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Summary 

The hyperpolarization-activated cyclic-nucleotide-gated non-selective cation (HCN) 

channels play a potential role in the neurological basis underlying drug addiction. 

However, little is known about the role of HCN channels in methamphetamine 

(METH) abuse. In the present study, we examined the changes in working memory 

functions of METH re-exposed mice through Morris water maze test, and investigated 

the protein expression of HCN1 channels and potential mechanisms underlying the 

modulation of HCN channels by Western blotting analysis. Mice were injected with 

METH (1 mg/kg, i.p.) once per day for 6 consecutive days. After 5 days without 

METH, mice were re-exposed to METH at the same concentration. We found that 

METH re-exposure caused an enhancement of working memory, and a decrease in the 

HCN1 channels protein expression in both hippocampus and prefrontal cortex. The 

phosphorylated extracellular regulated protein kinase 1/2 (p-ERK1/2), an important 

regulator of HCN channels, was also obviously reduced in hippocampus and 

prefrontal cortex of mice with METH re-exposure. Meanwhile, acute METH exposure 

did not affect the working memory function and the protein expressions of HCN1 

channels and p-ERK1/2. Overall, our data firstly showed the aberrant protein 

expression of HCN1 channels in METH re-exposed mice with enhanced working 

memory, which was probably related to the down-regulation of p-ERK1/2 protein 

expression. 
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Abbreviations: HCN channels, hyperpolarization-activated cyclic-nucleotide-gated 

non-selective cation channels; METH, methamphetamine; VTA, ventral tegmental 

area; HIP, hippocampus; PFC, prefrontal cortex; MWM, morris water maze; ERK, 

extracellular regulated protein kinases. 
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Introduction 

Methamphetamine (METH) is a worldwide abused psychostimulant with a strong 

action on the central nervous system. The neuropsychological consequences of 

METH abuse are memory abnormalities. Precious studies found that low-dose METH 

could facilitate the memory performance (Schutova et al., 2009, Mahoney et al., 2011, 

Braren et al., 2014, Rau et al., 2014). However, the molecular mechanism underlying 

memory enhancement caused by METH treatment is still unclear. Studies suggested 

that the pathological enhancement of cognitive functions might promote the formation 

of drug-induced associative memory, which was the probable cause of long-lasting 

addictive behaviors (Hyman, 2005). Therefore, researches on the intrinsic mechanism 

underlying METH-induced memory processes were quite valuable. 

The hyperpolarization-activated cyclic-nucleotide-gated non-selective cation 

(HCN) channels underlying Ih belong to the superfamily of voltage-gated pore loop 

channels, which are activated by the membrane hyperpolarization and permeable to 

Na+ and K+. In mammals, HCN channel families compose of 4 members (HCN1–4) 

that are widely expressed in heart and nervous system. HCN channels exhibited 

various physiological roles, such as the regulator of synaptic plasticity and 

neurotransmitter release, which played a critical role in the neurological basis 

underlying memory function (Biel et al., 2009, Benarroch, 2013). Recent studies 

suggested the potential role of HCN channels in drug addiction. Acute ethanol 

administration could enhance the Ih current (Okamoto et al., 2006). Also, a decrease 

in the Ih of dopamine neurons in ventral tegmental area (VTA) was observed after a 
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7-day withdrawal from repeated ethanol administration (Hopf et al., 2007). Cocaine 

sensitization induced a 40% decrease in the Ih amplitude and 45% reduction in the 

number of HCN channels in VTA (Arencibia-Albite et al., 2012). However, the role of 

HCN channels in METH abuse is still unclear.  

There was a consensus that HCN1 channels were the most abundant subunits in 

hippocampus (HIP) and prefrontal cortex (PFC), which wer known to be critical areas 

associated with memory functions and drug addiction (Notomi and Shigemoto, 2004). 

Relapse was a major characteristic of addictive behavior, and the prevention of 

relapse was the maintenance strategy for treating addictive behavior. Even after a long 

period of withdrawal, patients were more likely to be re-exposed to drugs, leading to 

relapse behaviors (Hendershot et al., 2011). Based on these findings, the present study 

was aimed to determine whether the protein expression of HCN1 channels was altered 

in HIP and PFC of mice re-exposed to METH and to investigate the potential 

mechanism underlying the modulation of HCN channels protein expression. 

 

Methods 

Animals 

Male C57BL/6 mice (20–25 g, 8 weeks) were obtained from the Laboratory 

Animal Center (Beijing, china). There were 56 mice used in this study. Mice were 

housed five per cage with a 12 h light/dark cycle, temperature-controlled environment, 

and free access to water and food. All animal use procedures were carried out in 

accordance with the Regulations of Experimental Animal Administration issued by 
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the State Committee of Science and Technology of the People's Republic of China, 

with the approval of the Ethics Committee in our university. 

 

Animals treatment 

To investigate the effect of METH re-exposure on working memory, animals 

were randomly divided into two groups: saline group and METH re-exposure group, 

11 mice in each group. According to the references (Cao et al., 2013, Macuchova et 

al., 2013), the dose 1 mg/kg of METH was chosen. Mice in METH re-exposure group 

were injected with METH (0.1 mg/ml, i.p., Hubei Public Security Bureau, China) 

once per day for 6 consecutive days. After 5 days without METH, mice in METH 

re-exposure group were re-exposed to METH at the same concentration. Mice in the 

saline group were injected with isovolumetric saline. 

To investigate the effect of acute METH exposure on working memory, animals 

were randomly divided into two groups: saline group and acute METH exposure 

group, 11 mice in each group. In the locomotor activity test, different animals were 

used, 6 mice in each group. Mice in acute METH exposure group were injected with 

METH (1 mg/kg, 0.1 mg/ml, i.p., once) one hour before the behavioral testing. Mice 

in the saline group were injected with isovolumetric saline.  

The experimental procedure was detailed in Fig. 1. According to the reference 

(Cao et al., 2013), all behavioral tests were performed one hour after the injection to 

avoid the effect of acute METH treatment on the locomotion of mice. 
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Testing working memory in Morris water maze 

Apparatus 

Briefly, a round pool (120 cm diameter, 50 cm deep) was filled with water at 23 ± 

2 °C and a depth of 21 cm. A hidden circular platform (6 cm diameter) was located 

1.5 cm below the water. Mice were videotaped with the Morris water maze tracking 

system XR-XM101 (Shanghai Xinruan Informatlon Technology Co.Ltd, China). 

 

Working memory experiment 

Working memory experiment was carried out as previously described by Bigdeli 

(Miladi Gorji et al., 2008) with slight modification. During the working memory 

training, mice were trained twice daily with two different starting positions for four 

consecutive days. In each trial, mice were given up to 60 s to find the platform. After 

landing on the platform, mice remained there for 20 s. Mice were guided to the 

platform and remained there for 20 s if they failed to find it within 60 s. 

Twenty four hours after the final training, working memory tests were performed. 

In the first trial (acquisition), mice had to find the platform in a new position and 

remained there for 20 s. One hour after the first trial, mice started from a different 

point with the same platform position (retrieval). The time spent to find the platform 

was measured as the escape latency. The shorter the escape latency, the stronger the 

memory function. 

 

Locomotor activity experiment 
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The experimental apparatus consisted of a Plexiglas chamber (100×100×40 cm) 

with black grid floor. Mice were injected with saline or METH (1 mg/kg, i.p.), and the 

locomotor activity was measured 1 h later in locomotor chamber. The speed and total 

distance of mice movements during 10 min period were recorded by a 

computer-based image analyzer, in order to investigate the effect of METH exposure 

on the locomotion of mice. 

 

Western blotting analysis 

Brains were quickly removed immediately after the last working memory test 

(retrieval). HIP and PFC tissues were dissected in cold artificial cerebrospinal fluid. 

These tissues were homogenized in a protein extraction buffer containing protease 

and phosphatase inhibitors. Protein concentration was measured using a Protein Assay 

kit (Boster, China). Proteins were separated on 10% SDS-PAGE gels and transferred 

to PVDF membranes (Merck Millipore). After being blocked in 5% milk for 1 h at 

room temperature, membranes were incubated overnight at 4 °C with the following 

primary antibodies: anti-HCN1 (1:1000, NBP1-20250, Novus), anti - p44/42 MAPK 

(Erk1/2) (1:1000, 4695S, Cell Signaling), anti - phospho - p44/42 MAPK 

(Thr202/Tyr204) (1:1000, 9101S, Cell Signaling), or GAPDH (1:5000, cw0100, 

Cwbiotech). After incubation with horseradish peroxidase conjugated secondary 

antibodies (1:5000; Proteintech Group Inc., China), bands were developed with 

chemiluminescent substrate (WBKLS0500, Millipore). Immunoreactive signals were 

quantified by NIH ImageJ software. 
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Statistical analysis 

Data were presented as mean ± SEM and analyzed with Independent-Samples 

Student's t test. Some data about the swimming speed and escape latency during the 

learning process in Fig. 2 were tested by one-way ANOVA with repeated measures. P 

values less than 0.05 were considered statistically significant. 

 

Results 

Working memory processes in mice with METH re-exposure  

Compared with the saline group, the escape latency was significantly decreased 

in mice with METH re-exposure on day 4 during the learning process (Fig. 2B, n = 11, 

P < 0.05), while no significant difference in the swimming speed was observed (Fig. 

2A, P > 0.05). The escape latency was significantly decreased in mice with METH 

re-exposure in contrast to the saline group in the acquisition trial (Fig. 2C-D, n = 11, P 

< 0.05), while the escape latency in the retrieval trial exhibited no significant 

difference (Fig. 2E-F, P > 0.05). Swimming speeds in the acquisition trial and 

retrieval trial also exhibited no significant difference between the saline group and 

METH re-exposure group (Fig. 2G-H, P > 0.05). These findings indicated that METH 

re-exposure could enhance the acquisition of working memory. 

 

Working memory processes in mice with acute METH exposure  

No change in escape latencies in the acquisition trial and retrieval trial was 
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observed between the saline group and acute METH exposure group (Fig. 3A-B, n = 

11, P > 0.05). Swimming speeds in the acquisition trial and retrieval trial also showed 

no significant difference between the saline group and acute METH exposure group 

(Fig. 3C-D, P > 0.05). These findings indicated that acute METH exposure did not 

affect the acquisition of working memory. 

 

Locomotor activity in mice with acute METH exposure  

As shown in Fig. 4A, one hour after the acute METH exposure, the speed in two 

groups exhibited no significant differences (n = 6, P > 0.05). Meanwhile, the total 

distance of movements in two groups exhibited no significant differences (Fig. 4B, 

P > 0.05), which suggested that acute METH exposure did not affect the locomotion 

of mice.  

 

HCN1 expression in HIP and PFC of mice with METH re-exposure 

 As illustrated in Fig. 5A, the protein expression of HCN1 channels was 

significantly decreased in HIP of mice with METH re-exposure (n = 6, P < 0.01). 

Meanwhile, HCN1 protein level was also significantly reduced in PFC of mice with 

METH re-exposure (Fig. 5B, P < 0.05). 

 

Expression of p-ERK1/2 / ERK1/2 in HIP and PFC of mice with METH re-exposure 

The phosphorylated extracellular regulated protein kinase 1/2 (p-ERK1/2) is 

thought to be responsible for the up-regulation of HCN channels. As shown in Fig. 6, 
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the p-ERK1/2 / ERK protein level was significantly decreased in both HIP and PFC of 

mice with METH re-exposure (n = 6, P < 0.05), while the ERK1/2 protein level in 

two groups exhibited no significant difference (P > 0.05).  

 

Expression of HCN1 and p-ERK1/2 / ERK1/2 in HIP and PFC of mice with acute 

METH exposure 

The protein expression of HCN1 channels exhibited no significant difference in 

both HIP and PFC of mice with acute METH exposure (Fig. 7, n = 6, P > 0.05). 

Meanwhile, no significant difference in p-ERK1/2 and ERK protein levels was 

observed in both HIP and PFC of mice with acute METH exposure (Fig. 8, n = 6, P > 

0.05). 

 

Discussion 

METH is a highly addictive psychostimulant and the second most widely abused 

illicit drug in the world. Behavioural abnormalities induced by drug relapse were 

considered as a result of pathological changes in learning and memory, involving 

cell-signaling and synaptic mechanisms similar to those implicated in neural models 

of learning and memory (Hyman and Malenka, 2001, Slamberova et al., 2014). In the 

present study, we found that METH re-exposure enhanced the working memory of 

mice, while acute METH exposure did not affect the working memory function. Our 

findings were similar to the observations from the clinical studies. It has been 

documented that low-dose METH administration improves attention and working 
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memory in METH-dependent individuals (Mahoney et al., 2011). Meanwhile, an oral 

administration of METH could also improve cognitive functions in healthy 

individuals (Silber et al., 2006). However, the molecular mechanism underlying 

memory dysfunctions caused by METH exposure was still unclear. This pathological 

enhancement of memory might serve as the underlying mechanism in the formation of 

behavioural abnormalities associated with drug relapse.  

HCN channels conduct an inward, excitatory current Ih in the nervous system. 

Dysfunctions of HCN channels were involved in the neurological basis underlying 

several nervous system diseases, such as neuropathic pain, epilepsy, and Parkinson's 

disease (Lewis and Chetkovich, 2011, Postea and Biel, 2011). There was scarce 

information on the effect of METH on the expression of HCN channels in the brain. 

In the present study, we found that METH re-exposure reduced the protein expression 

of HCN1 channels in both HIP and PFC, while acute METH exposure did not affect 

the expression of HCN1 channels. Our finding was similar to the observation from 

Betina González and colleagues, in which the withdrawal from repeated METH 

administration caused a significant decrease in HCN1 mRNA expression in PFC 

(Gonzalez et al., 2016). Therefore, we hypothesized that the down-regulation of 

HCN1 protein expression in both HIP and PFC areas might be a potential mechanism 

underlying the effect of METH re-exposure on memory functions. 

Ample studies suggested that the alteration of HCN channels could regulate the 

synaptic plasticity, which was important for memory functions (Wang et al., 2011). 

HCN1 channels acted as an inhibitory constraint of both spatial learning and 
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long-term plasticity in the distal dendrites of HIP by interfering with postsynaptic 

Ca2+ influx (Tsay et al., 2007). The deletion of forebrain HCN1 channels significantly 

enhanced the long-term potentiation amplitude in HIP, which caused increases in both 

short-term and long-term forms of spatial memory (Nolan et al., 2004). These studies 

suggested that alteration of HCN channels was associated with the neurological basis 

underlying memory functions. Based on the above findings, we hypothesized that the 

down-regulation of HCN1 channels caused by METH re-exposure in the HIP and 

PFC might be related to pathological changes of the synaptic plasticity, which might 

be responsible for the enhancement of memory functions induced by METH 

re-exposure.  

p-ERK1/2 played an important role in the regulation of several ion channels, such 

as Nav1.7 sodium channel (Stamboulian et al., 2010), which was also involved in the 

regulation of HCN channels. The pharmacological agonist of ERK1/2 signaling 

induced an enhanced effect on Ih in guinea pig cardiac neuron (Tompkins et al., 2009). 

Moreover, the phosphorylation of ERK1/2 promoted the activation of filamin A (Zhao 

et al., 2016). Filamin A was a specific regulator of HCN1 channels by interacting with 

the cyclic nucleotide-binding domain. The interaction of filamin A with HCN1 

induced a significant up-regulation of HCN1 channels (Gravante et al., 2004). In our 

study, we found that p-ERK1/2 protein level was significantly decreased in both HIP 

and PFC of mice with METH re-exposure, while acute METH exposure did not affect 

the expression of p-ERK1/2. Some studies reported that METH treatment induced a 

decrease in ERK1/2 activity. Repeated 10 mg/kg METH treatment significantly 
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reduced the total ERK1/2 expression in the PFC (Chen et al., 2012) . Repeated 1 

mg/kg METH treatment abolished the activation of ERK1/2 in the PFC in 

saline-treated mice after exposure to novel objects (Mizoguchi et al., 2008). Based on 

the role of ERK1/2 in the regulation of HCN channels, these findings suggested that 

p-ERK1/2 might be involved in the reduction of HCN1 protein expression of mice 

with METH re-exposure.  

 

Conclusion 

METH abuse is a complex neuropsychiatric disorder that has been taken as a 

result of pathological changes in memory. Our results demonstrated the novel 

information that METH re-exposure reduced the protein expression of HCN1 

channels in both HIP and PFC area, which might due to the decreased protein level of 

p-ERK1/2. Since the important role of HCN channels in the regulation of memory 

function, the down-regulation of HCN1 expression might account for enhanced 

working memory induced by METH re-exposure. Taken together, our findings 

suggested that the down-regulation of HCN1 channels might be the neurobiological 

basis underlying the pathological alteration of memory functions that occurred in 

METH re-exposure. 
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Figure legends: 

 

 

Fig. 1 Experimental procedure. 
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Fig. 2 Effects of METH re-exposure on working memory processes in mice. 

A. Swimming speeds during the learning process. No difference was observed 

between the saline group and METH re-exposure group. B. The escape latency during 

the learning process. The escape latency was significantly decreased in mice with 

METH re-exposure on day 4 during the learning process. C. Swimming trajectories of 

acquisition working memory on the test day. D. The escape latency to find the hidden 

platform of acquisition working memory on the test day. METH re-exposure 
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significantly reduced the escape latency during acquisition working memory. E. 

Swimming trajectories of retrieval working memory on the test day. F. The escape 

latency to find the hidden platform of retrieval working memory on the test day. No 

difference in the retrieval escape latency was observed between the saline group and 

METH re-exposure group. G-H. Speeds in acquisition and retrieval working memory. 

No difference was observed between saline group and METH re-exposure group. n = 

11 for per group, *P<0.05 vs. saline group. 

 

 

Fig. 3 Effects of acute METH exposure on working memory processes in mice. 

A-B. The escape latencies in the acquisition trial and retrieval trial had no change 

between the saline group and acute METH exposure group. C-D. Swimming speeds in 

the acquisition trial and retrieval trial. No difference in the working memory was 

observed between the saline group and acute METH exposure group. n = 11 for per 
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group, P > 0.05 vs. saline group. 

 

 

Fig. 4 Effects of acute METH exposure on locomotor activity in mice.  

A. Speeds in the locomotor activity test. B. Total distance of movements in locomotor 

activity test. The speed and total distance of movements in two groups exhibited no 

significant difference, which suggested that acute METH exposure did not affect the 

locomotion of mice. n = 6 for per group, P > 0.05 vs. saline group. 

 

 

Fig. 5 Effects of METH re-exposure on the protein expression of HCN1 channels in 

mice HIP and PFC.  
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A. HCN1 channels protein level was markedly decreased in HIP of METH 

re-exposure mice. B. The protein expression of HCN1 channels was also significantly 

reduced in PFC of METH re-exposure mice. n = 6 for per group, *P<0.05 and 

**P<0.01 vs. saline group. 

 

 

Fig. 6 Effects of METH re-exposure on the protein expression of p-ERK1/2 / ERK1/2 
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in mice HIP and PFC.  

A. p-ERK1/2 / ERK1/2 protein level was significantly decreased in HIP of METH 

re-exposure mice. B. The protein expression of p-ERK1/2 / ERK1/2 was also 

markedly reduced in PFC of METH re-exposure mice. ERK1/2 protein level showed 

no significant difference between the saline group and METH re-exposure group in 

both HIP and PFC. n = 6 for per group, *P<0.05 vs. saline group. 

 

 

Fig. 7 Effects of acute METH exposure on the protein expression of HCN1 channels 

in mice HIP and PFC. 

A. HCN1 channels protein level showed no significant difference between saline 

group and acute METH exposure group in HIP. B. The protein expression of HCN1 

channels exhibited no significant difference between saline group and acute METH 

exposure group in PFC. n = 6 for per group, P>0.05 vs. saline group. 
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Fig. 8 Effects of acute METH exposure on the protein expression of p-ERK1/2 / 

ERK1/2 in mice HIP and PFC. 

A. The protein expressions of p-ERK1/2 and ERK1/2 exhibited no significant 

difference between the saline group and acute METH exposure group in HIP. B. There 

was no significant change in p-ERK1/2 and ERK protein levels in PFC of mice with 

acute METH exposure. n = 6 for per group, P>0.05 vs. saline group. 


