Inhibition of HCN channels decreases motivation for alcohol and deprivation-induced drinking in alcohol preferring rats
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Abstract

Globally, around 400 million people live with an alcohol use disorder (AUD), yet current treatments available are suboptimal at a population level. Hyperpolarization-activated cyclic nucleotide-gated cation (HCN) channels are implicated in the modulation of complex motivated behaviours, including reward seeking. Here, we investigated the potential involvement of HCN channels in alcohol reinforcing effects, contributing to alcohol intake and relapse-like drinking following abstinence in iP rats. The functional role of HCN channels in the motivation to acquire alcohol and relapse-like behaviour was tested in vivo through intracerebroventricular (ICV) infusion of a HCN channel inhibitor, ZD7288 prior to operant progressive ratio responding or the alcohol deprivation effect. Acute ICV infusion of ZD7288 (3 μg/5 μL) significantly reduced motivation to acquire alcohol and attenuated the alcohol deprivation effect after 14 days of abstinence, without affecting spontaneous locomotor activity. HCN channels are densely expressed in cholinergic neurons of the medial habenula (mHb), which have been implicated in stress, aversion, and drug/alcohol intake-associated behaviours. To investigate the impact of alcohol on the expression of HCN channels, cholinergic markers and acetylcholine receptors, we performed qPCR on mHb tissue in alcohol-preferring (iP) rats following chronic voluntary alcohol intake or abstinence. qPCR results showed an upregulation of mRNA encoding key ion channels in the mHb following abstinence from chronic voluntary alcohol use. Collectively, these findings suggest that HCN channels contribute to motivation to consume alcohol and relapse-like behaviour during abstinence in iP rats.











Highlights: 

· ICV infusion of the non-selective HCN channel inhibitor ZD7288 reduced motivation to obtain alcohol in iP rats
· ZD7288 also reduced alcohol consumption in the alcohol-deprivation effect model
· Abstinence following chronic alcohol use significantly upregulated HCN channel mRNA expression in the medial habenula in iP rats



Introduction

Globally, around 400 million people live with an alcohol use disorder (AUD) (WHO, 2024). Despite severe health and economic impacts, there are only three drugs approved by the FDA for the treatment of AUD. The latest approval, acamprosate (Campral), was over 20 years ago, highlighting a dearth of treatment options. Moreover, >70% of patients who undergo treatment experience relapse within a year, highlighting the urgent need for improved treatment options for AUD (Nguyen et al., 2020).

Hyperpolarization activated cyclic nucleotide gated (HCN) channels and hyperpolarization-activated currents (Ih, Larsson, 2010), have been explored preclinically as potential targets for the treatment of neuropsychiatric conditions including depression, attention deficit hyperactivity disorder (ADHD) and epilepsy (Ku and Han, 2017). In mammals, HCN channels are connected as homo or hetero-tetramers that consist of four subtypes, namely HCN1-4, each with unique biophysical properties (Sartiani et al., 2017).  HCN1 is mainly expressed in the neocortex, olfactory bulb, hippocampus and cerebellum and regulates neuronal activity, synaptic plasticity, and memory (Chen et al., 2022; Notomi & Shigemoto, 2004). In contrast, HCN2 is ubiquitously expressed throughout the brain, with higher expression levels in the thalamus, hippocampus, brainstem, and olfactory bulb in rodents (Moosmang et al., 1999; Notomi & Shigemoto, 2004; Shah, 2014; Shah, 2018). Dysregulation of the HCN2 channel was observed in anxiety and depressive-like animal models (Kim and Johnston, 2018). There is a more restricted distribution of HCN3 subunits throughout the brain, with high levels in the hypothalamus and olfactory bulb (Mistrík et al., 2005), while HCN4 is predominantly expressed in the mHb and thalamus (Oyrer et al., 2019). 

Preclinical studies suggest that HCN channels play a significant role in modulating various aspects of substance use, such as reinforcement, motivation, and relapse. In Sprague Dawley (SD) rats, both acute intracerebroventricular (ICV) infusion and intra-accumbal infusion of the non-selective HCN channel inhibitor ZD7288 reduced low dose methamphetamine (meth) self-administration under fixed and progressive ratio (FR and PR, respectively) schedules (Cao et al., 2016). Similarly, systemic or intra-VTA micro-infusion of the non-selective HCN channel inhibitor ivabradine decreased the motivation for self-administering cocaine in Long-Evans rats (Mu et al., 2023). Additionally, acute cocaine treatment reduced the Ih current in VTA dopaminergic neurons, with chronic exposure amplifying this effect (Mu et al., 2023). Specific HCN channels have also been implicated in substance use; for instance, the expression of HCN2 and HCN4 throughout the mesocorticolimbic system is differentially regulated in SD rats following cocaine sensitization (Santos-Vera et al., 2013), while chronic morphine exposure increases HCN2 expression in the VTA (Yin et al., 2024). In nicotine-dependent ChAT-DW167 mice, re-exposure to nicotine during withdrawal doubles the pace-making firing frequency driven by HCN channels in the medial habenula (mHb), although there is no significant change observed during chronic nicotine treatment (Görlich et al., 2013). Furthermore, results from TRAP profiling of these mHb neurons confirmed significantly enriched expression of HCN3 and HCN4 (Görlich et al., 2013). Interestingly, the mHb also densely expresses G protein-coupled receptor (GPR) 139 (Süsens et al., 2006), and activation of this receptor within the mHb reduces compulsive-like alcohol intake in alcohol-dependent Wistar rats (Kononoff et al., 2018), functionally linking the mHb with modulation of alcohol consumption. 

Preclinical evidence also suggests that chronic alcohol consumption can impact HCN-mediated Ih and thereby contribute to the reinforcing effects of alcohol (Licheri et al., 2023; Okamoto et al., 2006). Genetic knockdown of HCN2 channels in the VTA significantly reduced voluntary alcohol intake in alcohol-preferring UChB rats (Salinas-Luypaert et al., 2022). Conversely, overexpression of the HCN2 receptor in the VTA resulted in a two-fold increase in alcohol consumption and a threefold increase in conditioned place preference (Rivera-Meza et al., 2014). 

Despite evidence supporting a role of HCN channels in drug/alcohol-associated behaviours, it remains unclear how chronic alcohol intake followed by abstinence impacts these channels. Here, we pharmacologically inhibited HCN channels to probe their role in alcohol-related behaviours, such as motivation to consume alcohol via operant responding and relapse-like drinking using the alcohol deprivation effect (ADE; Vengeliene et al., 2014). We also investigated molecular adaptations in mHb HCN gene expression following chronic alcohol consumption and abstinence. cAMP and phosphatidylinositol 4,5-bisphosphate (PIP2) shift the activation curve of HCN channels to a more depolarised voltage, making it easier for the channel to open, contributing to the modulation of neuronal excitability (Rodríguez-Menchaca et al., 2012; Zong et al., 2012). Therefore, we also sought to identify other genes implicated in alcohol use, which may interact with HCN channels and subsequently influence the excitability of mHb neurons. These include nicotinic and mu-opioid receptors (MOR), which can modulate cAMP levels; plus, GPR139 and TMEM16 which can regulate PIP2 levels (Stoveken et al; 2020; Tembo et al; 2019). Collectively, our findings suggest that HCN channels are sensitive to adaptation by long-term voluntary alcohol intake and abstinence, and functionally relevant in key aspects of alcohol intake.

Materials and methods 

Animals

Male and female adult alcohol preferring rats (iP rats) (250-300g, 8 weeks old) were obtained from the local breeding colony of The Florey Institute of Neuroscience and Mental Health. The parental stock was obtained from the late Professor T. K. Li (while at Indiana University, USA). Rats were housed 2 per cage in a temperature-controlled environment (~19.5 - 21.5◦C) on a normal light cycle (lights on 7 am / off 7 pm). Rats had ad libitum access to food (laboratory chow, Barastoc, Rat and Mouse, Ridley AgriProducts) and water. Rats that underwent ADE were single housed to establish individual consumption patterns, rats for operant testing were pair housed until surgery, and single housed thereafter. All experiments were approved by the Animal Ethics Committee at the Florey Institute of Neuroscience and Mental Health (AEC: 21-073-FINMH) and undertaken in compliance with the Prevention of Cruelty to Animals Act 1986 under the guidelines of the National Health and Medical Research Council Code of Practice for the Care and Use of Animals for Experimental Purposes in Australia. All efforts were made to reduce suffering and minimise the number of animals used. Animal studies are reported following ARRIVE guidelines (Kilkenny et al., 2010; McGrath & Lilley, 2015). 

Compound

The HCN channel inhibitor ZD7288 (Medchem Express, Australia) was dissolved in sterile water for injection and administered 3 μg/5 μl ICV for the operant self-administration and ADE tests.

Stereotaxic cannula implantation into the ventricle
For microinjection studies, (n = 44) rats underwent ICV cannula implantation to allow direct administration of ZD7288 into the lateral ventricles. Rats were anesthetised with isoflurane (5% v/v induction, 1-2% maintenance) and placed on a heat pad. The skull was secured to a stereotaxic frame (Stoelting Co. Wood Dale, USA) using ear bars. Hair was shaved and disinfected with 70% v/v alcohol and 10% betadine solution (Orion Laboratories, Arkles Bay, NZ). A small incision was made along the midline to expose the skull surface, and the area was cleaned and dried with 70% v/v alcohol and 20% v/v hydrogen peroxide. Bregma and lambda were levelled before implanting guide cannula. A stainless steel 26-gauge guide cannula cut 3.5 mm below the pedestal was implanted unilaterally above the ventricle (Plastics one, USA) (AP: -0.24 mm, ML: ±1.4 mm, DV: -3.5 mm). Three anchoring screws were fixed to support the cannula (1.4 mm diameter and 2 mm length; Mr Specs. Parkdale, Australia). The guide cannula was fixed on the skull surface with dental cement (Vertex-Dental) and a dummy injector was inserted into the cannula (Plastics One, USA) (Ryan et al., 2013). During surgery, each rat received meloxicam (3 mg/kg, i.p), Baytril (3 mg/kg, i.p) and 1 ml of 0.9% saline solution i.p to aid recovery. Rats were placed in a 27 °C heated recovery chamber until they recovered from anaesthesia. 

ICV drug infusion and verification of cannula placements  

ICV infusion of ZD7288 was made using a 29-gauge injector cut -1.7mm for females and –1.9mm for males below the guide connected to a 10 μl microsyringe (SGE Analytical, Ringwood, Australia) via polyethylene tubing. 5 μl of ZD7288 or vehicle was infused over 20 seconds by an automated syringe pump (Harvard Apparatus, Holliston, USA). The injector was left in place for ~60 seconds. Rats were habituated to the procedure before testing. On test day, microinfusion was performed 30 minutes before behavioural testing. For self- administration, each rat received ZD7288 and vehicle in a counterbalanced manner one week apart. For ADE and locomotor testing, each rat received a single treatment (ZD7288 or vehicle). Following the completion of behavioural testings, methylene blue (5 μl) was injected to verify cannula placements (Walker et al., 2020). Rats were then anesthetised with pentobarbitone (100 mg/kg i.p Virbac, Milperra, Australia), brains were collected and snap frozen on cold isopentane, sectioned (40μm) on a cryostat (Leica biosystems) and slide mounted. Site validations were performed by an examiner blinded to the behavioural data. Only brains where dye filled the ventricles were included in analyses. 

Operant self-administration and PR

To assess the role of HCN channels in motivation to acquire alcohol, operant conditioning was used. Male and female iP rats (n = 16) were given intermittent access to alcohol (20% v/v) for 12 sessions in their home-cage before undergoing training to self-administer 10% (v/v) alcohol via lever presses in an operant chamber containing two levers (Med Associates, St Albans, VT, USA). Rats were trained in 20-minute sessions, 5 days/week, where pressing of the active lever 3 times (Fixed ratio 3; FR3) resulted in the presence of a 1-s light conditioned stimulus (CS+) and alcohol solution delivery, as previously described (Walker et al., 2017; 2020). Pressing of the inactive lever had no consequence. Once lever pressing was stable (~30 sessions) animals underwent surgery for cannula implantation. At least five days were allowed for recovery before animals recommenced operant responding. Once lever pressing was stable (less than 15% variation on average across 10 sessions) rats were subjected to aPR schedule (PR 3-4) for a 2h session. For the PR3-4 schedule 32 active lever responses are required for the 10th delivery of alcohol (Campbell et al., 2019; Walker et al., 2020). Breakpoint was defined as the final ratio completed within the 2 h session (Farid et al., 2012). On test day, rats received ZD7288 (3 μg/5 μl) or vehicle (5 μl) infusion 30 min prior to PR test. Rats then underwent a second PR3-4 schedule and received the alternate treatment in a counterbalanced manner after 5 days of FR3 alcohol self-administration. 

Alcohol Deprivation Effect

We employed the ADE to model relapse-like drinking behaviour (Vengeliene et al., 2014). Male and female iP rats (n = 28) were given access to two bottles, tap water and 10% v/v alcohol. Alcohol was available for 24 hours 3 times a week for four consecutive weeks and bottles were weighed daily between 9.30 to 11 am. At the end of 12 sessions, a modified version of the ADE model was adopted, where the choice of two bottles was given for 90 minutes 3 times a week. After approximately 3 months under this regimen rats underwent abstinence for 14 consecutive days (Füllgrabe et al., 2007; Uhari-Väänänen et al., 2019; Vengeliene et al., 2014). On the first day of abstinence, rats underwent ICV cannulation surgery (described above) and on the 14th day of deprivation, rats were subdivided into two groups, vehicle and ZD7288. Each of these two groups was subdivided into two, one where the cannula was implanted in the ventricles (n=15), while the other group was anatomical control with the cannula implantation in the corpus callosum (n=13). Rats were matched for similar alcohol consumption and preference during the last 3 sessions prior to deprivation. One group was injected with ZD7288 (3 μg/5 μl; n = 6 females and 10 males) while the other group received vehicle (n = 5 females and 7 males). Both treatments were given 30 minutes prior to re-introduction of alcohol to their home cage for 90 min. The ADE was determined from the cumulative 90-min alcohol intake data and bottles were weighed every 30 min. 

Control bottles were kept in spare cages within animal racks and measured at the same interval to record handling leakage, which was subtracted from the total volume of consumption. Total baseline alcohol and water intake was calculated as g/kg and averaged across the three sessions per week for baseline. The effect of ZD7288 on alcohol deprivation was compared to vehicle as well as baseline (average consumption of prior week of surgery across three sessions), in addition to anatomical controls. 

Locomotor activity 

To determine if ZD7288 caused sedation or impacted locomotor activity, rats (n = 27) were subjected to locomotor assessment 5 days after the ADE test. Rats were treated with ZD7288 or vehicle and locomotor activity was recorded 30 min post-infusion, for 90 minutes, using photobeam detectors in 43.2 X 43.2 X 30.5 cm locomotor box (Med Associates) (Walker et al., 2021).

Chronic alcohol drinking and tissue collection for qPCR

To examine molecular adaptations in the mHb, male rats (n = 24) were subjected to the chronic voluntary alcohol drinking paradigm (20% v/v alcohol access, 3x weekly for 24h) (Walker et al., 2020; Walker et al., 2021). Following 57 sessions of intermittent alcohol drinking in home cage, rats were divided into two groups: chronic alcohol drinkers (n = 8) and alcohol abstinence after chronic drinking (n = 8). An additional group was an age-matched control group (naïve, n = 8). In chronic alcohol rats, brains were collected 24 hours after the last alcohol session to prevent any acute short-term effects. In the alcohol-abstinence group, rat brains were collected 14 days following the last alcohol access. The total alcohol consumption in g/kg was calculated for each session by taking the bottle weight difference between pre-and post-session, multiplying it by 0.97 (density of 20% alcohol), and dividing by 2 (only pre-surgery when rats were pair housed). Rats were culled with an overdose of isoflurane and brains were rapidly removed in less than one minute and snap-frozen over supercooled isopentane (Bacto laboratories, NSW, Australia). Brains were then stored at -80°C until further use. Brains were sectioned at 250μm using a cryostat (Leica Biosystems, Germany), and bilateral punches were excised from the mHb using a 0.5mm inner diameter needle punch. Collected punches were pooled from a single animal and stored in 1.5ml RNA/DNAse free microtubes at -80°C until further use. Placement of punches was confirmed by performing acetylcholinesterase staining on the punched tissue and verified by an experimenter blinded to group allocation.

Real-time quantitative polymerase chain reaction (qPCR)

qPCR was carried out as previously described (Walker et al., 2020; Walker et al., 2021). Genes of interest and relevant primer sequences are detailed in Table 1. RNA from the mHb was extracted using QIAzol (Qiagen) + RNAse easy mini kit according to the manufacturer’s protocol. Total RNA (200 ng) with OD (260/280 >1.7) from each brain sample was reverse transcribed into cDNA using a VILO-III superscript kit (Invitrogen, USA). qPCR was performed using a SYBR Powerup PCR kit (QIAGEN) in 384-well plates using a ViiA7 thermal cycler (Applied Biosystem, USA), followed by melt curve analysis. Reactions were performed in three technical replicates with no reverse transcription (RT) and water control. Primer sequences (Table 1) were curated from the UCSC genome browser (July.2014 (RGSC 6.0/rn6)), designed using Primer 3 (RRID: SCR_003139; http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi; Whitehead Institute for Biomedical Research, USA) and specificity was verified using Primer Blast (NCBI: RRID: SCR_001653). The PCR cycling conditions include the initial incubation step at 50°C for 2 min, followed by denaturation and taq polymerase activation at 95°C for 2 min and 95°C for 15 sec, and finally 1 min at 60°C (40 cycles). Data from each gene of interest were normalised using the geomean of three housekeeping genes hypoxanthine phosphoribosyl transferase 1 (Hprt1), peptidylprolyl isomerase A (Ppia), and TATA-box binding protein (Tbp).

Table 1. RT-qPCR primer sequences. 
	Gene
	Access number
	Forward
	Reverse

	Hprt1
	NM_012583.2 
	GCAGTACAGCCCCAAAATGG
	GGTCCTTTTCACCAGCAAGCT

	Tbp 
	NM_001004198.1 
	AGAACAATCCAGACTAGCAGCA 
	GGGAACTTCACATCACAGCTC 

	Ppia
	NM_017101.1 
	CCCACCGTGTTCTTCGACA
	CCAGTGCTCAGAGCTCGAAA

	Chrna7
	NM_012832.3 
	CGTTCGCTGGTTCCCTTTTG
	TGCATTTGCAGGTCCAGTGA

	Chrnb2
	NM_019297.1 
	GACCACATGCGAAGTGAGGA
	AAGATCCACAGGAACAGGCG

	Chrna3
	NM_052805.2
	GTGGCGAGTGGGCTATCATT
	ACGGATGTACAGCGAGTACG

	Chrnb4
	NM_052806.2 
	CGCCTGGAGCTATCACTGTC
	GGCGGTAGTCAGTCCATTCC

	Slc17a7 (Vglut1)
	NM_053859.2 
	GATCATGAGCGGTCTGGGTT
	GAACTGGGCTTTCTGCACCA

	Slc17a6
(Vglut2)
	NM_053427.1
	GCTGGAAAATCCCTCGGACA
	GTCAGCTCGATGGTCTCTCG

	Oprm1 (MOR)
	NM_013071.2 
	GTGTGTGTAGTGGGCCTCTT
	GGCAGTGTACTGGTCGCTAA

	Chat
	NM_001170593.1 
	TCTCCTCTTACCGGCTTCCT
	GAGACGGCGGAAATTAATGA

	Slc18a3
(VAChT)
	NM_031663.2
	TGATCGCATGAGCTACGACG
	CGAAGAGCGTGGCATAGTCT

	Hcn3
	NM_053685.1 
	GCCTCACTGACGGATCCTAC
	TGAGTGAGTAGAGGCGACAG

	Hcn4
	NM_021658.1
	CACTGTTCGCCAATGCAGAC
	GATGGTGCCTTCACGGATGA

	Gpr139
	NM_001024241.1
	CACTGCTTCACCGTGTACCT
	CCACGGAGGCGGAAATTACT

	Tmem16a
	NM_001107564.1 
	GGGAGAAGCAACACTTATTCGA
	TGCACGTTGTTCTCTTCAGGAT

	Gng8
	NM_139185.1
	CGAAACGCACGCTAAGGATG
	AAGAGTCGTTTGTCGCGGAA




Statistical analysis 

GraphPad Prism 9.2 statistical software was used for analyses. Paired t-test was used to analyse active lever presses and breakpoint, and two-way repeated measures ANOVA followed by Tukey’s post hoc, when appropriate, was employed for time course group analyses. Student’s t-test was used to measure Δ lever presses within subjects between vehicle and ZD7288, for the ADE test. For the locomotor testing, unpaired-t test was used to analyse total distance travelled and two-way ANOVA for time course data. For qPCR, the Cq value of the gene of interest was normalised using three housekeeping genes, and further relative fold change expression was calculated. One-way ANOVA was performed on relative fold change expression for each brain region, followed by post hoc Sidak multiple comparison test when appropriate (p < 0.05). Data are expressed as mean ± SEM (Ganger et al., 2017). Animals with cannula placement outside the lateral ventricles (2 males and 1 female) were excluded from PR and 1 male was excluded from ADE due to a technical failure of the microinjection.

Results

ICV infusion of HCN channel inhibitor ZD7288 reduced PR responding for alcohol

To determine if inhibition of HCN channels would alter motivation to obtain alcohol, we examined the effect of ICV ZD7288 administration on lever pressing under a PR schedule (PR3‐4, Fig. 1A). Infusion of ZD7228 reduced breakpoint (paired t‐test, t = 4.920, df = 12, p = 0.0004) (Fig. 1B) and active lever presses compared to vehicle (p = 0.0002, paired t test, Figure 1C). Further, two-way ANOVA revealed a main effect of time F(1.514, 36.34) = 31.98, p < 0.0001, treatment F(1, 24) = 17.84, p = 0.0003, and time x treatment F(3, 72) = 4.162,  p = 0.0089 and Tukey post hoc analysis revealed that ZD2788 significantly reduced active lever responding at 30 min (p = 0.0125) and 60 min (p = 0.0008) compared to vehicle (Fig. 1D). Importantly, given that both male and female rats were used, we also analysed potential sex differences, but no main effect of sex was reported on two-way ANOVA for breakpoint (F(1, 11) = 1.337, p = 0.2720), active lever presses  F(1, 22) = 1.438, p = 0.2432) or at any timepoint (three-way ANOVA, F(1,22) = 1.405, p = 0.2485) (data not shown).

Insert figure 1 here

ZD7288 attenuated the alcohol deprivation effect, but no effect on locomotor activity 

[bookmark: OLE_LINK3][bookmark: OLE_LINK1]We next assessed the effect of ZD7288 on the ADE (Fig. 2A). Before abstinence, alcohol intake was 1.15±0.10 g/kg/90 mins. After re-access, alcohol intake was significantly increased in the vehicle-treated group compared to baseline, verifying an ADE (t(7) = 2.872, p = 0.0283, Fig. 2B). Given that both male and females were used, we analysed potential sex differences using two-way ANOVA but found no main effect of sex on treatment (F(1,11)= 0.1001, p= 0.756). Accordingly, we pooled the sexes. Paired t-test reported that ICV infusion of ZD7288 (3μg/5μl) significantly attenuated the ADE compared to baseline (t(7) = 4.965, p = 0.0016) (Fig. 2C), and compared to vehicle (unpaired t-test, t(15) = p = 0.0183) (Fig. 2D). Importantly, alcohol intake showed no significant difference in anatomical controls (n = 12) between the vehicle or ZD7288-treated rats (Fig. 2E) (t(5) = 0.3417, p = 0.7498). 

ICV infusion of ZD7288 did not alter  spontaneous locomotor activity, as no significant differences were found in the total distance travelled  (t(15) = 1.058, p = 0.309; Fig. 2F) or across time (RM two-way ANOVA; main effect of time, F(3.016, 39.20) = 39.95, p < 0.0001; no significant effect of treatment, F(1,13) =1.119, p = 0.3094; nor interaction, F(8,104) = 0.585, p = 0.787) (Fig. 2G). 

Insert figure 2 here

Effect of long-term alcohol and/or abstinence on acetylcholine-related gene expression in the mHb 

To examine the effect of long-term voluntary alcohol and abstinence on gene expression in mHb, qPCR was employed following 3 distinct manipulations - no alcohol intake (naive), long-term voluntary alcohol intake followed by 24 hours abstinence (alcohol), and long-term voluntary alcohol intake followed by 14 days of abstinence (abstinence). In the alcohol access groups rats consistently consumed high levels of alcohol with average consumption of 7.63 ±0.67 g/kg (alcohol group) and 8.75 ±0.80 g/kg (abstinence group), per 24h access. 

One-way ANOVA revealed significant differences in Hcn3 (F(2,21) = 4.579, p = 0.0224. Fig. 3A), Tmem16a (F(2,21) = 3.969, p = 0.0345, Fig. 3C) and Oprm1 (F(2,21) = 3.698, p = 0.0421, Fig. 3D) expression, while a trend was observed for Gng8 (F(1,21) = 3.122, p = 0.0650, Fig. 3E) and Gpr139 (F(2, 21) = 3.03 p = 0.070, Fig. 3F) across treatment groups. Sidak post hoc comparison test revealed a significant increase in Hcn3 (p = 0.0166), Tmem16a (p = 0.0205), and Oprm1 (p = 0.0400) expression after chronic alcohol + abstinence compared to alcohol naïve controls. 

In contrast, no significant difference in fold change RNA expression for Hcn4 (F(2,21) = 2.103, p = 0.1471, Fig. 3B), as well as nicotinic subunit receptors Chrna3 (F(2,21) = 0.587,  p = 0.564), Chrnb4 (F(2, 21) = 0.416, p = 0.664), Chrna7, (F(2,21) = 0.840, p = 0.445), (Fig. 3G-I) in either alcohol or abstinence group. 

Insert figure 3 here


Similarly, no significant changes were observed in cholinergic Chat (F(2,21) = 0.9205, p = 0.4138, Fig. 4A) and vChat (F(2,21) = 1.088, p = 0.3553, Fig. 4B), and glutamatergic markers vGlut1 (F(2,21) = 1.118, p = 0.345, Fig. 4C) and vGlut2 (F(2,21) =1.254, p = 0.360, Fig. 4D) expression following chronic alcohol intake or abstinence. 

Insert figure 4 here

Discussion 

The detrimental nature of alcohol misuse and the potential for long term health and societal harmful impact make AUD a significant public health concern, warranting the need for a better understanding of the molecular mechanisms underlying this complex condition. HCN channels play a critical role in regulating neuronal excitability in brain regions that have been associated with substance use, while substances such as nicotine, cocaine and morphine can directly impact HCN channel function (Mu et al., 2023, Yin et al., 2024, Görlich et al., 2013). However, the role of HCN channels in alcohol related behaviours is less well studied. We found that acute inhibition of HCN channels with ZD7288 reduced alcohol self-administration and breakpoint under a PR operant schedule, suggesting that inhibition of HCN channels attenuated the motivation to obtain and consume alcohol. Further, HCN channel inhibition also attenuated the ADE, a model of relapse-like drinking (Vengeliene at al., 2014). Together these data suggest inhibition of HCN channels reduced motivation to acquire alcohol and  relapse-like behaviour following abstinence in rats, highlighting a functional role for HCN channels in regulating the reinforcing properties of alcohol.  In addition, we demonstrated dysregulation of gene expression in the mHb following 14 days abstinence after long-term voluntary alcohol consumption, with significantly increased expression of Hcn3, as well as Tmem16a and Oprm1, with a trend for Hcn4 mRNA.   

Here, we employed two different behavioural paradigms while challenging rats with an inhibitor of HCN channel activity. Currently, there are no selective inhibitors available for HCN channels to investigate the involvement of a discrete HCN channels, therefore, a nonselective HCN channel inhibitor, ZD7288, was used. Responding under a PR schedule of reinforcement can provide translationally relevant estimates of motivation to work for alcohol reward, via the breakpoint (Hodos, 1961). Here, ICV ZD7288 infusion reduced the breakpoint and active lever responding, showing that rats were less willing to work for the alcohol reward, as the instrumental requirement became increasingly higher. This suggests that inhibiting HCN channels reduced the motivation to obtain and consume alcohol. 
Similarly, previous reports show systemic and intra-VTA delivery of ivabradine reduced cocaine self-administration in Long-Evans rats (Santos-Vera et al., 2019). It should be noted however that both ivabradine and ZD7288 are non-selective HCN channel inhibitors and so the precise HCN channel(s) involved and the mechanisms through which these channels reduce reward-seeking and intake remains underexplored. Our approach was to infuse ZD7288 ICV, and not target a specific brain region; however, the mHb is immediately adjacent to the lateral ventricles (Paxinos & Watson, 2007) and would therefore be highly accessible to drugs delivered via this route, likely more so than deeper brain structures.

To complement the operant paradigm, we also assessed the ADE to model aspects of relapse-like alcohol drinking (Vengeliene et al., 2014). Our ADE paradigm aligns with previous studies in iP rats, where animals displayed increased alcohol intake on re-exposure to alcohol following 14 days of abstinence (McKinzie et al., 1998). Inhibition of HCN channels significantly reduced the ADE compared to both vehicle and anatomical controls. Moreover, our results also support the notion that ZD7288 is reducing the reinforcing effects of alcohol, as HCN channel inhibition significantly attenuated the ADE. Importantly, this effect was not attributed to alteration in locomotor activity, suggesting that effect of ZD7288 was not confounded by sedation. Abstinence from chronic alcohol leads to a negative affective state, which can trigger relapse to alcohol use (Koob, 2015). 

We chose ICV administration of ZD7288 due to its limited brain penetration capacity (Shinpo et al., 2012). Moreover, our dose selection was informed by prior research using ZD7288 in the context of meth self-administration. Cao et al 2016 showed that ICV (or intra-NAc) infusion of lower doses of ZD7288 effectively reduced the self-administration of a low dose of meth (0.0125 mg/kg/infusion), but these and higher doses had no effect on a higher dose of meth self-administration (0.05 mg/kg/infusion). Furthermore, the same group showed that acute ICV administration of up to 10ug/kg did not impair locomotor activity, while the highest dose (10  μg/kg) had an anxiolytic effect on the elevated plus maze and was analgesic in a model of neuropathic pain (Yang et al., 2019). Therefore, we chose a dose within the range of what has been previously used, and importantly confirmed no adverse profile such as sedation or motor impairment that could impact the specificity of our results. The key take-home with our study is a proof-of-concept that HCN channels are implicated in the motivation to obtain and consume alcohol, further translation of this finding may require compounds with a superior profile.

Our findings suggest that increased HCN channel activity may contribute to abstinence-induced excessive alcohol intake. This in turn may contribute towards withdrawal symptoms and subsequent propensity for relapse. In an analogous manner, HCN channel activity has been linked to anxiety precipitated by abstinence from morphine (Li et al., 2024).  Notably, upregulation of HCN channels following chronic meth exposure has been associated with increased excitability of neurons in the lateral septum of mice and meth-induced locomotor sensitization (Chen et al., 2024). Similarly, increased HCN channel expression in the VTA of morphine sensitized rats was suggested to drive an increase in motivation towards reward seeking (Mu et al., 2023). In sum, these findings support a role for HCN channels in modulating behaviours associated with substance misuse.  

mHb neurons are functionally implicated in regulation of nicotine intake and somatic withdrawal following chronic nicotine (Antolin-Fontes et al., 2015; Elayouby et al., 2021; Wills et al., 2022) as well as alcohol intake (Kononoff et al., 2018) and withdrawal (Perez et al., 2015). A previous study in mice suggested re-exposure to nicotine following withdrawal doubles the frequency of pacemaker activity of these neurons (Görlich et al., 2013). Further, expression of Hcn3 and Hcn4 on cholinergic mHb neurons has been previously reported (Oyrer et al., 2019; Görlich et al., 2013) and Ih-mediated sag currents in the mHb are dependent upon HCN channel activity (Oyrer et al., 2019). Hence, we aimed to investigate potential molecular adaptations in the mHb associated with chronic alcohol intake followed by abstinence using qPCR in male rats. Our data demonstrate upregulation of mRNA encoding Hcn3, and a trend for Hcn4, channels specifically following 14 days of abstinence after chronic voluntary alcohol intake. Interestingly, no changes in expression were observed in the either of these channels in the chronic alcohol group, consistent with our previous findings that demonstrate abstinence following chronic alcohol use significantly disrupts the cholinergic system (Walker et al., 2020; Walker et al., 2021).

Given that the levels of intracellular cAMP and (PIP2, a lipid involved in metabolic processes (Pian et al., 2007), also regulate the activation kinetics of HCN channels, other mHb genes previously implicated in alcohol misuse that are part of these regulatory cascades, may interact with HCN channels and also be dysregulated. These include Oprm1, which can regulate cAMP levels, and Gpr139 and Tmem16a, which can trigger the PIP2 pathway (Stoveken et al., 2020; Tembo et al., 2019).  Significant increases in Oprm1 and Tmem16a mRNA expression were noted following abstinence, while a trend in upregulation was observed for Gpr139 mRNA. Oprm1 encodes the µ-opioid receptor and its expression in the mHb has been associated with aversive withdrawal behaviours including anxiety and despair-like behaviour in mice (Bailly et al., 2023). Similarly, TMEM16A is a calcium activated chloride channel expressed in mHb cholinergic neurons that regulates excitability and implicated in anxiety-like behaviour in mice (Cho et al., 2020). Further, a trend in upregulation of Gng8, which encodes a protein (Gng8) linked to cognitive function via modulation of cholinergic signalling in the mHb (Lee et al., 2021), was noted following chronic alcohol intake. Our data suggest that abstinence following long-term voluntary alcohol consumption leads to changes in the expression of these key regulatory molecules, which through protein-protein interactions could potentially be impacting HCN channel expression and function (Peters et al., 2022) and subsequently regulating mHb cholinergic signalling.

In contrast to what has been observed following nicotine exposure and abstinence, no significant dysregulation was observed in the most abundantly expressed nicotinic receptor subunit genes, including α3, α7, β2, and β4 (Brunzell et al., 2015; Shih et al., 2014; Velasquez et al., 2014). There were also no changes to glutamatergic (vGlut1 and vGlut2) and cholinergic markers (Chat and vChat). Nevertheless, post-translation modifications often impact the activity, localisation, and stability of proteins and have the potential to induce changes in protein expression levels without corresponding adjustments in mRNA levels (Ramazi & Zahiri, 2021).

Together, our behavioural experiments show that inhibition of HCN channels significantly reduced two core behaviours associated with alcohol misuse - motivation to obtain and consume alcohol and relapse-like behaviour. Further, our data qPCR data support the hypothesis that abstinence following long-term alcohol use promotes increased excitability of mHb neurons, as previously shown with nicotine (Görlich et al., 2013). Although ZD7288 is not an attractive candidate for clinical development, due to its limited brain penetration and non-selectivity, other HCN channel inhibitors have been recently developed that show an improved therapeutic profile (Han et al., 2022; Pinares-Garcia et al., 2023). Importantly, ivabradine, a clinically approved drug for the treatment of chronic heart failure (Fala, 2016) shows that there is opportunity to target these channels clinically. In fact, alcoholic cardiomyopathy (ACM) is the most common form of heart damage induced by alcohol (Fernández-Sola, 2020) and affects around 25% of people with AUD (Mirijello et al., 2017). Importantly, to treat ACM, patients need to be in complete abstinence of alcohol, which is one of the major challenges for patients in recovery. Hence, our findings show that there is a potential to target HCN channels to reduce alcohol cravings and support alcohol abstinence, while also treating comorbid cardiovascular complications.  
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Figure Legends

Figure 1. HCN channel inhibition alters motivation for alcohol. (A) Timeline of PR testing. Infusion of 3μg/5μl of ZD7288 reduced (B) breakpoint on the PR3-4 schedule (p = 0.0004), (C) total active lever presses (p = 0.0002), (D) lever pressing across time (p = 0.125 at 30 minutes and p = 0.0008 at 60 minutes). Data expressed as mean ± SEM, n = 13. Veh, vehicle; 30’,30 minutes. Light grey dots denote females and black dots denote males. 

Figure 2. HCN channel inhibitor ZD7288 reduced relapse-like behaviour in the ADE but had no effect on locomotor activity. (A) Schematic of alcohol deprivation effect experimental design. (B) Increases in alcohol consumption (g/kg) in the control group compared to baseline (p = 0.0283) confirming an alcohol deprivation effect, which was attenuated with (C) ZD7288 treatment (p = 0.0016). (D) ZD7288 infusion significantly reduced alcohol consumption compared to vehicle control (p = 0.0151). (E) No significant difference in alcohol intake was observed in anatomical controls between the groups. (F and G) Treatment with ZD7288 did not impact spontaneous locomotor activity. Data are expressed as mean ± SEM. n = 5-8/group. Alcohol intake represented in g/kg. ICV, intracerebroventricular; Veh, vehicle. Light grey and light orange dots denote females, and black and dark orange dots denote males.
Figure 3. HCN channels are upregulated in the mHb following 14 days of alcohol abstinence. Chronic intermittent alcohol consumption followed by 14 days of abstinence significantly increased (A) Hcn3 (p = 0.0166 vs control), (C)Tmem16a (p = 0.0205 vs control) and (D) Oprm1 (p = 0.0400 vs control) RNA expression. No changes were seen in (B) Hcn4, (E) Gng8, (F) Gpr139, and cholinergic nicotinic receptors (G) Chrna3, (H) Chrnb4 and (I) Crrna7. Data are expressed as mean ± SEM. n = 7 - 8/group. Ctrl, alcohol naïve; Alc, long term voluntary alcohol intake, Abs, chronic alcohol intake followed by 14 days of abstinence. Hcn3 and Hcn4, Hyperpolarization activated cyclic nucleotide gated channel 3 and 4; Tmem16a, transmembrane protein 16a; Oprm1, Opioid receptor µ1; Gng8, G-protein subunit gamma 8; Gpr139, G-protein coupled receptor 139; Chrna3, cholinergic receptor nicotinic α3 subunit; Chrnb4, cholinergic receptor nicotinic β4 subunit; Chrna7, cholinergic receptor nicotinic α7 subunit.

Figure 4. No changes to glutamatergic and cholinergic markers in the mHb. Chronic intermittent alcohol consumption followed by 14 days of abstinence led to no changes in (A) Chat, (B) vChat, (C) vGlut1, or (D) vGlut2 RNA expression between groups. Data are expressed as mean ± SEM. n = 7-8/group. Ctrl, alcohol naïve; Alc, long term voluntary alcohol intake, Abs, chronic alcohol intake followed by 14 days of abstinence. Chat, choline acetyltransferase; vChat, vesicular acetylcholine transporter; vGlut1, vesicular glutamatergic 1 transporter; vGlut2, vesicular glutamatergic 2 transporter.


