
of HCN2 and also of HCN3 channels in rat kidneys, and further
studies described these channels as important players in the
regulation of the acidebase and Kþ balance (Calejo et al., 2014a;
Carrisoza-Gayt�an et al., 2011; L�opez-Gonz�alez et al, 2016, 2020;
Padilla-Flores et al., 2020; Uawithya et al., 2008). The HCN signals
were immunodetected on the basolateral membrane of acid-
secreting intercalated and principal cells of the connecting tubule
and of the collecting duct both in the cortex and in the medulla.
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When heterologously expressed in oocytes, HCN2 channels dis-
played permeability to NH4

þ with a strong dependence on the
extracellular NH4Cl concentration and were inhibited by ZD7288
(Carrisoza-Gayt�an et al., 2011). Despite the authors identified the
HCN2 expression both in the acid-secreting intercalated and in
principal cells, a specific role of HCN2 channels in regulating NH4

þ

excretion was confirmed only in the former cell type, where
ZD7288 (10 mM) reduced the slope of acidification of the tubular
contents. Based on this evidence, the authors suggested that the
selective expression of HCN2 channels in the basolateral membrane
of acid-secreting intercalated cells may represent a physiological
mechanism favouring NH4

þ uptake in the collecting duct and thus
its urinary excretion (Carrisoza-Gayt�an et al., 2011). Concerning the
role of HCN channels in principal cells, the authors speculate that
the entrance of Naþ through HCN2 and HCN3 channels could
provide a stimulus for promoting Kþ uptake via the basolateral
Naþ-Kþ-ATPase and its excretion through voltage-gated Kþ chan-
nels on the apical membrane (Carrisoza-Gayt�an et al., 2011; L�opez-
Gonz�alez et al., 2020).

The expression of full length and N-terminal truncated HCN1
and HCN3 proteins has been reported in the apical membranes of
cortical and medullary proximal tubules of rat nephrons (Table 1),
and HCN3 was the sole isoform immunodetected in the medullary
Thick Ascending Limb of Henle (MTALH) (L�opez-Gonz�alez et al.,
2016). Interestingly, the expression of HCN3 channel forms has
been reported to be regulated by Kþ diet (L�opez-Gonz�alez et al.,
2016). Since a thorough discussion of the physiological roles of
HCN channels in the various regions of the nephron is beyond the
aim of the present work, we refer the interested readers to the
original studies (Carrisoza-Gayt�an et al., 2011; L�opez-Gonz�alez
et al, 2016, 2020). To summarize the main points of these studies,
we can conclude that there is now solid evidence indicating that in
mammalian kidney, HCN channels, and particularly HCN2 and
HCN3, play an important role in regulating Naþ, Kþ and NH4

þ

homeostasis.
12.2. Ureteral tract

The progression of urine from the renal pelvis to the bladder
depends on the coordinated peristalsis originating in the pelvis-
kidney junction (PKJ (Hurtado et al., 2014, 2010),). A rhythmic ac-
tivity is indeed initiated in the PKJ by specialized pacemaker cells
that are coupled via gap junction to the surrounding smooth
muscle cells. In a series of studies aimed at understanding the
mechanism underlying the rhythmic activity, Hurtado et al.
(Hurtado et al, 2010, 2014) reported a high level of expression of
HCN3 proteins in PKJ cells. Despite no direct recording of the HCN3
current was carried out, the researchers used the optical mapping
technique to demonstrate that 30 mM of ZD7288 caused a severe
desynchronization of the proximal-to distal contraction and at a
higher dose (90 mM) it completely blocked both the electrical ac-
tivity and contractility (Hurtado et al., 2010). Similar results were
obtained in studies on human ureteral preparations (He et al., 2018)
where treatment with ZD7288 (50 mM) inhibited the amplitude but
not the frequency of spontaneous contractions of ureteral smooth
muscle strips. According to the authors the spontaneous contract-
ing activity likely originates in putative pacemaker cells, the so
called interstitial-like cells of Cajal (ICCs), also identified in the
bladder (see paragraph 12.3 below), which express both HCN1 and
HCN4 channels together with c-kit, a specific marker of ICC. How-
ever, as recognized by the authors, due to the lack of solid elec-
trophysiological evidence, no definite conclusion on f-current
function in these cells can be drawn (He et al., 2018).
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12.3. Bladder

In 1996 an Ifelike, Csþ and ZD7288 sensitive inward-rectifying
current with mixed Naþ/Kþ permeability was described in rat
detrusor smooth muscle cells (Table 1) (Green et al., 1996). Since this
initial observation several additional studies addressed the
involvement of the HCN channels in the regulation of bladder
excitability and reported the presence of all HCN isoforms in the
detrusor muscle, ICCs, and in the mucosal layer of the urinary
bladder (Al-Naggar et al., 2019; Deng et al., 2015; Dong et al., 2016;
Kashyap et al, 2015, 2020; Lu et al., 2020; Mader et al., 2018; Wu
et al., 2017; He et al., 2012; Xue et al., 2012) (Table 1). While the
expression of HCN channels in the various regions of the bladder is
therefore an established evidence, a thorough understanding of their
role is still missing. In their original work, Green and collaborators
(Green et al., 1996) revealed that a sustained treatment with the If
blocker ZD7288 induced a dose-dependent increase of both the
amplitude and, surprisingly, the frequency of spontaneous phasic
contractions of rat detrusor muscle strips. More recently, Kashyap
and co-workers (Kashyap et al., 2015) demonstrated that application
of Lamotrigine (10 nM-100 mM), an anticonvulsant known to in-
crease the HCN-mediated current, displayed a relaxant effect on the
detrusormuscle of the rat bladder and that this effectwas blocked by
application of ZD7288 (10 mM). The If blocker caused a dose
dependent increase in force of contraction, which was more pro-
nounced in mucosa-free bladder strips, than in intact bladder strips.
Similar studies carried out on human bladder strips confirmed the
observations from the animal models (Mader et al., 2018). Indeed,
this group demonstrated that exposure to ZD7288 (50 mM) caused
tonic contractions and increased both the amplitude and the spon-
taneous frequency of phasic contractions, and that the activation of
HCN channels with Lamotrigine induced relaxation in both mouse
and human bladder, reducing the effect of ZD7288.

Recently, Kashyap et al. (2020) provided an integrated expla-
nation for the role of HCN channels in the bladder and proposed
that the HCN channels found in the mucosa, in the cholinergic
nerve terminals, and in the detrusor muscle are constitutively
active. According to these authors, the HCN current exerts an
inhibitory effect both on neurotransmitters release and on spon-
taneous contractions of detrusor smooth muscle and these effects
are likely due to an HCN-mediated attenuation of N- and T-type
voltage-gated Ca2þ channels activity (Kashyap et al., 2020).

In contrast with these data, other authors reported that appli-
cation of both ZD7288 (10e50 mM) and ivabradine (30e90 mM)
induced relaxation of rat bladder strips (Aydin et al., 2018; Deng
et al., 2015). Interestingly, Deng and colleagues (Deng et al., 2015)
showed that in a pathological model of detrusor muscle over-
activity, all HCN isoforms were upregulated and higher doses of
ZD7288 was necessary to cause relaxation.

HCN channels distribution and function have been also inves-
tigated in the bladder of a rat model of diabetic cystopathy (DCP), a
disease characterized by increased urinary frequency and inconti-
nence (Dong et al., 2016); in this study a decreased HCN/If
expression was observed in ICCs. In agreement with this finding,
DCP ICCs were less sensitive to cAMP modulation induced by for-
skolin (a permeable Adenylyl Cyclase agonist) and to ZD7288
treatment. Of note, this decrease in HCN expression has been
associated with a DCP-dependent decrease in the number of cav-
eolae (and of caveolin-3 levels) and knockdown of caveolin-3 in
control ICCs elicited a phenotype similar to that of DCP since it
decreased both the HCN protein expression and the If current (Dong
et al., 2016). This finding is in agreement with previous works
demonstrating that caveolin-3 interacts with and modulates HCN
function, and impairment of such interaction decreases the
expression of channels (Barbuti et al, 2007, 2012).
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13. HCN channels in leukocytes

Several studies have elegantly shown that the If blocker ivab-
radine, a drug used in the clinic to reduce heart rate, also displays
relevant effects on endothelial functions, oxidative stress, and
lymphocytes migration (Bonadei et al., 2018; Dallapellegrina et al.,
2020; Li et al., 2016; Walcher et al., 2010). For example, ivabradine
treatment of transgenic ApoE-deficient mice resulted in a protec-
tive action against atherosclerosis progression by activating anti-
inflammatory pathways (Aquila et al., 2018; Custodis et al., 2008).
In another study carried out in a mouse model of cardiac inflam-
mation, the authors reported that ivabradine prevented the pro-
gression from myocarditis to dilated cardiomyopathy, and this
effect was associated with a reduction of the p38 MAPK pathways
and a downregulation of several pro-inflammatory cytokines
(Dallapellegrina et al., 2020; Gammone et al., 2020; Yue-Chun et al.,
2016). To explain these findings it was originally proposed that the
decrease of the vascular shear-stress associated with the drug-
induced bradycardia could represent the causative link between
ivabradine treatment and the reduced inflammatory state
(Speranza et al., 2012).

Our group considered that additional mechanisms may also be
involved; for example, the established evidence that many ion
channels play relevant functional roles in the immune response of
white blood cells (Feske et al., 2015) raised the possibility that these
cells also express HCN channels. To explore the presence of HCN
signal in leukocytes, we therefore performed a preliminary inves-
tigation to detect the presence of HCN mRNA signals in human
leukocytes (see details in the methods at the end of this section).
Quantitative RT-PCR experiments, carried out on total leukocytes
isolated from blood samples of 5 unrelated adult individuals (25-50
year-old), are shown in panel A of Fig. 2. This experiment detected
significant mRNA levels for the HCN2 and HCN3 isoforms, with a
prevalence of HCN2. HCN1 and HCN4 displayed instead negligible
expression levels (Table 1 and Fig. 3). To explore further this
interesting evidence, we isolated individual populations of lym-
phocytes and granulocytes by flow cytometry. Quantitative RT-PCR
experiments confirmed the presence of robust HCN2 and HCN3
signals in lymphocytes, while in granulocytes HCN3 was the only
isoform that could be reproducibly identified. Although pre-
liminary, these data demonstrate the presence of isoform-specific
mRNA signals in selected immune cell populations, thus suggest-
ing a possible functional role of the channels in these cells. Even
though these studies did not address the presence of HCN proteins,
they open the possibility that the immuno-modulation exerted by
ivabradine may also depend on the inhibition of HCN channels
eventually expressed in lymphocytes. Indeed, several types of ion
channels have already been described in leukocytes where they
play fundamental roles in controlling cell membrane potentials and
Ca2þ influx leading to modulation of gene expression and inflam-
matory responses (Grune et al., 2021). In line with this evidence
Pillozzi et al. (2016) reported that hHERG inhibition in acute leu-
kemia lymphoid cells exerts an antileukemic effect. The presence a
tight crosstalk between the heart and circulating leukocytes is a
well-established concept that has been investigated also at the
molecular level. For example, studies on G-protein-coupled re-
ceptors and connexins 40 and 43 have shown that the oscillation in
the expression of these proteins associated with cardiac dysfunc-
tions are mirrored by similar changes in peripheral leukocytes
(Lazzerini et al., 2019; Schiattarella et al., 2015). Further expression
and functional studies must carefully and convincingly address the
biological role of HCN in leukocytes and eventually explore the
existence of a correlation with HCN expression in cardiac cells.

Methods: Blood samples were treated to induce lysis of red
blood cells, and then centrifuged for 5 min at 200�g to precipitate



Fig. 4. Cartoon of “uncanonical” expression pattern of HCN channels. The body districts where HCN channels display canonical functions (heart and central/peripheral nervous systems) are
shown in gray, while colored insets are used to identify the sites of uncanonical functions described in this review. This scheme is based on data obtained both in human and/or animal
models. “Created with BioRender.com".
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leukocytes. The cell pellet was then resuspended in appropriate
buffer (Phosphate-Buffered Saline 1X (PBS) þ FBS 10% þ EDTA
5 mM) prior to isolating lymphocytes and granulocytes by flow
cytometry analysis (FACSAria II BD Biosciences) on the basis of their
cellular dimensions (forward scatter) and cytoplasmic complexity
(side scatter). RNA was extracted both from single populations and
from total leukocites and treated with DNASe (DNase I/RNase free,
Thermo Scientific). A commercially available kit (Maxima First
Strand cDNA Synthesis Kit, Thermo Scientific) was used to syn-
thesize cDNA, and quantitative RT-PCRs were carried out with SYBR
Green kit (Thermo Fisher Scientific). a-tubulin was used as the
housekeeping gene to normalize the results of the genes of interest
(HCN), according to the DCt method. Specific primers were
designed using Primer-blast software. Statistical analysis (Student’s
T-test) was performed using OriginPro 2020. Experiments were
approved by the Ethical Committee of the University of Milan.
14. Conclusions

The data presented in this review clearly illustrate that the
presence of the If/HCN current is not limited to the heart and ner-
vous system, but a variety of additional excitable and non-excitable
cells also express these channels (Fig. 4). In some cases, the phys-
iological functions of the If current are well-established, while in
others they are still partly obscure due to contradictory or still
unclear data. For example, many studies use If inhibitors to prove/
disprove the role of HCN channels, but in several cases the con-
centrations used raise serious concern since at inappropriate (i.e.
high) doses they lose their selectivity for the If current and may
elicit unspecific effects on other ionic currents. However, the wide
distribution of these channels in mammalian tissues convincingly
indicates that their identification as “pacemaker” channels pro-
posed at the beginning of their journey is just one aspect of their
complex contribution to “electrical beauty” of many cell types.
12
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