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ABSTRACT

The hippocampus is a complex structure consisting of the dentate gyrus (DG), cornu ammonis (CA) and the
subiculum. CA1 is further subdivided into the ventral (vCAl) and dorsal (dCA1l) compartments, with dCA1
believed to be crucial in spatial learning and memory as well as cognitive processing. Although dCA1 was
traditionally thought to be not likely relevant to affective diseases, recent studies suggest otherwise. In fact, it has
been found that diseases including certain types of post-traumatic stress disorder (PTSD), depression and epilepsy
may be attributed to channelopathies in dCA1, particularly that of hyperpolarization-activated cyclic nucleotide
gated (HCN) channels. However, it remains unclear how disruptions of HCN transcription, post-transcriptional
modification and activation kinetics are related to changes of downstream structures along neural circuits.
Their effect on behavioural changes and disease development, as well as the corresponding potential therapeutic
strategies implicated in the findings have not been extensively studied as well. With the existing research gap and
the significant clinical implications of dCA1 HCN channelopathies, the mechanisms of how defects of these
channels result in brain disorders including PTSD, depression and temporal lobe epilepsy are worthy of further
investigation. Therefore, in this review, we summarize the recent findings on the involvement of dCA1 HCN
channelopathies in brain disorders after providing an outline on the neuroanatomy and functional connectivity
of dCA1, and the features of HCN channels in that region. We also propose future directions of molecular and
systems neuroscience studies, as well as the translational research on potential therapeutics that address the
brain disorders related to dCA1 HCN channelopathies.

1. Introduction

the molecular changes in the region may possibly contribute to the
occurrence of seizures (Arnold et al., 2019; McClelland et al., 2011). Our

Following several decades of lesion and behavioural studies, dCA1
has long been thought to be mainly involved in spatial cognition and is
less related to emotions when compared to vCAl (Fanselow & Dong,
2010). However, recent preclinical studies have identified dCAl as a
region that is important in the development of affective diseases
including depression and post-traumatic stress disorder (Kim et al.,
2018; Kim et al., 2022), challenging the traditional belief that dCA1 is
not likely related to emotions. In addition, the advancement of genetic
engineering, staining and imaging techniques has allowed researchers to
better understand epileptogenesis in different brain regions (Xiao et al.,
2024). Recently, more studies that investigate dCA1 have revealed how

understanding of the clinical implications of dCA1 is therefore no longer
confined to spatial cognition and its impairment, but is gradually
extending to affective diseases and epilepsy.

As mentioned, multiple studies show that dCA1 may be implicated in
the development of epilepsy, depression and post-traumatic stress dis-
order (PTSD). One of the molecular changes in dCA1 that leads to the
development of these diseases is attributed to channelopathies of
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, in
which defects of these channels are caused by genetic or acquired factors
(Kim et al., 2018; Kim et al., 2022). However, since the dysregulation of
HCN channels is related to the deviation from the normal dorso-ventral
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Table 1

A summary table showing the type and function of direct neuronal inputs from

non-hippocampal origins to dCA1.

Table 2
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A summary table showing the type and function of direct neuronal outputs from
dCA1 to non-hippocampal destinations.

Pathway Type of input Function of the neuronal Pathway Type of output Function of the neuronal
connection connection
Lateral entorhinal GABAergic input (Basu Increasing the precision of dCA1 — Medial Uncertain (Qiu et al., 2024) Uncertain

cortex (LEC) —
dCAl

Medial entorhinal
cortex (MEC) —
dCA1l

Prefrontal cortex
(PFC) — dCA1

Ventral tegmental
area (VTA) —
dCA1

Substantia nigra
pars compacta —
dCA1

Locus coeruleus
(LC) — dCA1

Raphe nucleus —
dCA1l

Medial septum —
dCA1l

Striatum — dCA1l

Thalamus — dCA1

Hypothalamus —
dCA1l

Perirhinal cortex
(PRH) — dCA1l

et al., 2016)

Excitatory input that is not
GABAergic (Li et al., 2017)

Excitatory input (
Grienberger & Magee,
2022)

GABAergic input (Malik
et al., 2022)

Dopaminergic input (weak)
(Kempadoo et al., 2016;
Tsetsenis et al., 2021)
Dopaminergic input (weak)
(Kempadoo et al., 2016;
Tsetsenis et al., 2021)
Dopaminergic and
noradrenergic input (
Takeuchi et al., 2016)

Serotonergic input (
Chowdhury et al., 2022;
McKenna & Vertes, 2001;
Varga et al., 2009)
Cholinergic and GABAergic
input (Wang et al., 2022)

Input of uncertain type (Tao
et al., 2021)

Input with excitatory
synapse

(Li et al., 2019; Shi &
Cassell, 1999)

contextual and object
memory encoding by
inducing heterosynaptic
plasticity (Basu et al., 2016)
Recollecting olfactory
association information
during early stage of
learning (Igarashi et al.,
2014; Li et al., 2017)
Inducing the formation of
new place fields by
providing instructive signals
based on the salience of
environmental cues (
Grienberger & Magee, 2022)
Allowing the generation of
long-range extended replays
during quiet awake state by
providing spatial
information of events (
Yamamoto & Tonegawa,
2017)

Enhancing the encoding of
spatial information for
objects and driving object
exploration (Malik et al.,
2022)

Uncertain

Uncertain

Modulating the association
between contextual cue and
experience (Kaufman et al.,
2020; Tsetsenis et al., 2021)
Participating in the
consolidation process of
memory (Mello-Carpes &
Izquierdo, 2013; Takeuchi
et al., 2016)

Controlling reward delivery
and locomotion (Luchetti

et al., 2020)

Controlling the theta rhythm
of hippocampal neurons (
Wang et al., 2022)
Uncertain

Controversial, may be
involved in object
recognition (Bussey et al.,
2005; Deshmukh et al.,
2012; Mumby & Pinel, 1994;
Norman & Eacott, 2004),
non-spatial memory (
Deshmukh et al., 2012; Wan
et al., 1999) and contextual
processing (Bucci et al.,
2000; Burwell et al., 2004;
Eacott et al., 2001; Ennaceur
et al., 1996; Murray et al.,
2007)
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entorhinal cortex
(MEC)

dCA1 — Lateral
entorhinal cortex
(LEC)

dCA1 — Nucleus
accumbens
(NAc)

dCA1 — Medial
prefrontal cortex
(mPFC)

dCAl —
Retrosplenial
cortex (RC)

dCA1l — Lateral
septum (LS)

Uncertain (Qiu et al., 2024)

Glutamatergic output (
Trouche et al., 2019)

Uncertain (Barker et al.,
2017)

Uncertain (Lee et al., 2023)

Glutamatergic output (
Zhang et al., 2022)

Transmitting spatiotemporal
information at the moment
being triggered by the
occurrence of an event (Soma
et al., 2023)

Retrieving spatial appetitive
memory for modulating the
reinforcement of reward-
seeking locomotory
behaviours (Trouche et al.,
2019)

Encoding the temporal
component of episodic
memory (Barker et al., 2017)
Consolidating remote
contextual memory (Lee et al.,
2023)

Transmitting spatial
information to downstream

brain regions for the control of
motor functions (van der Veldt
et al., 2021; Zhang et al.,
2022)

dCA1 — Medial Uncertain

septum (MS)

Glutamatergic and
GABAergic output (Qiu
et al., 2024; Takacs et al.,
2008)

differences along CAl (Arnold et al., 2019), vCA1l should not be over-
looked when the role of dCA1 in HCN channelopathies is investigated.
Moreover, since dCA1 is connected to various brain regions, channelo-
pathies in dCA1 may lead to functional changes of other downstream
structures along the neural circuits, which may in turn impact the
manifestation of certain symptoms. By having a better understanding of
the changes in molecular systems related to dCA1, we can develop a
clearer and more complete picture of the related diseases.

Due to an increasingly large body of literature investigating HCN
channelopathies in dCA1, and due to the significant clinical implications
of this abnormal molecular change which are related to depression, post-
traumatic stress disorder and epilepsy, a summary of the recent relevant
research is provided in this review for a clearer overview. In addition,
due to the lack of studies investigating the relationship between dCA1
molecular changes and HCN channelopathies as well as their impact on
neural circuitry and disease development, directions on future studies
that may address this research gap are also suggested after outlining the
neuroanatomy and functional connectivity of dCA1. By summarizing the
recent findings and proposing directions for future basic and trans-
lational studies, this review aims at shedding light onto research on HCN
channelopathies in dCA1 while triggering researchers to rethink the role
of dCA1 as well as its clinical implications.

2. Structure & function of dCA1

The hippocampus is a complex structure embedded in the temporal
lobe of the cerebral cortex. Consisting of the dentate gyrus (DG), cornu
ammonis (CA) and the subiculum, hippocampus is a functionally diverse
region that contributes to a vast array of cognitive functions including
learning, memory, emotional processing, and spatial navigation (Anand
& Dhikav, 2012). CAl is further subdivided into ventral (vCA1) and
dorsal (dCA1) compartments that perform distinct functions. Studies
have reported that vCA1 serves as a processor of emotions, stress, and
socially relevant information, while dCAl contributes to cognitive
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Table 3

A summary table summarizing the set-up, results and conclusion of studies that investigate the involvement of HCN channels in depressive behaviours.

Study

Animal model

Experimental group

Intervention (Timing of
intervention)

Molecular effect of the intervention

Control group

Results of behavioural tests,
which are conducted on both
experimental and control
groups

Conclusion for the effect of
the intervention

(Lyman
et al.,
2021)

(Lyman
et al.,
2021)

(Lyman
etal.,
2021)

(Kim &
Johnston,
2020)

Mice after experiencing
chronic social defeat

Naive Mice without
experiencing any paradigm

Mice which are susceptible
by demonstrate less social
interaction after
experiencing chronic social
defeat

Rats exposed to chronic
unpredictable stress

Acute elevation of cAMP in
bilateral dorsal hippocampi that
is mediated by:

a. Bilateral dorsal hippocampal
injection of AAV-rM3D(Gs)-
DREADD [1] (Pre-protocol),
AND

b. Intraperitoneal injection of
CNO [3] (Post-protocol,
acute administration)

Chronic elevation of cAMP in
bilateral dCA1 that is mediated
by:

a. Bilateral dCA1 injection of
AAV-rM3D(Gs)- DREADD
(Pre-protocol), AND

b. Consumption of drinking
water containing CNO (Post-
protocol, chronic
administration lasting 3
weeks).

Chronic elevation of cAMP in
bilateral dCA1 that is mediated
by:

a. Bilateral dCA1 injection of
AAV-rM3D(Gs)- DREADD
(Pre-protocol), AND

b. Consumption of drinking
water containing CNO (Post-
protocol, chronic
administration lasting 3
weeks).

Intraperitoneal injection of (S)-

ketamine (Pre-protocol)

HCN channel opening probability increases (
Porro et al., 2019).

HCN surface expression is reduced due to
conformational change in HCN that disrupts
TRIP8b-HCN interaction and upsets the effect of
physiological TRIP8b in promoting HCN surface
expression (DeBerg et al., 2015; Han et al.,
2011).

HCN surface expression is reduced due to
conformational change in HCN that disrupts
TRIP8b-HCN interaction and upsets the effect of
TRIP8b in promoting HCN surface expression (
DeBerg et al., 2015; Han et al., 2011).

HCN channels are blocked, with a specifically
high blocking potency of HCN1-containing
channels that is even higher than racemic
ketamine (Chen et al., 2009).

Animal model subject to

a. Bilateral dorsal hippocampal
injection of AAV-rM3D(Gs)-
DREADD (Pre-protocol), AND

b. Intraperitoneal injection of saline
(Post-protocol)

(1) Naive mice subject to bilateral
dCALl injection of AAV-rM3D
(Gs)-DREADD and 3-week con-
sumption of drinking water con-
taining saline

(2) Naive mice subject to bilateral
dCA1 injection of AAV-GFP [2]
and 3-week consumption of
drinking water containing CNO

(3) Naive mice subject to bilateral
dCA1 injection of AAV-GFP and
3-week consumption of drinking
water containing saline

(4) Naive mice subject to bilateral
dCA1 injection of AAV-rM3D
(Gs)-DREADD and 24-hour con-
sumption of drinking water con-
taining CNO

Animal model subject to

a. Bilateral dCA1 injection of AVV-

rM3D(Gs)-DREADD (Pre-proto-
col), AND

b. Consumption of drinking water

containing saline (Post-protocol,
chronic administration lasting 3
weeks)

1. Animal model subject to
intraperitoneal injection of saline
(Pre-protocol)

2. Naive rats subject to
intraperitoneal injection of saline

3. Naive rats subject to
intraperitoneal injection of (S)-
ketamine

Experimental group, when
compared to control group,
has:

1. Increased immobility
time in tail suspension
test

2. Increased immobility
time in forced swim test.

3. Deteriorated
performance in object-
location memory task.

Experimental group, when

compared to control group

(1)-(4), has:

1. Decreased immobility
time in tail-suspension
test.

2. Decreased immobility
time in forced swim test.

Experimental group, when

compared to control group

(1), has:

1. Improved performance in
object-location memory
task.

Experimental group, when

compared to control group,

has:

1. Decreased immobility
time in forced swim test.

2. Improved performance in
object-location memory
task.

Experimental group, when
compared to control group,
has:

1. Increased sucrose
preference in sucrose
preference test.

2. Increased number of
entries into centre square
and increased total
travelling in open field
test.

3. Decreased passive
activity time in forced
swim test.

Depressive effect is
produced as behavioural
despair is increased and

spatial memory is impaired.

Antidepressive effect is
produced as behavioural
despair is reduced and

spatial memory is enhanced.

Antidepressive effect is
produced as behavioural
despair and impairment in
spatial memory is rescued.

Antidepressive effect is
produced as resiliency is
enhanced.

[1] AAV-rM3D(Gs)-DREADD: AAV (adeno-associated virus) that mediates the expression of rM3D(Gs), which is the DREADD (designer receptor exclusively activated by designer drugs).
[2] AAV-GFP: Control AAV (adeno-associated virus) that mediates the expression of GFP (green fluorescent protein)
[3]1 CNO: Clozapine-N-oxide, the designer drug that activates the DREADD and induces cAMP production in cell.
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Table 4

A summary table summarizing the set-up, results and conclusion of studies that investigate the involvement of HCN channels in post-traumatic stress disorder (PTSD)-like behaviours.

Study Animal model Experimental group Control group Results of behavioural tests, which are  Conclusion for the effect of the
K . conducted on both experimental and intervention
Intervention (Timing of Molecular effect of the
. . . . control groups
intervention) intervention
(Nietal.,  Rats which demonstrate PTSD-like behaviours Intracerebroventricular HCN channels are blocked ( Animal model subject to Experimental group, when compared Behavioural despair and
2020) including hyperarousal, avoidance, behavioural  injection of ZD7288 (Post- Gasparini & DiFrancesco, no pre- or post-protocol to control group, has: impaired spatial learing, as
despair and impaired spatial learning after protocol) 1997) intervention 1. Decreased escape latency time in PTSD-like behaviours, improve.
experiencing single prolonged stress and electric water maze test.
foot shock 2. Decreased passive activity time in
forced swim test.
Intracerebroventricular HCN channel opening Animal model subject to Experimental group, when compared Behavioural despair, impaired
injection of 8-Br-cAMP (Post- probability increases (L. Chen no pre- or post-protocol to control group, has: spatial learning, avoidance and
protocol) et al., 2015). intervention 1. Increased escape latency time in hyperarousal, as PTSD-like
water maze test. behaviours, persist.
2. Decreased number of entries to
open arms in elevated plus maze
test.
3. Decreased travelling distance in
centre square and total travelling
distance in open field test.
(Zhang Mice after experiencing single prolonged stress Intraperitoneal injection of HCN channels are blocked, Animal model subject to Experimental group, when compared Behavioural despair and
etal., ketamine (Post-protocol) with channels containing HCN1 post-protocol to control group, has: anhedonia, avoidance and
2021) subunit being more susceptible  intraperitoneal saline 1. Increased number of crossings to hyperarousal, as PTSD-like

(Chen et al., 2009).

injection

central square, increased time in
central square, increased number
of upright positions in open field
test.

2. Increased time spent in open arms
in elevated plus maze test.

3. Increased sucrose intake in sucrose
preference test.

4. Decreased immobility time in
forced swim test.

behaviours, are fewer.
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processing, as well as spatial learning and memory (Fanselow & Dong,
2010). Table 1

2.1. The Classical Corticohippocampal Circuit

According to (Basu & Siegelbaum, 2015), the classical cortico-
hippocampal circuit is comprised of projections from the superficial
layers of the entorhinal cortex (EC), a region located in the medial
temporal lobe, to dCA1 pyramidal neurons via the monosynaptic and
trisynaptic paths. The monosynaptic perforant pathway involves direct
neuronal projections from EC superficial layer III to dCA1, transmitting
both glutamatergic excitatory and GABAergic inhibitory signals which
are important in modulating hippocampal output. Meanwhile, the tri-
synaptic hippocampal circuit involves neuronal projections from EC
superficial layer II to the granule cells of DG, which in turn project mossy
fibers to CA3 pyramidal neurons that subsequently synapse with CA1
neurons via the Schaffer collaterals. The CA1 neurons then project back
to the lateral ventricles of EC, forming a complete loop (EC - DG — CA3
— CA1l — EC). In recent decades, the understanding of the trisynaptic
hippocampal circuit has been greatly extended, and different reviews
have comprehensively summarized these findings (Amaral, 1993;
Amaral & Witter, 1989; Geiller et al., 2017; Stepan et al., 2015). Table 2

2.2. Direct neuronal inputs to dCA1 from extrahippocampal structures

While the classical corticohippocampal circuit is well established,
other anatomical connections associated with dCA1 as well as their
functions remain unclear, largely due to technological limitations. Yet,
with the use of new tracing techniques such as retrobeads and viral
tracing and whole-brain mapping, the neuronal input and output be-
tween dCA1 and other brain regions can be revealed in greater detail.
Table 3

Projections from entorhinal cortex (EC) to dCA1 have been exten-
sively studied. Fundamental studies investigated the functional differ-
ence between projections from lateral entorhinal cortex (LEC) and
medial entorhinal cortex (MEC), in which LEC-hippocampus circuit is
more involved in non-spatial aspects, while MEC-hippocampus circuit is
more spatially involved (Hargreaves et al., 2005). In recent studies, it
has been shown that both excitatory and inhibitory inputs are present in
projecting from LEC to dCA1l. The excitatory input is responsible for
recalling olfactory association at the early stage of learning (Igarashi
et al., 2014; Li et al., 2017), while the GABAergic inhibitory input in-
duces heterosynaptic plasticity in dCA1 to increase the specificity of
contextual and object memory encoding (Basu et al., 2016). In contrast
to the LEC-dCA1 projections, which are less spatially related, MEC-dCA1
circuit is more involved in spatial cognition as it induces the formation
of new place fields by providing instructive signals that are related to
salient environmental cue (Grienberger & Magee, 2022). During quiet
awake state, this pathway relays spatial information of events and en-
ables long-range extended replays to be generated in memory formation
(Yamamoto & Tonegawa, 2017). Table 4

Other studies have shown that dCA1 directly receives heavy dopa-
minergic and noradrenergic input from the locus coeruleus (LC)
(Takeuchi et al., 2016). The LC-dCA1 circuit is involved in learning
through modulating the association between contextual cue and expe-
rience (Kaufman et al., 2020; Tsetsenis et al., 2021), as well as memory
through contributing to its consolidation process (Mello-Carpes &
Izquierdo, 2013; Takeuchi et al., 2016). Input from prefrontal cortex
(PFC) to dCA1, which is GABAergic, enhances spatial information of
objects and drives object exploration (Malik et al., 2022). dCA1 receives
weak dopaminergic input from the ventral tegmental area (VTA) and
substantia nigra pars compacta (SNc) (Kempadoo et al., 2016; Tsetsenis
etal., 2021). Apart from dopaminergic and noradrenergic signals, dCA1
receives strong serotonergic input from the ralph nucleus (RN)
(Chowdhury et al., 2022; McKenna & Vertes, 2001; Varga et al., 2009),
and this projection is suggested to be involved in the control of reward
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delivery and locomotion (Luchetti et al., 2020). The medial septum (MS)
projects cholinergic and GABAergic signals to dCA1 to control hippo-
campal theta rhythm (Wang et al., 2022). Other brain structures that
provide weak neuronal input to dCA1 include the striatum (STR), thal-
amus (TH) and hypothalamus (HY) (Tao et al., 2021).

Multiple studies have also suggested anatomical and functional
connections between perirhinal cortex (PRH) and dCAl. Direct pro-
jections from PRH to dCA1 have been documented in past investigations
(Li et al., 2019; Shi & Cassell, 1999). However, the role of PRH in this
pathway remains unclear and controversial, with some studies indi-
cating that it is involved in object recognition (Bussey et al., 2005;
Deshmukh et al., 2012; Mumby & Pinel, 1994; Norman & Eacott, 2004),
non-spatial memory (Deshmukh et al., 2012; Wan et al., 1999), and
contextual processing (Bucci et al., 2000; Burwell et al., 2004; Eacott
et al.,, 2001; Ennaceur et al., 1996; Murray et al., 2007). Meanwhile,
some argued that the function of the projection is more confined to
object recognition (Norman & Eacott, 2005). Thus, PRH is a region of
interest that requires further investigation and more solid evidence
regarding its anatomical and functional connections with dCA1.

2.3. Direct neuronal output from dCA1 to extrahippocampal structures

dCA1l output pathways that are more comprehensively studied
include those to the lateral entorhinal cortex (LEC), nucleus accumbens
(NAc), medial prefrontal cortex (mPFC), retrosplenial cortex (RC) and
lateral septum (LS). Output from dCA1 to LEC as a part of the entorhinal-
hippocampal circuit is triggered to send spatiotemporal information
when certain event occurs (Soma et al., 2023). dCA1-NAc circuit is
activated during the retrieval of spatial appetitive memory, allowing it
to modulate the reinforcement of reward seeking locomotory behaviours
through glutamatergic output (Trouche et al., 2019). dCA1-mPFC direct
connection is responsible for encoding the temporal component of
episodic memory (Barker et al., 2017; Qiu et al., 2024). Meanwhile, the
pathway from dCA1 to retrosplenial cortex (RC), which further extends
to mPFC, serves in the consolidation of remote contextual memory (Lee
et al., 2023). The projection of dCA1 to LS is involved in the control of
motor functions by transmitting spatial information to downstream
brain regions (van der Veldt et al., 2021; Zhang et al., 2022)

Other output pathways of dCA1 are less clear in terms of their
functions. It has been recently shown that dCA1 projects to medial en-
torhinal cortex (MEC), with dCA1-MEC fibres significantly denser than
vCA1-MEC fibres (Qiu et al., 2024). Moreover, projections from dCA1 to
medial septum (MS) exist (Takacs et al., 2008), and these neuronal
output can be either glutamatergic or GABAergic (Qiu et al., 2024).
However, the roles of these pathways are currently understudied and
remain unclear.

3. HCN channelopathies in DCA1
3.1. Features of dCA1 HCN channels

HCN channels are expressed in the heart and in most regions of the
brain, including the hippocampus (Combe & Gasparini, 2021). In the
brain, HCN channels demonstrate differential expression characteristics,
with different densities and different subunits at different structures of
the brain. This special feature of HCN channels has received attention
from researchers, and disruptions to it can result in the manifestation of
diseases (Kase & Imoto, 2012).

Each HCN channel is a tetramer, comprising of four subunits
(HCN1-4) in a homomeric or heteromeric manner (He et al., 2014). In
CAl pyramidal neurons, HCN1 homomeric channels constitute the
majority of HCN channels, followed by HCN1-HCN2 heteromeric and
HCN2 heteromeric channels (Notomi & Shigemoto, 2004). The voltage
range of activation for HCN1 homotetramers is more depolarized than
that of HCN2 homotetramers, with HCN1/HCN2 heterotetrameric
channels in between (Chen et al., 2001). Each subunit consists of a
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transmembrane domain and a cytoplasmic domain, with the cyclic
nucleotide binding domain (CNBD) existing near the C-terminal of the
cytoplasmic domain, and the C-linker bridging the transmembrane
domain and CNBD. The binding of cAMP to CNBD induces C-linker and
thus the transmembrane domain to experience miniature structural
changes, promoting the channel pore to widen and increasing the
channel’s tendency to open (Porro et al., 2019). Triggered by hyper-
polarization, HCN channels open and produce a
hyperpolarization-activated current (I)) (Cowgill et al., 2019).

HCN channels show unique properties as they open during hyper-
polarization and produce a hyperpolarization-activated current (Ih)
(Cowgill et al., 2019). Iy stabilizes membrane potential by producing
excitatory and inhibitory effects to a neuron. Regarding its excitatory
effect, HCN channels are activated in hyperpolarized membrane po-
tentials, providing an excitatory current. Regarding its inhibitory effect,
when a neuron becomes depolarized as it experiences a train of excit-
atory postsynaptic potentials (EPSP) in temporal summation, HCN
channels are deactivated. The reduction in I}, counters the depolarizing
effect of temporal summation (Magee, 1999). Moreover, as a neuron is
at rest, some HCN channels can be activated to produce I, that limit
repolarization. Without sufficient repolarization, this causes more
voltage-gated calcium channels to stay at their inactivated state and fail
to be re-activated, suppressing calcium spike initiation (Tsay et al.,
2007). Regarding the detailed mechanisms that explain the effect of
HCN channels, reviews taking a neurophysiological perspective eluci-
dated them comprehensively (He et al., 2014; Mishra & Narayanan,
2025).

In CAl, the expression profile of HCN channels varies along the
somatodendritic axis of pyramidal neurons and along the dorsoventral
axis of CA1, and this can associate with the differences of I, within the
region. Along the somatodendritic axis of pyramidal neurons, the
expression of HCN channels increases from soma to dendrites, with Iy
increasing in parallel (Magee, 1998, 1999). As a result, the effect of I, in
limiting temporal summation and calcium spike initiation becomes
more pronounced, causing distal inputs to be more dampened and the
synaptic-driving neuronal excitability in the region to be lower (He
et al., 2014). Along the dorsoventral axis of CA1, HCN1-to-HCN2 ratio
increases along the somatodendritic axis of pyramidal neurons in vCA1
while essentially remains constant in dCA1 (Dougherty et al., 2013).
Given that HCN1-containing channels exhibit more depolarized voltage
ranges of activation (Chen et al., 2001), such expression pattern
featuring a lower proportion of HCN1 in dCA1 alters the membrane
propeties of dCA1 neurons, as I, is activated to depolarize the membrane
and suppress temporal summation in a more hyperpolarized membrane
potential. This correlates with the finding of a more hyperpolarized
resting membrane potential and a lower input resistance in dCA1, which
contribute to a lower intrinsic excitability in dCA1 (Arnold et al., 2019;
Marcelin et al., 2012).

3.2. Depressive behaviours can be linked to the overexpression of
perisomatic HCN channels in dCA1, with resilience promoted by (S)-
ketamine, improvement produced by chronic cAMP elevation while
induction produced by acute cAMP administration

Patients of major depressive disorder typically present with dimi-
nised interest or pleasure in activities, and/or complain of psychological
symptom of depressed mood. Other manifestations include cognitive
deficits; physical signs such as significant weight changes, insomnia or
hypersomia, psychomotor agitation or retardation, fatigue or loss of
energy; as well as psychological manifestations such as feelings of
worthlessness and recurrent suicidal ideation (American Psychiatric
Association, 2022). Animal models which have been widely adopted to
replicate major depressive disorder, for example, chronic unpredictable
stress and chronic social defeat stress, are unable to test for psycholog-
ical manifestations, but can test for observable presentations which can
be elicited as depressive-like behaviours in animals. For example,
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diminished interest or pleasure in activities as observed in human pa-
tients can be resembled by anhedonic-like behaviours in animals, and
are commonly tested by sucrose preference test. Other depressive-like
behaviours such as behavioural despair and altered locomotor activity,
which are commonly tested by forced swim test and tail suspension test,
can resemble patients’ symptoms of fatigue or loss of energy (Becker
et al., 2021; Czéh et al., 2016).

In animal models, HCN1 perisomatic expression in dCA1 is increased
as rats are exposed to chronic unpredictable stress to become triggered
to exhibit depressive behaviours, including anhedonia and behavioural
despair. (Kim et al., 2018). As a result, I, is upregulated, and its mem-
brane stabilizing effect becomes larger in dCA1 pyramidal neurons. The
reduction in the excitability of these neurons and the activity of dorsal
hippocampus is hypothesized to associate with the development of
depressive behaviours (Kim & Johnston, 2018).

The tendency for depressive behaviours to develop following stress
can be increased or decreased by modulators of HCN channels, including
cAMP and (S)-ketamine, by affecting the trafficking and opening prob-
ability of dCA1 HCN channels. In the study by Lyman et al. (2021), acute
administration of cAMP in dCA1 following chronic social defeat stress is
linked to the development of depressive behaviours, while chronic
elevation of cAMP level following the stress produces antidepressant
effect by disrupting TRIP8b-HCN interaction and limiting HCN surface
expression. For (S)-ketamine, which is a potent HCN1 blocker (Chen
et al,, 2009), the study by Kim and Johnston (2020) shows that
administrating it before chronic unpredictable stress produces resilience
to the development of depressive behaviours.

cAMP’s effect on dCA1 HCN channels of whether being depressant or
antidepressant is dependent on the duration of administration. Acutely
elevating cAMP level in mice dCA1 yields an immediate effect of an
increased HCN channel opening probability. This promotes I}, of dCA1
and contributes to the development of depressive behaviours of the
mice. In contrast, chronically increasing cAMP level in mice dCAl
downregulates dCA1 I}, and produces antidepressant effect (Lyman et al.,
2021). The latter phenomenon, which was unexpected since the dura-
tion of cAMP administration was generally believed to be positively
correlated to cAMP’s effect in modulating HCN channels, is related to
Tetratricopeptide repeat-containing Rab8b-interacting protein (TRIP8b)
(Zagotta et al., 2003). TRIP8b, a protein auxiliary subunit for HCN
channels, exists in multiple isoforms through alternative splicing.
Different TRIP8b isoforms alter surface expression in a cell type-specific
manner by producing distinct trafficking effects (Lewis et al., 2009). In
physiological conditions of CAl, due to the high abundance of two
specific TRIP8b isoforms in the pyramidal neurons, the general effect of
TRIP8D is to mediate the trafficking of HCN and promote HCN channel
surface expression (DeBerg et al., 2015). However, TRIP8b-HCN inter-
action can be disrupted by a chronically elevated cAMP level, and
chronic cAMP treatment in dCA1 can upset the effect of TRIP8b in
promoting HCN channel surface expression (Han et al., 2011). None-
theless, when dCA1 experiences a chronically elevated level of cAMP,
TRIP8b-HCN  interaction is disrupted and the surface
expression-promoting effect of TRIP8b is hampered. The reduced sur-
face density of HCN channels overrides the effect of cAMP in potenti-
ating their opening probability, limiting the generation of Ih in dCA1.
Eventually, the reduced I, in dCA1, which is produced by chronic cAMP
treatment, contributes to the production of the antidepressant effect in
the rat model.

Regarding (S)-ketamine, which is a blocker of HCN1-containing
channels that is even more potent than racemic ketamine (Chen et al.,
2009), administrating it produces antidepressant effects. Administering
(S)-ketamine before rats are subject to chronic unpredictable stress
produces resilience to the development of depressive behaviours (Kim &
Johnston, 2020). Given that (S)-ketamine selectively inhibits
HCN1-containing channels, while the expression of somatic HCN1 in-
creases in dCA1 following chronic unpredictable stress (Kim et al.,
2018), it can be hypothesized that (S)-ketamine inhibits the upregulated
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Ventral CA1

Fig. 1. Location of dorsal CAl and ventral CA1 shown in longitudinal and transverse sections of mouse brain.

Type of dCA1 input from non-
hippocampal origins

Uncertain neurotransmitter
Glutamatergic
—————— Dopaminergic
Cholinergic
Noradrenergic
GABAergic

Serotoninergic

Fig. 2. Structures that provide direct neuronal inputs to dCA1 of hippocampus shown in a mouse brain. Lateral entorhinal cortex (LEC) provides GABAergic and
excitatory inputs (Basu et al., 2016; Li et al., 2017). Medial entorhinal cortex (MEC) provides an excitatory input (Grienberger & Magee, 2022). Prefrontal cortex
(PFC) provides a GABAergic input (Malik et al., 2022). Ventral tegmental area (VTA) provides a dopaminergic input (Kempadoo et al., 2016; Tsetsenis et al., 2021).
Substantia nigra pars compacta (SNc) provides a dopaminergic input (Kempadoo et al., 2016; Tsetsenis et al., 2021). Locus coeruleus (LC) provides dopaminergic and
nonadrenergic inputs (Takeuchi et al., 2016). Raph nucleus (RN) provides a serotonergic input (Chowdhury et al., 2022; McKenna & Vertes, 2001; Varga et al.,
2009). Medial septum provides cholinergic and GABAergic inputs (Wang et al., 2022). Striatum (STR), Thalamus (TH), Hypothalamus (HY) each provides an input of
uncertain neurotransmitter (Tao et al., 2021). Perirhinal cortex (PRH) makes an excitatory synapse of uncertain neurotransmitter with dCA1(Li et al., 2019; Shi &

Cassell, 1999;.

somatic HCN1 in dCA1, reduces Ij, of the region and leads to antide-
pressant effects.

In conclusion, post-stress overexpression of perisomatic HCN1 in
dCA1 is associated with the development of depressive behaviours. In
dCA1, chronic administration of cAMP following stress disrupts HCN
trafficking, which reduces the tendency for depressive behaviours to
develop, while acute administration of cAMP following stress increases
HCN channel opening probability, thus increases the tendency for
depressive behaviours to develop. (S)-ketamine administration prior to
stress blocks HCN channels, and is hypothesized to act on overexpressed
HCN channels in dCA1 to produce resilience to depressive behaviours.
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3.3. PTSD-like behaviours can be linked to the overexpression of
perisomatic HCN channels in dCA1, being improved by ZD7288 and
ketamine while persisting under 8-Br-cAMP

PTSD can occur in humans who have been exposed to certain trau-
matic events, with manifestations of intrusion symptoms and persistent
avoidance of the event, negative alterations in cognitions and mood, as
well as marked alterations in arousal and reactivitiy associated with it
(American Psychiatric Association, 2022). In translational studies, re-
searchers have made much attempt in eliciting PTSD-like behaviours in
animals and design paradigms that may model PTSD. To date, although
it remains inconclusive to determine an ‘ideal’ paradigm, behavioural
tests such as single-prolonged stress, foot shock and social defeat stress
have been widely adopted and have been assessed regarding their ability
to induce PTSD-like behaviours (Borghans & Homberg, 2015; Verbitsky
et al., 2020; Whitaker et al., 2014). When PTSD-like behaviours are
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Type of dCA1 output to non-
hippocampal destination

e—————— Uncertain neurotransmitter
o——— < Glutamatergic

o———— GABAergic

D

Fig. 3. Structures that receive direct neuronal inputs from dCA1 shown in a mouse brain. dCA1 provides output of uncertain neurotransmitter to medial entorhinal
cortex (MEC) and lateral entorhinal cortex (LEC) (Qiu et al., 2024). dCA1 provides glutamatergic output to nucleus accumbens (NAc) (Trouche et al., 2019). dCA1
provides output of uncertain neurotransmitter to medial prefrontal cortex (mPFC) (Barker et al., 2017). dCA1 provides output of uncertain neurotransmitter to
retrosplenial cortex (RC) (Lee et al., 2023). dCA1 provides glutamatergic output to lateral septum (LS) (Zhang et al., 2022). dCA1 provides glutamatergic and
GABAergic output to medial septum (MS) (Qiu et al., 2024; Takacs et al., 2008).
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Fig. 4. Expression profile of HCN channels along the somatodendritic axis of CA1 pyramidal neurons and the ventrodorsal axis of CAl. In dorsal CA1 (dCA1) and
ventral CAl (vCA1), density of HCN channels increases along the somatodendritic axis of pyramidal neurons (Magee, 1998, 1999). This is illustrated in the figure by
different densities of membrane HCN channel along the somatodendritic axis, increasing from the apical dendrite to the soma side of the pyramidal neuron, in both
dCA1l and vCAl. Meanwhile, the structure of HCN channels changes across the ventrodorsal axis of CAl, with the HCN1-to-HCN2 ratio increasing along the
somatodendritic axis in vCA1 but not in dCA1 (Dougherty et al., 2013). This is illustrated in the figure as the proportion of HCN1 subunit increases from the soma side
to the apical dendrite side of the pyramidal neuron, in vCA1 but not in dCA1. Moreover, at the bar showing the HCN1-HCN2 ratio bar at the left of both panels, vCA1
shows an increasing trend along the somatodendritic axis, while that of dCA1 remains constant.

assessed in animals exposed to these stressors, open-field and startle
response tests are used in evaluating avoidance and hyperarousal
respectively. For other PTSD-like behaviours, they may overlap with
behaviours that can be elicited in animal model of depression, including
anhedonia, behavioural despair and altered cognitive functions. Sucrose
preference test, forced swim test and water maze test have been widely
adopted to test these behaviours respectively, with their validity and use
evaluated in the literature (Torok et al., 2019).

The development of PTSD-like behaviours in animals can be linked to
the overexpression of perisomatic HCN1 at dCAl. In an experiment
aiming to elicit PTSD-like behaviours through exposing mice to chronic
social defeat stress, mice which acutely and persistently developed so-
cial avoidance were examined across those which did not despite being
exposed to the same stressor. These mice experienced an increase in the
expression of perisomatic HCN1 in dCA1 pyramidal neurons, and an
elevation of I, in dCA1 (Kim et al., 2022). It has been demonstrated that
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the development of PTSD-like behaviours, which are associated with the
upregulation of HCN1 in CAl, is mediated by a reduced level of BDNF
and mTOR signaling (Ni et al., 2020; Zhang et al., 2021). This finding is
consistent with lines of evidence in previous studies that focus on the
relationship between hippocampal BDNF and PTSD-like behaviours. For
example, a reduced BDNF mRNA levels in CA1 correlates with PTSD-like
behaviours such as hyperarousal in rats (Chang et al., 2021; Kozlovsky
et al., 2007).

Using modulators of HCN channels including ZD7288, 8-Br-cAMP
and ketamine, evidence from other studies conducted at the hippo-
campus is in line with this finding as well. After rats experience single
prolonged stress and electric foot shock, they exhibit PTSD-like behav-
iours including hyperarousal, avoidance, negative mood and impaired
spatial learning, which do not manifest in the control group. However,
as ZD7288, a blocker of HCN channels in CA1l pyramidal neurons
(Gasparini & DiFrancesco, 1997), is administered, negative mood and
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impaired spatial learning as some aspects of PTSD-like manifestations
improve. In contrast, upon the administration of 8-Br-cAMP, which is a
cAMP analogue that binds to CNBD of HCN channels and increases their
opening probability (L. Chen et al., 2015), PTSD-like behaviours
including negative mood, impairment in spatial learning, avoidance and
hyperarousal persist (Ni et al., 2020). In another study, mice under
single prolonged stress are found to associate with an increased HCN1
expression in CAl. Comparing with those infused with saline, mice that
are administered with ketamine exhibit fewer PTSD-like behaviours
including negative mood, avoidance and hyperarousal (Zhang et al.,
2021). Given that ketamine demonstrates a specifically high blocking
potency among HCN1 homomeric channels (Chen et al., 2009), keta-
mine is hypothesized to block hippocampal HCN1 homomeric channels,
which have been upregulated in dCA1 pyramidal neurons following the
single prolonged stress in this model.

Given that the increase in perisomatic HCN1 at dCAl pyramidal
neurons is linked to PTSD-like behaviours, as demonstrated as acute and
persistent social avoidance, are linked to an increase in perisomatic
HCN1 at dCA1 pyramidal neurons in the study of Kim et al. (2022), it can
be hypothesized that modulators including ketamine, which has a high
blocking potency on HCN1 homomeric channels (Chen et al., 2009), act
on the overexpressed HCN channels at dCA1 and lead to the improve-
ment of PTSD-like behaviours. In humans, evidence of using ketamine to
treat PTSD is emerging as multiple trials showed that infusion of certain
dosage of ketamine can reduce PTSD symptoms in patients (Almeida
et al., 2024; Feder et al., 2020). With further investigation on the action
of ketamine in dCA1 HCN channels, the mechanism for ketamine in
reducing PTSD symptoms can become better elucidated.

As a higher expression level of HCN1 in dCA1 pyramidal neurons can
be examined in animal models of both PTSD and depression, what ac-
counts for the difference in the behaviours elicited? Rats in an animal
model of PTSD are exposed to single-prolonged stress and foot shock. As
rats demonstrate PTSD-like behaviours including hyperarousal, avoid-
ance, behavioural despair and impaired spatial learning, they are found
to have higher HCN1 not only in hippocampus, but also in prefrontal
cortex (Ni et al., 2020). For depression, rats are exposed to chronic
unpredictable stress, a stressor aiming to elicit depressive-like behav-
iours. As they are induced with behavioural despair and anhedonia,
there is only evidence showing the association between these
depressive-like behaviours and a higher expression level of HCN1 in
hippocampus but not in prefrontal cortex (Kim et al., 2018). The
involvement of prefrontal cortex might be one of the factors accounting
for the difference in the behavioural manifestations between these two
animal models. Meanwhile, the common part of the pathophysiology of
PTSD and depression, which is an upregulated HCN1 level in dorsal CA1,
might be related to the overlapping presentation of behavioural despair
in the animal model of the two diseases.

3.4. dCA1 HCN channelopathies in temporal lobe epilepsy

Changes in the region-specific expression of HCN channels can be
linked to the recurrence of seizures. In post-status epilepticus rat models
with temporal lobe epilepsy, HCN1 located in the distal dendrites of
dCA1 pyramidal neurons are expressed at a lower level. Such change is
associated with the recurrence of seizures (Arnold et al., 2019). With the
reduction of Iy, and the upregulated synaptic-driving excitability in distal
dendrites, dCA1 pyramidal neurons experience increased action poten-
tial firing rates, with such change preceding the initiation of sponta-
neous seizures (Fujita et al., 2014). These findings suggest that seizures
can be predisposed when HCN channels become under-expressed at the
distal dendrites of dCA1 pyramidal neurons, which increases the excit-
ability of dCA1. Moreover, findings in human studies are in line with
animal studies. In hippocampal biopsies from patients with chronic
medial temporal lobe epilepsy, there is a downregulation of HCN
channel transcription and expression levels in CAl (Lin et al., 2020).
Although the study did not examine the change specific to different
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position along the dorsoventral axis of CAl, it can provide evidence on
the association between epilepsy and a downregulation of CA1 HCN
channels.

The predisposition of seizures caused by epilepsy-inducing insults,
including status epilepticus, can be mediated by an increased expression
of neuron-restrictive silencer factor (NRSF), which is also known as
Repressor Element-1 Silencing Transcription factor (REST), that re-
presses HCN expression. In rat temporal lobe epilepsy model, the level of
REST/NRSF is shown to be higher in dCA1 after kainic-acid induced
status epilepticus (McClelland et al., 2011). It is hypothesized that
hippocampal REST/NRSF may be upregulated after epilepsy-inducing
seizures, being more likely to bind to hcnl gene to repress its expres-
sion (McClelland et al., 2014). The result is a suppression in HCN1
expression and Iy in dCA1 pyramidal neurons, and thus an increased
excitability in the region. As dCA1 and vCA1 excitabilities become more
similar, seizures become more likely to be predisposed. This hypothesis
may also explain the clinical phenomenon that among drug-resistant
mesial temporal lobe epilepsy patients, hippocampal REST/NRSF level
is proportional to seizure frequency, where epilepsy-inducing insults
may precipitate seizures as REST/NRSF, at a higher level, represses hcnl
to a larger extent (Navarrete-Modesto et al., 2019).

While transcriptional factors regulate the amount of HCN channels,
post-translational modification modulators regulate key processes
including proper membrane expression of HCN channels. In the distal
dendrites of dCA1 pyramidal neurons, TRIP8b, when phosphorylated,
has a higher affinity to the cyclic nucleotide binding domain (CNBD) of
HCN channels, and can better promote the trafficking of HCN channels
and their enrichment at the site (Han et al., 2017). In a rat model with
temporal lobe epilepsy, phosphorylation of TRIP8b, which is thought to
be mediated by Ca2 + /calmodulin-dependent protein kinase II
(CaMKIIa) and protein kinase A (PKA), is reduced after status epilepticus
(Foote et al., 2019). A reduced phosphorylation of TRIP8b at the distal
dendrites of dCA1 pyramidal neurons is hypothesized to be involved in
limiting the trafficking and proper membrane expression of HCN
channels. Subsequently, the downregulation of I, may predispose
post-status epilepticus seizures in temporal lobe epilepsy.

Overall, in temporal lobe epilepsy, transcriptional and post-
translational modification factors of HCN channels in dCA1 experience
changes following epilepsy-inducing insults, including status epi-
lepticus. The upregulated level of REST/NRSF represses hcnl gene to a
larger extent and may reduce neuronal HCN1 level in dCAl. The
downregulated phosphorylation of TRIP8b in distal dendrites possibly
contributes to the disruption of the trafficking and localization of HCN.
These postictal changes manifest as a reduction in the enrichment of
HCN channels in the distal dendrites of dCA1 pyramidal neurons. As a
result, the gradient of HCN channel density along the somatodendritic
axis of dCA1 pyramidal neurons is lost, and that along the dorsoventral
axis of CAl is disrupted as well. Eventually, with lower I but higher
excitability in dCA1, seizures become predisposed in the region.

4. Future directions

dCA1 HCN channelopathies remain largely unknown as it is unclear
how disruptions of HCN transcription, post-translational modification
and activation kinetics are linked to disease phenotypic changes. How-
ever, different HCN channelopathy studies related to PTSD, depression
and epilepsy may provide insights to one another, and can help re-
searchers identify the possible focus of future investigations. On the
other hand, treatments that tackle this class of disease are not exten-
sively studied, while evidence converged from different research may
hint on some future investigation directions. Some possible research
directions regarding dCA1 HCN channelopathies are elaborated in this
section.
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4.1. Future directions on research regarding dCA1 HCN channelopathies
in PTSD and depression

In rat models, post-stress overexpression of perisomatic HCN chan-
nels in dCA1 pyramidal neurons can be linked to the development of
PTSD-like and depressive behaviours. However, the detailed molecular
mechanisms underlying this post-stress change remain unknown. Fac-
tors that affect the transcription, post-translational modification such as
protein trafficking and localization, and channel functioning are
possible to be involved in these processes, and may even provide di-
rections to the development of novel therapeutics.

HCN transcriptional changes in dCA1 may be a factor mediating the
development of PTSD and depression. As discussed in the findings
regarding the association between the upregulation of REST/NRSF and
downregulation of dendritic HCN, an elevated REST/NRSF level can
cause hcnl gene to be less expressed, contributing to a reduced HCN1
expression (McClelland et al, 2014; McClelland et al, 2011;
Navarrete-Modesto et al., 2019). Therefore, one may speculate whether
the reverse applies — a downregulated REST/NRSF level leading to an
upregulated HCN1 expression, which underlies the development of
PTSD-like and depressive behaviours. It is noteworthy that existing ev-
idence shows conflicting results that may not be in favour of this hy-
pothesis. In a study, after young rodents experience chronic stress,
which is modelled by isolation from mother, there is no REST/NRSF
expression difference in their hippocampus (Uchida et al., 2010).
However, in another study, after animal models experience chronic so-
cial defeat stress, increase in hippocampal REST/NRSF levels alongside
with the development of depressive behaviours is shown (C. C. Chen
et al., 2015). These results suggest that REST/NRSF alone may not be
able to explain the post-stress upregulation of HCN1 expression in dCA1,
and further studies are necessary to study how other mediators may be
involved.

On the therapeutic level, basic biomedical studies on dCA1 HCN
channelopathies and neural circuitry may provide directions on
increasing the efficacy of deep brain stimulation (DBS). DBS, in which
clinicians implant electrodes in specific brain structures, has been
widely employed in treating Parkinson’s disease since its clinical
application in the 1990s (Lozano et al., 2019; Sironi, 2011). Nowadays,
its use in treatment-resistant major depressive disorder is emerging.
Some clinical studies show that deep brain stimulation of NAc
(NAc-DBS) produce antidepressant effects among treatment-resistant
depression patients (Bewernick et al., 2012; Grubert et al., 2011).
However, the efficacy and mechanism of action of NAc-DBS are unclear,
and this procedure remains an experimental one (Kisely et al., 2018).
From connectivity studies, dCA1-NAc circuit is involved in reinforcing
reward seeking locomotory behaviours (Trouche et al., 2019), and
changes of this circuit may be linked to disruptions in reward-related
behaviours that possibly contribute to the development of depression.
Channelopathy studies reveal the association between the development
of depression and an upregulated expression of dCA1 perisomatic HCN
channels, which increases I, and reduces the excitability of dCA1 py-
ramidal neurons (Kim et al., 2018). With these basic science research
findings, it can be hypothesized that during the development of
depression, as dCA1 perisomatic HCN channels increase following the
exposure of chronic stress, firing in the dCA1-NAc circuit may be
reduced as dCA1 witnesses a downregulated excitability. Therefore, it
may also be hypothesized that upregulating dCAl excitability by
reducing I, may rescue the activity of dCA1-NAc circuit. In a therapeutic
perspective, since an inhibited dCA1-NAc projection lowers the anti-
depressant effect of DBS-NAcc (Zhou et al., 2022), interventions that
reduce dCA1 I, may upregulate dCA1-NAc circuit activity, and can
theoretically promote the efficacy of DBS-NAcc. Further research that
investigates the relationship between dCA1 channelopathy and neural
circuitry changes in the context of depression and DBS-NAcc is necessary
for testing this hypothesis.
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4.2. Future directions on research regarding dCA1 HCN channelopathies
in temporal lobe epilepsy

In rat models that experience epilepsy-inducing insults, including
status epilepticus, the reduced expression of HCN channels in the distal
dendrites of dCA1 pyramidal neurons causes a reduced I, and increased
excitability (Arnold et al., 2019). The increase in firing rates of pyra-
midal neurons leads to the initiation of spontaneous seizures (Fujita
et al., 2014). However, other than REST/NRSF, which represses the
transcription of hcnl gene, and phosphorylated TRIP8b, which mediates
the trafficking and localization of HCN, one may question if there are
factors that limit the expression and functioning of HCN channels in the
distal dendrites of dCA1 pyramidal neurons.

One possible factor may be cAMP, as chronic administration of cAMP
in dCAl is reported to reduce HCN channel expression in studies
investigating HCN channelopathy and depression (Lyman et al., 2021).
It has been confirmed that a chronically increased cAMP level induces
conformational change in HCN which disrupts the interaction between
HCN and the surface expression-enhancing TRIP8b in dCA1 (Han et al.,
2011; Zagotta et al., 2003), and causes a suppressed surface expression
of HCN channels. Therefore, with fewer HCN channels expressed, it is
possible that Iy, is reduced and dCA1 neuronal excitability becomes
upregulated, which lowers the threshold for seizures to occur in the
hippocampal circuit and may explain the predisposition of seizures. To
test this hypothesis, further research studies that investigate the effect of
chronic cAMP treatment in dCA1 on epilepsy are required.

Investigating how different factors interact with HCN channels in
dCA1 pyramidal neurons, one can develop a more comprehensive un-
derstanding that may provide key insights into the mechanism of the
action of current antiepileptic drugs. These drugs may remain unclear on
how they regulate I, in dCA1 pyramidal neurons and contribute to the
treatment of epilepsy. Examples include gabapentin and lamotrigine,
which have been used to treat partial seizures (Marson et al., 2007;
Yasam et al., 2016). Gabapentin and lamotrigine have been shown to
increase I, in CAl pyramidal neurons when exerting its antiepileptic
effect (Poolos et al., 2002; Surges et al., 2003). Counter to the expec-
tation based on the understanding of HCN channelopathy in temporal
lobe epilepsy, they both have no significant impact on the activation and
kinetics of HCN1 and HCN2 (Merseburg et al., 2022; Tae et al., 2017). It
is therefore speculated that they act on other targets that mediate HCN
expression in CA1 pyramidal neurons, for example, transcription factors,
molecules that affect the trafficking and surface expression of the
channel, as well as factors that affect its functioning. Moreover, in future
studies in which cellular targets of these antiepileptic drugs in dCA1
pyramidal neurons are unveiled, more information can be gathered to
enable researchers to design novel drugs for epilepsy.

In conclusion, leveraging the findings on HCN channelopathies,
future research may investigate novel agents that can target the dysre-
gulated I;, and neuronal excitability of dCAl in the development of
therapeutics in PTSD, depression and epilepsy. Treatments may range
from intervening HCN transcription, post-translational modifications
related to protein trafficking, to channel opening and blocking. Some
candidate intervention targets include 1) REST/NRSF level, which re-
presses hcnl gene and its transcription in dCA1 (McClelland et al.,
2014); 2) TRIP8Db expression at dCA1 pyramidal neurons, which pro-
motes the trafficking of HCN to neuronal surface and antagonizes the
opening-potentiation effect of cAMP (Santoro et al., 2009); 3) TRIP8b
phosphorylation at distal dendrites, which possibly contributes to the
distal enrichment of HCN at the dendrites of dCA1 pyramidal neurons
(Han et al., 2017); 4) cAMP level, which potentiates channel opening
during acute administration but wupsets TRIP8b’s surface
expression-enhancing effect during chronic administration (Han et al.,
2011); 5) HCN channel blockers, such as ZD7288 (Gasparini &
DiFrancesco, 1997) and ketamine (Chen et al., 2009).
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5. Conclusion

HCN channelopathies of the dCA1 is an understudied yet significant
cause of neurological and psychiatric disorders including PTSD,
depression and temporal lobe epilepsy. While recent research has shed
light on the role of HCN channels in altering neuronal excitability that
leads to the mentioned disease states, the exact mechanisms of how HCN
channels cause disease phenotypic changes and how their transcription,
post-translational modifications as well as channel opening and blocking
are regulated by other agents or factors are yet to be elucidated. At the
same time, therapeutic strategies that are currently employed to treat
such diseases should also be more extensively studied, so as to better
understand their mechanism of action in regulating I, in dCA1 pyra-
midal neurons, as well as to gain insights into methods that increase the
efficacy of current treatments, and to develop novel treatments.
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