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Abstract

Serotonin 2C receptors (5-HT2CR) are G-protein-coupled receptors with various actions, including 

involvement in drug addiction. 5-HT2CR undergoes mRNA editing, converting genomically 

encoded adenosine residues to inosines via adenosine deaminases acting on RNA (ADARs). Here 

we show that enhanced alcohol drinking behaviour in mice is associated with the degree of 5-

HT2CR mRNA editing in the nucleus accumbens and dorsal raphe nuceus, brain regions important 

for reward and addiction. Following chronic alcohol vapour exposure, voluntary alcohol intake 

increased in C57BL/6J mice, but remained unchanged in C3H/HeJ and DBA/2J mice. 5-HT2CR 

mRNA editing frequency in both regions increased significantly in C57BL/6J mice, as did 

expressions of 5-HT2CR, ADAR1 and ADAR2, but not in other strains. Moreover, mice that 

exclusively express the unedited isoform (INI) of 5-HT2CR mRNA on a C57BL/6J background 

did not exhibit increased alcohol intake compared with wild-type mice. Our results indicate that 

alterations in 5-HT2CR mRNA editing underlie alcohol preference in mice.
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Introduction

Serotonin 2C receptors (5-HT2CR) are broadly expressed in the central nervous system 

(Abramowski et al., 1995; Clemett et al., 2000) and modulate behavioural and physiological 

processes, including emotion, locomotion, appetite and metabolic rate (Giorgetti and Tecott, 

2004). 5-HT2CR is also linked to addictive drug behaviour, such as sensitization, 

conditioned place preference and drug self-administration (Muller and Huston, 2006). We 

recently demonstrated that 5-HT2CR in the nucleus accumbens (ACC) is involved in 

increased alcohol intake after chronic alcohol exposure in C57BL/6J mice (Yoshimoto et al., 

2012). This increase might be caused by abnormalities of the levels of monoamines, 

dopamine, 5-HT and their metabolites in the ACC and the dorsal raphe nucleus (DRN) 

during chronic alcohol exposure (Yoshimoto et al., 2012). Moreover, local injection of the 

5-HT2CR antagonist into the ACC suppressed voluntary alcohol-drinking behaviour in the 

alcohol-exposed mice, supporting an alteration in 5-HT2CR activity in the ACC being 

involved in this behaviour (Yoshimoto et al, 2012). Dopamine and serotonin (5-HT) in the 

ACC of the brain reward pathway were implicated in the mechanisms underlying abnormal 

alcohol drinking behaviour and the development of alcohol dependence (Yoshimoto et al, 

1992a). 5-HT2CR also regulates the mesolimbic dopamine circuit (Navailles et al, 2008), 

and the ACC is important for the reinforcing action of alcohol (Koob et al., 1998a, b). The 

major source of 5-HT in the ACC is the 5-HT neurons in the DRN (Van Bockstaele et al, 

1993), which is also involved in reward and alcohol intake (Pistis et al, 1997; Miyazaki et al, 

2012). Furthermore, DRN electrical stimulation on dopamine release in the ACC are 

regulated via 5-HT2CR, suggesting that 5-HT2CR has an important role in the DRN-ACC 

circuit (De Deurwaerdere and Spampinato, 1999). Therefore, an alteration in 5-HT2CR 

activity after chronic alcohol exposure might cause aberration in this circuit, resulting in the 

enhancement of alcohol drinking.

Recently, epigenetic mechanisms, such as alterations in chromatin structure induced by 

histone tail modification and DNA methylation, and the regulation of gene expression by 

microRNA, were reported to be involved in the development of addiction (Robison and 

Nestler, 2011). The 5-HT2CR is a G-protein coupled receptor containing seven 

transmembrane domains. It is subjected to RNA editing at five sites (A, B, C, D and E) of 

the second intracellular loop by adenosine deaminases acting on RNA (ADARs), converting 

adenosine to inosine. Combinational editing at these five sites changes three amino acids 

(I156, N158, and I160) of the unedited receptor (INI), resulting in expression of 24 different 

editing isoforms in specific brain regions (Wang et al., 2000b; Nishikura, 2006; Werry et al., 

2008). In vitro studies showed that RNA editing modulates receptor functions, including 5-

HT potency, agonist binding affinity, constitutive activities and G protein coupling activity 

(Burns et al., 1997; Fitzgerald et al., 1999; Niswender et al., 1999; Wang et al., 2000b; 

Gurevich et al., 2002a), suggesting that RNA editing of 5-HT2CR mRNA may modulate 

serotonergic systems in the brain that have causative relevance to neuropsychiatric disorders 

(Maas et al., 2006; Werry et al., 2008). Moreover, the extent of 5-HT2CR mRNA editing that 

occurs in response to stress or the 5-HT selective reuptake inhibitor fluoxetine depends on 

the genetic background of mice (Englander et al., 2005). Inbred strains of mice (C57L/6J, 

C3H/He, and DBA/2Cr) are known to vary in voluntary alcohol consumption (Yoshimoto 
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and Komura, 1989). To date there have been no studies investigating alcohol preference 

with regard to 5-HT2CR mRNA editing.

In the present study, we examined the involvement of 5-HT2CR expression and mRNA 

editing in alcohol drinking behaviour of these three strains of mice. The editing and 

expression of 5-HT2CR mRNAs were significantly increased in the ACC and the DRN of 

C57BL/6J mice that showed enhanced alcohol drinking behaviour following chronic alcohol 

exposure. Increased RNA editing in these regions resulted in a prevalence of the 5-HT2CR 

VNV isoform with lower basal activity. These results were dependent on the genetic 

background of the mice examined, as C3H/HeJ and DBA/2J mice did not show increased 

alcohol intake or increased 5-HT2CR mRNA editing and expression in the ACC and the 

DRN. Moreover, by examining the INI mutant mice, which express solely the unedited INI 

isoform of 5-HT2CR (Kawahara et al., 2008), we confirmed our observation that 5-HT2CR 

mRNA editing is crucial in determining alcohol drinking behaviour.

Materials and methods

Animals

C57BL/6J, C3H/HeJ and DBA/2J inbred male mice (CLEA Japan, Japan) were maintained 

on a 12 h light/dark cycle at 25 °C. Heterozygous female 5T-HT2CR-INI mice bred on a 

C57BL/6J back ground, were mated with wild-type male mice. Male littermates of mixed 

genotypes were housed in groups of seven per cage under a 12 h light/dark cycle with ad 

libitum food and water. Genotyping of 5-HT2CR was carried out with a PCR-based assay 

using primers, 5′-ACTGATACTACCATCACTGG-3′ and 5′-

AGCATATATAGGAAATTGCAGTAACCCT-3′ (Kawahara et al., 2008). PCR products 

were digested with HindIII and separated by 2% agarose gel electrophoresis. All procedures 

were conducted in strict adherence to the Care and Use Guidelines of the Committee of 

Laboratory Animals, Kyoto Prefectural University of Medicine, Japan.

Chronic alcohol exposure model and alcohol-drinking behaviour test

Chronically alcohol-exposed mice were produced as previously described (Yoshimoto et al., 

2012). Briefly, mice were exposed to 22–27 mg/l of ethanol vapour for 20 d using an 

intermittent 3–6 h/d schedule that mimics cyclical patterns of alcohol consumption. After 

alcohol exposure, mice were withdrawn from alcohol for 5 h in normal experimental 

conditions. For the alcohol-drinking behaviour test, mice were provided with 10% (v/v) 

ethanol solution for 4 h, and their consumption was measured. The total amount of alcohol 

intake and alcohol intake rate were represented as ethanol (g)/body weight (kg) and as 

ethanol (g)/body weight (kg)/hour, respectively.

Measurement of RNA editing efficiency

Coronal mouse brain sections were obtained by 2 mm punch biopsy and quickly frozen in 

liquid nitrogen (N=6 in each group). cDNAs were synthesized as previously described 

(Watanabe et al., 2009). Total RNAs were prepared using an RNAqueous Kit (Applied 

Biosystems, USA) and cDNAs were then synthesized using a Transcriptor First-Strand 

cDNA Synthesis Kit (Roche, Switzerland). cDNAs from each group were mixed in an equal 
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volume, and the segment spanning the edited sites of 5-HT2CR (374–846 bp) was amplified 

by KOD FX DNA polymerase (Toyobo, Japan), using primers 5′-

GATATTTGTGCCCCGTCTGG-3′ and 5′-GGGGTTGG-GAGCGTTCTCTT-3′. For the 

recovery of normal splicing form, 470 bp of PCR products were separated on lowmelting 

agarose after adding 3′-A overhangs using the A-attachment Mix (Toyobo). PCR products 

were ligated with pGEM-T easy vector (Promega, USA) and transformed into E. coli. 5-

HT2CR cDNA was amplified from an individual colony using the M13-20 primer (5′-

CGACGTTGTAAAACGACGGCCAGT-3′) and the M13 reverse primer (5′-

CAGGAAACAGCTATGAC-3′), and then sequenced using the Big Dye Terminator v1 

sequencing kit (Applied Biosystems).

Measurement of 5-HT2CR receptor activity

Expression vectors of 5-HT2CR isoforms (INI, VNI, VSI, VNV, VDV, VSV and VGV) 

were constructed by site-directed mutagenesis. First, we cloned a cDNA encoding the VNV 

isoform into the BamHI-EcoRV site of pEF1-mycHisB using the primer set 5′-

GGATCCGCCAC-CATGGTGAACCTGGGCACT-3′/5′-GATATCCACACTA-

CTAATCCTCTCGC-3′. Subsequently, other isoforms were generated by site-directed 

mutagenesis using mutation primers (Supplementary Table S1). Amplification was 

performed using KOD-Plus polymerase (Toyobo, Japan), followed by blunting with T4 

DNA polymerase (New England Biolabs, USA) and DpnI-digestion. Amplified DNA was 

self-ligated using the DNA Ligation Kit Ver.2 (Takara Biomedicals, Japan) and transformed 

into the E. coli Top10 strain. The mutations were verified by sequencing.

For measurement of receptor activity, these plasmids were introduced into HeLa cells by an 

electroporator (CUY21; NEPA Gene, Japan). After 30 h, cells were washed with inositol-

free DMEM (MP Biomedical, USA) and placed in inositol-free DMEM containing 1 μCi 

myo-[3H]inositol for 18 h; followed by the addition of 5-HT. One hour after 5-HT 

stimulation, cells were harvested with 10 mM formic acid, and the cell extract was applied 

to a column of Dowex 1×8 (Cl-form). The column was washed with 60mM sodium formate 

containing 5mM borax and then eluted with 100 mM formic acid containing 1 M 

ammonium formate. [3H]-labeled inositol phosphates were quantitated by liquid scintillation 

counting (Packard Tri-Carb 2700). The dose–response curve was fitted by a four-parameter 

logistic model (MasterPlex-ReaderFit; Hitachi Solutions, Japan).

Real-time PCR

Real-time quantitative PCR was performed using the Thermal Cycler Dice Real Time 

System (TaKaRa Bio, Japan) with SYBR Premix Ex Taq II (TaKaRa Bio). PCR reactions 

were carried out using 40 cycles of two-step PCR: 5 s at 95 °C and 30 s at 60 °C. For 

quantification of 5-HT2CR, ADAR1 or ADAR2 expression, the following primer sets were 

used: 5′-ATGCCCCTGTCTCTGCTTGC-3′/5′-GCATAGCCGGTTCAATTCGC-3′, 5′-

ATCCTGGAT-GGCACCAGAGG-3′/5′-GAAACGCGCCCCACTATCAG-3′, and 5′-

GGTGACGCCACCATTGAGGT-3′/5′-AGTGAAC-AGACGGGCCTTGG-3′, respectively. 

Based on analyses and calculations integrating adequate standard curves, expression levels 

of these genes were normalized to glyceraldehyde-3-phosphate dehydrogenase (G3PDH) 
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expression, determined using primers 5′-GGCATTGCTCT-CAATGACAA-3′/5′-

TGTGAGGGAGATGCTCAGTG-3′.

Immunoblot analysis

Coronal mouse brain sections (2 mm punch biopsy) were homogenized in RIPA buffer (50 

mM Tris-Cl (pH7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), 

and clear lysates separated on 10% polyacrylamide gels. Proteins were then transferred onto 

a PVDF membrane (Millipore, USA). After blocking, the membranes were incubated with 

anti-ADAR1 (1:500; sc-73408; Santa Cruz Biotechnology, USA) or anti-ADAR2 (1:500; 

sc-73409; Santa Cruz Biotechnology) monoclonal antibody for 12 h at 25 °C. The 

membranes were then incubated with alkaline phosphatase-conjugated anti-mouse IgG 

(1:5000 dilution; Jackson ImmunoResearch, USA) for 1 h. Immunopositive signals were 

detected with nitrobluetetrazolium chloride and 5-bromo-4-chloro-3′- indolylphosphatase p-

toluidine salt reagents.

Statistics

Statistical analyses were conducted using GraphPad Prism5 or Statview5 software. 

Differences in editing frequencies, amino acid frequencies and protein isoforms obtained 

from sequence analyses of clones were analysed using Fisher’s exact test. Real-time PCR 

data were tested for significance using ANOVA (Tukey post-hoc). Statistical analysis of 

alcohol drinking behaviour was performed using Student’s t-test, Mann–Whitney U-test, 

two-way ANOVA or ANOVA with repeated measures. The significance of differences 

between two groups was calculated by Student’s t-test, except when there was a significant 

difference between the variances of the two groups (F-test), in which case the Mann–

Whitney U-test was used. Statistical significance was set at p<0.05.

Results

Increased RNA editing of 5-HT2CR following chronic alcohol exposure

Genetic factors contribute to alcohol preference and aberrant alcohol drinking behaviour 

(Lumeng et al., 1995). Among inbred mouse strains, C57BL/6J mice exhibit the highest 

alcohol preference, while the C3H/HeJ and DBA/2J strains have low alcohol preferences 

(McClearn, 1968; Yoshimoto and Komura, 1989). We measured alcohol intake of these 

strains of mice after chronic alcohol exposure. The mice were intermittently exposed to 

alcohol by inhalation for a period of 20 d, and then the intake of 10% ethanol was measured 

after recovery in ambient air for 5 h. Although the rates of alcohol metabolism were 

moderately different among the inbred mouse strains due to different levels of alcohol 

dehydrogenase in the DBA/2J mice (Sheppard et al., 1968), the blood alcohol levels of all 

strains were estimated to be zero within 3 h after recovery (Supplementary Fig. S1). There 

was, however, a significant increase in alcohol intake following chronic alcohol exposure in 

C57BL/6J mice (Fig. 1a; B6, p=0.009) compared to controls without chronic exposure. 

Neither the C3H/HeJ nor the DBA/2J mice, showed increased ethanol consumption after 

alcohol exposure (Fig. 1a; C3 and D2). Chronic alcohol exposure had no effect on water 

intake (Fig. 1b) or body weight (Supplementary Fig. S2) in any of the mouse strains. These 
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results suggest there is a difference in alcohol intake among the three inbred strains of mice 

examined.

We previously reported that 5-HT2CR expression in the ACC and DRN is increased after 

chronic alcohol exposure (Yoshimoto et al., 2012); therefore, we examined whether chronic 

alcohol exposure resulted in increased 5-HT2CR expression in the ACC or DRN of mouse 

strains with different alcohol drinking behaviours. Although several splicing variant forms 

of 5-HT2CR have been reported (Flomen et al., 2004), the designed primer set allowed the 

amplification of all forms. Consistent with our previous data, the relative expression of 5-

HT2CR mRNA was significantly increased in the ACC and the DRN of C57BL/6J mice 

after chronic alcohol exposure (Fig. 1c; B6-ACC, p=0.003; B6-DRN, p<0.0001). This 

increase was not observed in either the C3H/HeJ or DBA/2J mice with low alcohol 

consumptions (Fig. 1c; C3 and D2). However, there was a significant decrease in 5-HT2CR 

expression level in the DRN of C3H/HeJ mice (Fig. 1c; C3-DRN, p<0.0001). These results 

indicate the strain difference in the influence of chronic alcohol exposure on 5HT2CR 

expression.

It is well known that 5-HT2CR mRNA undergoes A-to-I RNA editing at five sites (sites A–

E), resulting in the translation of multiple editing isoform receptors (Fig. 2a). Altered 5-

HT2CR mRNA editing is observed in patients with mental disorders, including suicide 

victims, and also in animal models of depression, forced swimming, water maze and 

maternal separation (Iwamoto et al., 2009). Thus, we investigated whether 5-HT2CR mRNA 

editing was influenced by chronic alcohol exposure. Editing frequencies of 5-HT2CR mRNA 

in the ACC and the DRN were measured by cloning–sequencing analysis of RT-PCR 

products (Burns et al., 1997). In the ACC of alcohol-preferring C57BL/6J mice, the editing 

frequency at site D was significantly increased after chronic alcohol exposure (Fig. 2b; 

ACC, p=0.035, Fisher’s exact test). There also tended to be a slight increase in the editing 

frequencies at sites A and B in alcohol-exposed mice (Fig. 2b; ACC). Similarly in the DRN, 

the editing frequency at site B was significantly increased after chronic alcohol exposure 

(Fig. 2b; DRN, p=0.007, Fisher’s exact test). However, 5-HT2CR-editing did not increase 

throughout the entire brain; for example, there was no significant change in the 

hippocampus (Supplementary Fig. S3). By contrast, there were no significant increases in 

the editing frequencies at sites B and D in either the C3H/HeJ or DBA/2J mice after chronic 

alcohol exposure (Fig. 2c and d).

ADAR1 edits 5-HT2CR mRNA specifically at sites A and B, whereas ADAR2 edits the D 

site (Hartner et al., 2004; Wang et al., 2004; Maas et al., 2006). Therefore, we also assessed 

ADAR1- and ADAR2-specific editing frequencies in the three mouse strains. A significant 

increase in the RNA editing frequency was detected at the ADAR2-specific site (site D) in 

the ACC but not at either of the ADAR1-specific sites (sites A or B) in both ACC and DRN 

of C57BL/6J mice (Supplementary Fig. S4).

Altered 5-HT2CR isoform patterns

Based on individual sequence data of 5-HT2CR, we determined the amino acid sequences of 

the edited sites. In controls of all three mouse strains, the non-edited, INI, isoform was rare, 

while the VNV isoform was the major isoform detected in the ACC and DRN, as well as in 
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the whole brain and amygdala (Du et al., 2006; Hackler et al., 2006) (Table 1). After chronic 

alcohol exposure, expression of the VNV isoform was significantly increased in the ACC 

and DRN of C57BL/6J mice (ACC, 40 to 62%; DRN, 34 to 55%), reflecting an increase in 

RNA editing at sites A and D (Table 1; ACC and DRN), while no such alteration in the 

isoform pattern was found in the hippocampus (Supplementary Table S2). By contrast, there 

was no significant change in expression of the VNV isoform in either the C3H/HeJ or 

DAB/2J mice, between control and alcohol groups, with expression frequencies of it being 

35–55% (Tables 2 and 3). These results suggest that alterations in 5-HT2CR isoform patterns 

in the ACC and the DRN during alcohol exposure are involved in enhancement of alcohol 

intake.

Activity of 5-HT2CR VNV isoform

The major isoforms of 5-HT2CR in the mouse ACC and DRN are VNI, VSI, VNV and VSV, 

as shown in Table 1. Although it is known that the VGV isoform is less potent than the non-

edited INI isoform, there is no consensus about the activity of other isoforms, despite many 

studies (Burns et al., 1997; Fitzgerald et al., 1999; Herrick-Davis et al., 1999; Niswender et 

al., 1999; Wang et al., 2000a). We therefore reinvestigated the basal and 5-HT-stimulated 

activities of various isoforms. First, western blot analysis with anti-Myc antibody showed 

that there were no major differences in the expression levels of different isoforms of Myc/

His-tagged 5-HT2CR isoforms (Fig. 3a).

We then measured basal activities of the 5-HT2CR isoforms in HeLa cells (Fig. 3b). The 

basal activities of VXV isoforms containing two valine residues, such as VNV, VDV, VSV 

and VGV, were significantly decreased compared with that of the INI isoform (11.8 to 

40.5%). By contrast, there were no significant changes in VNI or VSI isoforms. 

Interestingly, a significant reduction in 5-HT-stimulated receptor activity was detected only 

with the VGV isoform (Fig. 3c and d). The EC50 value for 5-HT-stimulation of the VGV 

isoform activity was approximately 26 times that of the INI isoform (Fig. 3d). Although not 

significant, other VXV isoforms, such as VNV, VDV, and VSV, tended to have EC50 

values that were 4.5–6.5 times that of the INI isoform (Fig. 3d). Based on these findings, we 

grouped the 5-HT2CR isoforms according to activity levels. The proportion of VXV 

isoforms with lower basal activity was significantly increased in both ACC and DRN of 

alcohol-exposed C57BL/6J mice (Table 1, ACC, 59 to 83%; DRN, 48 to 70%). The result 

suggests that constitutive activity of 5-HT2CR is reduced in the brain of alcohol-exposed 

C57BL/6J mice, resulting in enhancement of alcohol drinking.

Upregulation of ADAR expression by chronic alcohol exposure

Increased 5-HT2CR mRNA editing in alcohol-exposed C57BL/6J mice might be accounted 

for by an increase in ADAR expression during chronic alcohol treatment. Therefore, we 

quantified the expression levels of ADARs using real-time PCR and immunoblot analysis 

(Fig. 4). Real-time PCR demonstrated that both ADAR1 and ADAR2 mRNA levels 

increased in the ACC and DRN of C57BL/6J mice following chronic alcohol exposure (Fig. 

4a and b; B6). In contrast, no such increases were detected in either the C3H/HeJ or DBA/2J 

mice (Fig. 4a and b; C3 and D2). Consistent with these results, upregulations of ADAR1 and 

ADAR2 were confirmed in C57BL/6J mice by immunoblotting analyses (Fig. 4c and d; B6). 
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In the ACC of alcohol-exposed C57BL/6J mice, ADAR1 and ADAR2 protein levels were 

2.7 and 3.2 times those of the control mice, respectively. Similarly, chronic alcohol exposure 

increased levels of both proteins in the DRN of C57BL/6J mice. These results suggest that 

alterations in 5-HT2CR mRNA editing in C57BL/6J mice are associated with upregulation 

of ADARs during alcohol exposure.

ADAR1 and ADAR2 also catalyse the RNA editing of other mRNAs, for example the 

glutamate receptor subunits (GluR2 and GluR5), BLCAP (bladder cancer associated protein) 

and CYFIP2 (cytoplasmic FMR1 interacting protein 2) (Sommer et al., 1991; Kwak et al., 

2008). We next examined whether chronic alcohol exposure influences the RNA editing 

frequencies of these mRNAs. cDNAs from the ACC of control and chronic alcohol-exposed 

mice were prepared from mice of the three strains, and the editing sites of GluR2 Q/R, 

GluR5, BLCAP Y/C and CYFIP2 K/E were analysed using a direct sequencing method. The 

results suggest that there are no differences in RNA editing of GluR2 Q/R or CYFIP2 K/E, 

edited by ADAR2, between control and alcohol-exposed groups from all three mice strains 

(Supplementary Figs S5 and S6). Moreover, no differences in RNA editing frequency of 

GluR5 (ADAR1 and 2 target) or BLCAP (ADAR1 target) were detected between control 

and alcohol-exposed groups of all strains (Supplementary Figs S7 and S8).

Alcohol preference analysis of editing-blocked INI-mice

To verify our hypothesis that alterations in the 5-HT2CR isoform pattern contribute to 

alcohol intake, we compared alcohol drinking behaviour in INI-mice that express only the 

non-edited INI isoform of 5-HT2CR (Kawahara et al., 2008) with that in their wildtype 

littermates (WT). INI-mice and WT littermates, with a C57BL/6J genetic background, were 

chronically exposed to alcohol vapour for 20 d, and then alcohol consumption was 

measured. No significant alterations in alcohol metabolism or body weight were observed 

between WT and INI-mice (Supplementary Figs S1 and S2b). Interestingly, increased 5-

HT2CR expression following alcohol exposure was not found in INI-mice (Fig. 5a). After 

chronic alcohol exposure, increased alcohol intake was observed in WT littermates but not 

in the INI-mice (Fig. 5b; WT, p=0.008, Tukey’s test after two-way ANOVA). Two-way 

ANOVA analysis of 5-HT2CR expression or alcohol intake showed that there was genotype-

treatment interaction (F1,20 =6.817, p=0.017 or F1,36= 5.867, p=0.021, respectively). 

Similarly, the rate of alcohol intake was significantly different between control and alcohol-

exposed WT mice (Fig. 5c; p=0.023, repeated measures ANOVA). There was no significant 

difference in the rate of alcohol consumption between control and alcohol-exposed INI-mice 

(Fig. 5b; INI, and 5d). These results suggest again that a change in the expression levels and 

RNA editing patterns of 5-HT2CR is involved in augmentation of alcohol drinking.

Discussion

Differences in alcohol preference, sensitivity and tolerance among inbred mouse strains 

(McClearn, 1968; Crabbe, 2002) suggest there is a genetic influence on these behaviours. 

Our present study shows that following chronic alcohol exposure, increased alcohol 

consumption and alterations in RNA editing of 5-HT2CR were detected only in C57BL/6J 

mice among the three inbred mouse strains examined. The RNA editing frequency at site D 
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increased in the alcohol-preferring C57BL/6J mice following alcohol exposure, resulting in 

an increase in the proportion of VXV isoforms (41% increase) in the ACC and a similar 

increase (46% increase) in the DRN. Conversely, neither the C3H/HeJ nor the DBA/2J mice 

showed any changes in RNA editing. Although the reason for strain differences in RNA 

editing is unclear, our data suggest that upregulation of ADARs, observed in the C57BL/6J 

strain during chronic alcohol exposure, is likely to have causative relevance.

Previous studies demonstrated that mRNA editing of 5-HT2CR reduces receptor functions, 

including 5-HT potency, agonist binding affinity, constitutive activities, and G protein 

coupling activity (Burns et al., 1997; Fitzgerald et al., 1999; Niswender et al., 1999; Wang et 

al., 2000b; Berg et al., 2001; Gurevich et al., 2002b). The unedited INI isoform has the 

potency of the constitutive activity of the 5-HT2CR, while its activity is inhibited 

proportionally to the extent of editing, with the fully edited VGV isoform displaying the 

lowest degree of receptor activity (Herrick-Davis et al., 1999; Niswender et al., 1999; Wang 

et al., 2000b). Our study revealed that VXV isoforms, including VNV and VSV, had lower 

potencies of basal receptor activity. Considering these results, the basal activity of 5-HT2CR 

in the ACC and the DRN of C57BL/6J mice should be attenuated by chronic alcohol 

exposure, compared with that in C3H/HeJ or DBA/2J mice. The constitutive activity of 5-

HT2CR in the ACC was reported to provide tonic suppression of dopamine release (De 

Deurwaerdere et al., 2004; Navailles et al., 2006). These reports speculate about the 

influence of 5-HT2CR mRNA editing on dopamine release. In particular, the ACC is a 

critical element of the mesocorticolimbic system, a brain circuit implicated in reward, 

suggesting that elevation of 5-HT2CR-RNA editing in the ACC is involved in determination 

of alcohol drinking behaviour. The DRN is also involved in the regulation of dopamine 

release in the ACC via 5-HT2CR (Yoshimoto and McBride, 1992; De Deurwaerdere and 

Spampinato, 1999). Taken together, our results suggest that increased RNA editing of 5-

HT2CR during alcohol exposure alters dopamine release in the ACC, resulting in increased 

alcohol intake in wildtype C57BL/6J mice.

In addition to increased RNA editing, 5-HT2CR expression in the ACC of C57BL/6J mice 

was also significantly increased by chronic alcohol exposure, whereas no increase was 

observed in low alcohol preferring mice. There are strain differences in the release of 5-HT 

and dopamine by alcohol stimulation (Yoshimoto et al., 1992b; Kapasova and Szumlinski, 

2008), suggesting that the increased 5-HT2CR expression may result in alterations in 

neurotransmission of 5-HT or dopamine. Indeed, 5-HT2CR expression shows an adaptive 

change following chronic administration of 5-HT2CR agonists or antagonists (Buckholtz et 

al., 1988; McKenna et al., 1989; Van Oekelen et al., 2003), or antagonists of the dopamine 

D2 receptor (Buckland et al., 1997). Alternatively, this enhancement might result from 

adaptation to the attenuation of 5-HT2CR activity brought about by RNA editing, as 

expression of 5-HT2CR in the ACC of INI-mice did not change with chronic alcohol 

exposure.

Alcohol intake did not increase in INI-mice bred on a C57BL/6J genetic background, even 

after chronic alcohol exposure. This suggests that alterations in RNA editing of 5-HT2CR in 

the ACC is crucial for determining alcohol drinking behaviour. INI-mice bred on a C57BL/6 

background exhibit no significant differences from WT littermates in anxiety-like and 
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feeding behaviours (Mombereau et al., 2010). Thus, our observation would not be attributed 

to another behavioural phenotype. In the ACC, the basal levels (i.e. before alcohol exposure) 

of the combined VXV isoforms of 5-HT2CR account for 60–75% of all isoforms in all 

inbred strains and 0% in the INI-mice; therefore, the increase in RNA editing in response to 

alcohol is potentially the most important factor in the acquisition of alcohol preference.

In conclusion, alterations in the 5-HT2CR isoform pattern and expression in the ACC and the 

DRN after chronic alcohol exposure is involved in increased alcohol-drinking behaviour. 

The precise mechanism of strain differences in the response of ADAR expression and RNA 

editing to alcohol will be clarified in future investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparison of alcohol intake among inbred mouse strains. Control (open bars) and chronic 

alcohol-exposed (solid bars) inbred mice of the C57BL/6J (B6), C3H/HeJ (C3) and DBA/2J 

(D2) strains were returned to ambient air for 5 h prior to the measurement of the intake of 

10% ethanol (a) or water (b). Consumption of ethanol or water is expressed relative to 

control. Statistical analyses were performed using Student’s t-test or Mann–Whitney’s U-

test. (c) Relative expressions of 5-HT2CR mRNA in the ACC and DRN of the three mouse 
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strains were quantified by real-time PCR. Data are presented as mean±S.D. N=6–10 per 

group. Statistical analyses were performed using one-way ANOVA (Tukey post-hoc).
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Fig. 2. 
Alteration of 5-HT2CR mRNA editing frequency after chronic alcohol exposure. (a) RNA 

editing of 5-HT2CR occurs in five positions (A–E) and leads to amino acid substitutions at 

three sites, generating 24 possible protein isoforms. Frequencies of 5-HT2CR mRNA editing 

in control (open bars) and chronic alcohol exposed mice (solid bars) were measured by 

cloning–sequencing analysis of RT-PCR products. cDNAs were prepared from the ACC and 

the DRN of C57BL/6J (b), C3H/HeJ (c), and DBA/2J (d) mice. DNAs from individual 

clones (N=56–75) were sequenced, and editing frequencies at the five sites expressed as 
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percentages. Statistical analyses were performed using Fisher’s exact test. Two-sided tests 

were used to calculate p-values.
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Fig. 3. 
Receptor activity analysis of 5-HT2CR isoforms. (a) Myc/His-tagged 5-HT2CR isoforms 

were transiently expressed in HeLa cells prior to prelabelling with myo-[3H]inositol. 

Expression levels of isoforms were evaluated by western blot analysis with anti-Myc (upper 

panel) and anti-Actin (lower panel) antibodies. An arrowhead indicates 5-HT2CR isoforms 

bands. (b) For measurement of basal receptor activity, the production of 3H-labeled inositol 

phosphate was measured after lithium-treatment. Data are presented as mean±S.E.M. (N=7 

in each group). Statistical analyses were performed using one-way ANOVA (Tukey post-

hoc). p-values as compared to INI isoform are shown above the bars. (c) 5-HT-stimulated 

receptor activity was measured 1 h after treatment with 5-HT (1×10−4−102 μM) containing 

lithium chloride. Dose–response curves are described by the Four-Parameter Logistic (4PL) 

model. (d) The EC50 values are presented as mean±S.E.M. (N=8 in each group). Statistical 

analyses were performed using one-way ANOVA (Tukey post-hoc). p-value as compared to 

INI isoform is shown above the bar.

Watanabe et al. Page 18

Int J Neuropsychopharmacol. Author manuscript; available in PMC 2014 November 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4. 
Expression analysis of adenosine deaminases acting on RNA (ADARs). Expression levels of 

ADAR1 (a) and ADAR2 (b) in control (open bars) and alcohol-exposed (solid bars) mice of 

the C57BL/6J (B6), C3H/HeJ (C3), and DBA/2J (D2) strains, were determined by real-time 

PCR. Expression levels of ADARs are expressed relative to control. Data are presented as 

mean±S.D. (N=3 per group). Statistical analyses were performed using one-way ANOVA 

(Tukey post-hoc). (c) Immunoblot analyses of ADAR1 (upper panels) and ADAR2 (middle 

panels). Samples were prepared from the ACC and DRN of control (C1 and C2) and 
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alcohol-exposed (A1 and A2) mice. (d) Band intensity was measured with ImageJ software 

and normalized to the band intensity of actin (lower panels). Expression levels of ADAR1 

(left) and ADAR2 (right) are expressed relative to control. Data are presented as mean±S.D. 

(N=3). Statistical analyses were performed using one-way ANOVA (Tukey post-hoc).
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Fig. 5. 
Drinking behaviour analysis of INI-mice. INI-mice (INI) and wildtype littermates (WT) 

were chronically exposed to alcohol vapour for 20 d. 5-HT2CR expression levels and alcohol 

intake of alcohol-exposed mice (solid bars) were compared with those of control mice (open 

bars). (a) Relative expression of 5-HT2CR mRNA in the ACC and DRN was quantified by 

real-time PCR. Data are presented as mean±S.D. (N=12). Statistical analyses were 

performed using two-way ANOVA, followed by Tukey’s post-hoc test. (b) Consumption of 

10% ethanol is expressed relative to control. Data are presented as mean±S.E.M. Statistical 

analyses were performed using two-way ANOVA, followed by Tukey’s post-hoc test. (c) 

and INI-mice (d) were measured for 4 h. Data are presented as mean±S.E.M. Statistical 

analyses were performed with repeated measures ANOVA. There was a significant 

difference between WT control and alcohol groups (F(1,18)=6.216 p=0.023).
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Table 1

Frequencies of 5-HT2C-isoforms in C57BL/6J

Number of samples is in parentheses. Amino acid sequences are represented by one-letter amino acid codes and wild-card character (X). Statistical 
analyses were performed with the use of Fisher’s exact test by GraphPad Prism 5 software. Two-sided tests were used to calculate p-values. Two-
sided

a
p=0.025,

b
p=0.008,

c
p=0.017, and

d
p=0.011 by Fisher’s exact test.
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Table 2

Frequencies of 5-HT2C-isoforms in C3H/HeJ

Number of samples is in parentheses. Amino acid sequences are represented by one-letter amino acid codes and wild-card character (X). Statistical 
analyses were performed with the use of Fisher’s exact test by GraphPad Prism 5 software. Two-sided tests were used to calculate p-values. Two-
sided

a
p=0.018 by Fisher’s exact test.
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Table 3

Frequencies of 5-HT2C-isoforms in DBA/2J

Number of samples is in parentheses. Amino acid sequences are represented by one-letter amino acid codes and wild-card character (X). Statistical 
analyses were performed with the use of Fisher’s exact test by GraphPad Prism 5 software.
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