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Abstract

Background—The aversive properties of ethanol that limit its intake are poorly understood. 

There is increasing interest in the role of the rostromedial tegmental nucleus (RMTg), because it 

encodes aversion signals and inhibits motivated behaviors. It is also a major source of inhibitory 

GABAergic inputs to the midbrain dopamine neurons. Up to this time, the role of the RMTg in 

ethanol drinking behaviors has not been well explored.

Methods—Male Long-Evans rats were trained either to drink ethanol under the intermittent two 

bottle choice protocol or to self-administer ethanol in operant chambers under fixed-ratio-3 

schedules. Changes in drinking behaviors induced by the bilateral infusion into the RMTg of α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), an agonist of AMPA-type 

glutamate receptors, or muscimol, an agonist of GABAA receptors were measured.

Results—Consumption and preference for ethanol, numbers of active lever pressing, and head 

entrance to the ethanol port, were all significantly decreased upon activation of the RMTg by the 

infusion of AMPA, but were increased upon inhibition of the RMTg by the infusion of muscimol. 

By contrast, intra-RMTg infusion of these agents did not change sucrose consumption.

Conclusions—This data shows for the first time that ethanol drinking and seeking behaviors of 

rats changed inversely with RMTg function, supporting the idea that the RMTg plays a crucial 

role in ethanol drinking behaviors.
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INTRODUCTION

The neurobiological mechanism underlying alcohol use disorders (AUDs) remains unclear. 

Like many other drugs of abuse, alcohol can be aversive as well as rewarding. While the 

rewarding properties promote, the aversive properties limit ethanol intake (Verendeev and 

Riley, 2013). Ethanol’s rewarding properties may be associated with its ability to increase 

the activity of dopamine neurons in the ventral tegmental area (VTA) and the release of 

dopamine in their target areas, such as the nucleus accumbens (Thomas et al., 2001, Nicola 

and Malenka, 1997, Di Chiara, 1998). Ethanol activates many signaling systems within 

diverse brain regions, which could contribute to its rewarding effects. Relatively little is 

known about the mechanisms that mediate ethanol-related aversion, although recent 

evidence has linked aversion to synaptic inhibition of VTA-dopamine neurons (Tan et al., 

2012, van Zessen et al., 2012). The mesopontine rostromedial tegmental nucleus (RMTg), 

also named tail of the VTA (Kaufling et al., 2009, Kaufling et al., 2010, Perrotti et al., 2005) 

is a recently identified structure that contains primarily γ-aminobutyric acid (GABA) 

neurons, which are a major source of inhibitory GABAergic input to midbrain dopamine 

neurons in the substantia nigra pars compacta and the VTA (Jhou et al., 2009a, Kaufling et 

al., 2010).

RMTg neurons are activated by aversive events (Jhou et al., 2009a, Lecca et al., 2012), 

including foot shocks, shock-predictive cues, food deprivation, or reward omission (Barrot 

et al., 2012, Jhou et al., 2009a, Hong et al., 2011). The RMTg receives a strong glutamate 

input from the lateral habenula (LHb) (Jhou et al., 2009a, Kaufling et al., 2009, Balcita-

Pedicino et al., 2011, Stamatakis and Stuber, 2012). LHb neurons are activated by aversive 

stimuli (Lecourtier and Kelly, 2007, Matsumoto and Hikosaka, 2009, Hikosaka, 2010, 

Stamatakis and Stuber, 2012) and convey anti-reward and aversive information.

Activation of the LHb-RMTg neural circuit disrupts positive reinforcement (Stamatakis and 

Stuber, 2012), and a LHb lesion increases voluntary ethanol consumption (Haack et al., 

2014). Thus, the RMTg might contribute importantly to the aversive properties of ethanol. 

In an attempt to test this hypothesis in the current study, the RMTg function was 

manipulated by directly injecting into the RMTg either the glutamate receptor agonist 

AMPA, which increases the activity of RMTg, or the GABAA receptor agonist, muscimol, 

which inhibits the RMTg. Changes in ethanol self-administration in rats that were trained to 

drink ethanol either in the intermittent access to 20% ethanol two-bottle free choice drinking 

procedure or in the operant self-administration paradigm were then measured. Here we 

provide the first evidence that ethanol drinking and seeking behaviors of rats changed 

inversely with RMTg function, supporting the idea that the RMTg plays a crucial role in 

ethanol drinking behaviors possibly through the change in ethanol-related aversion.

MATERIALS AND METHODS

Animal handling

The Animal Care and Utilization Committee of Rutgers, the State University of New Jersey, 

in accordance with National Institutes of Health guidelines minimizing the number of 

animals used and their suffering, approved all procedures. All experiments were performed 

Fu et al. Page 2

Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in male Long-Evans rats (250–350 g at the start of the experiments). The rats were 

individually housed. Food and water were available ad libitum unless indicated otherwise. 

The experimental groups, group sizes and treatment conditions throughout each 

experimental procedure are summarized in Table 1.

Intermittent-access to 20% ethanol two-bottle free choice drinking procedure (I2BC)

We used the I2BC paradigm as described previously (Li et al., 2011). Briefly, after 

acclimating to the homecage environment, rats had 24-hour concurrent access to two bottles, 

one with 20% ethanol (v/v) and another with water, starting on Monday afternoon. After 24 

hours, the ethanol bottle was replaced with a second water bottle that was available for the 

next 24 hours. This pattern was repeated on Wednesdays and Fridays. On all other days the 

rats had unlimited access to two bottles of water. In each ethanol drinking session, the 

placement of the ethanol bottle was alternated to control for side preferences. The amount of 

ethanol or water consumed was determined by weighing the bottles before access and after 

24 hours of access. Ethanol consumption was determined by calculating grams of alcohol 

consumed per kilogram of body weight. Two bottles, one containing water and one 

containing 20% ethanol in a cage without rats, was used to evaluate the spillage due to 

experimental manipulations during the test sessions. The spillage was always < 1.0 ml (< 

2.5% of the total fluid intake) during 24 hours. Body weight of all rats was recorded weekly. 

Rats under this paradigm escalated their ethanol intake and preference (Li et al., 2011).

Sucrose self-administration

A separate group of naïve rats were trained to drink 0.125% sucrose solution (wt/vol) under 

intermittent 2 bottle free choice drinking paradigm similar to that described above. Since a 

previous study reported that rats presented a ~50% preference to 0.125% sucrose as 

compared to water (Wallace et al., 2008), administration of such low concentration of 

sucrose could reduce the possible ceiling effect usually observed when a higher 

concentration of sucrose is used. In addition, the similar preference to 0.125% sucrose could 

well simulate the preference to 20% ethanol (vs. water) observed in Long-Evans rats that 

trained under the intermittent two bottle free choice drinking paradigm (Carnicella et al., 

2014). These rats received intra-RMTg cannula implantation surgery when a stable baseline 

level of sucrose intake was reached after 6 drinking sessions. After one-week recovery from 

surgery, these rats resumed sucrose drinking until a stable level was reached again, then the 

influence of intra-RMTg injections of aCSF, AMPA or muscimol on the intake of and 

preference to sucrose in 24 hours was measured.

Operant self-administration after intermittent access to ethanol

The conditioning chambers were 30 cm wide and 29 cm high and contained within larger 

sound-attenuating chambers. Two levers were located against the right wall, 7 cm from the 

floor and 1 cm from the right or left edge of the right wall. A 2.5-cm white stimulus light 

was located above each lever. A rectangular recess (3 cm in diameter) was located between 

the two levers, 3 cm above the floor. Syringe pumps delivered fluid into a fluid receptacle 

within this recess (ethanol port). A house light, located on the right wall 14 cm from the 

floor, was on for the duration of each behavioral session. In addition, the operant chambers 

contained infrared head poke detectors that recorded how many times an animal’s head 
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entered the ethanol reward port. All behavioral equipment (MED Associates, St. Albans, 

VT) was computer-controlled via software (MED Associates) that also recorded the 

responses and reinforcer deliveries during behavioral sessions. This experiment was 

conducted similarly to that described previously (Li et al., 2012, Seif et al., 2013). Briefly, 

an independent group of rats under the I2BC paradigm for 16–20 sessions received three 

overnight (12–14 h) sessions with 0.1 ml of 20% ethanol available on a fixed-ratio 1 (FR1) 

schedule after responses to the active lever. After shaping, subjects began daily 45-min 

sessions, 5 days a week. One week later, the response requirement was increased to a FR3 

schedule in 30-min sessions for two weeks. After 6 drinking sessions, when a stable baseline 

level of drinking was reached, these rats received cannula implantation into the RMTg under 

stereotaxic surgery. One week after recovery from surgery, they resumed operant self-

administration of ethanol. After 3 weeks of responding for 20% ethanol on a FR3 schedule, 

drug testing began. The calculation for ethanol consumption was based on previous studies 

(June and Gilpin, 2010):

Implantation of cannulae

Stereotaxic surgery was performed on rats as described (Li et al., 2012). Briefly, a bilateral 

guide cannula (1.2 mm width, 26 gauge, Plastics One, Wallingford, CT, USA) was inserted 

dorsally into the RMTg (A/P: −7.4 mm from Bregma and D/V: −7.5 mm from skull surface) 

based on previous work (Kaufling et al., 2009, Jhou et al., 2009b, Huff and LaLumiere, 

2015). Before microinjection, animals were taken from the colony, brought to the 

experimental room, and handled for 5 min per day until the experimental day. During this 

phase, animals became accustomed to the experimenter, the experimental room and the 

manipulation procedure, with a total of four to five sessions to decrease the stress of and 

habituate the subjects to the microinjection procedures.

At the end of the behavior tests, animals were sacrificed and the brains were dissected. 

Nissl-staining was used to verify the coordination of the cannula tip. Rats with injection sites 

outside the RMTg were excluded from further analysis.

Microinjection procedure

Drugs, including the AMPA-type glutamate receptor specific agonist AMPA (16.8 ng/300 

nl/side, 0.3 mM) or the GABAA receptor agonist muscimol (18.5 ng/125 nl/side, 1.3 mM) or 

vehicle (artificial cerebral spinal fluid, aCSF) were infused through a 28-gauge internal 

cannula (Plastics One) connected to a Hamilton 1.0 μl syringe driven by a syringe pump 

(Harvard Instruments, South Natick, MA). Rats in the operant-self-administration 

experiment received each of the three treatments (aCSF, AMPA, muscimol) in a 

counterbalanced order using a Latin square design. There was a minimum of 7 days between 

successive drug tests. We selected the doses of AMPA and muscimol based on previous 

work on the RMTg (Lavezzi et al., 2015, Jhou et al., 2012, Jhou et al., 2013).
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On the test days, microinjections were given approximately 10 min before access to ethanol. 

Obstructers were gently removed and injectors were inserted bilaterally to a depth of 1 mm 

beyond the end of the guide cannulae. Vehicle (aCSF) control or drug was infused over 1 

min into the RMTg of gently restrained rats via the internal cannulae. The injectors were left 

in place for an additional 60 s to allow for diffusion. After removal of the injector, a new 

sterile obstructer was inserted. After 10 min, rats were placed in homecage or operant 

chamber and the ethanol drinking session began.

The mean body weight was 200±10 g at the start of the experiments when rats were 

approximately 2 months old, and was 475±13 g at the first drug test session when rats were 

approximately 3 and 1/2 month old.

Chemicals and application

We purchased AMPA, muscimol and other common salts from Sigma-Aldrich Corporation, 

and ethanol from Pharmco Products (Brookfield, CT). AMPA and muscimol were dissolved 

in sterile aCSF at a stock concentration of 1 μg/μl and 5 μg/μl, respectively.

Statistical analysis

All data were expressed as mean ± S.E.M. (standard error of the mean). The baseline ethanol 

drinking data was measured at 30 minutes and at 24 hours after the start of a drinking 

session, over 3 consecutive sessions before intra-RMTg infusion. Ethanol or sucrose 

drinking data after drug treatment (AMPA or muscimol) were compared to the baseline 

and/or to aCSF injection using a One-way repeated-measures analysis of variance (RM 

ANOVA) to extract the significant main effects followed by post hoc comparisons using the 

Bonferroni t-test. Lever pressing for ethanol self-administration in the operant chamber was 

analyzed using a Two-way RM ANOVA on lever type (active versus inactive) and drug 

treatment. The number of active lever press within a 30-minute session was analyzed by a 

Two-way RM ANOVA on time and drug effect. The ethanol consumption and ethanol port 

head entry data were analyzed with a One-way RM ANOVA to extract the significant main 

effect of drug followed by post hoc analysis using Bonferroni, Student-Newman-Keuls or 

Fisher LSD method. Statistical significance was declared at p < 0.05.

RESULTS

Intra-RMTg injection of AMPA decreases voluntary ethanol consumption in rats

Long–Evans rats in the intermittent-access to 20% ethanol 2-bottle-choice drinking 

paradigm escalated their ethanol consumption, and reached a stable baseline consumption of 

4.7±0.5g/kg/day, with 53.5±4.6% preference to ethanol in ~ 2 months (data not shown), in 

keeping with previous reports (Simms et al., 2008, Li et al., 2011).

To examine the effect of activation of RMTg on ethanol consumption, we injected AMPA, 

an agonist of AMPA-type glutamate receptors, bilaterally into the RMTg 10 minutes before 

the start of an ethanol drinking session. Histological verification revealed correct cannula 

placement in 8 of the 10 rats (Fig. 1). Two rats in this experiment showing cannula 

placements outside of the RMTg were excluded from statistical analysis.
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During the initial 30 minutes, there was an overall main effect of AMPA injection 

(F(2,14)=18.7, p<0.001). Post hoc analysis revealed that intra-RMTg AMPA injection 

substantially lowered ethanol intake compared with either baseline or aCSF-treated group 

(baseline vs. AMPA, t=5.2, p<0.001; aCSF vs. AMPA, t=5.4, p<0.001; Fig. 2A). There was 

no significant difference between baseline and aCSF injection, indicating that intra-RMTg 

injection of aCSF (300 nl) did not affect ethanol consumption. In addition, intra-RMTg 

AMPA injection significantly decreased preference for ethanol (F(2,14)=13.1, p<0.001) and 

the total fluid intake (F(2,14)=6.4, p=0.011), but not water intake (F(2,14)=1.7, p=0.213). Post 

hoc analysis revealed AMPA significantly decreased preference for ethanol (baseline vs. 

AMPA, t=4.7, p<0.001; aCSF vs. AMPA, t=4.1, p<0.001; Fig. 2B) and total fluid intake 

(baseline vs. AMPA, t=3.2, p=0.02; aCSF vs. AMPA, t=3.0, p=0.027; Fig. 2D). At 24 h, 

AMPA did not significantly alter ethanol intake, ethanol preference, water intake and total 

fluid intake (all p>0.05, Fig. 2E–H).

Intra-RMTg injection of muscimol increases voluntary ethanol consumption

To examine the effect of RMTg inhibition on voluntary ethanol consumption, we injected 

muscimol, a GABAA receptor agonist bilaterally into the RMTg 10 minutes before the start 

of the drinking session. Within the initial 30 minutes of the drinking session, there was an 

overall main effect of muscimol injection (F(2,14)=7.2, p=0.007). Post hoc analysis revealed 

that intra-RMTg muscimol injection significantly increased ethanol intake (baseline vs. 

muscimol, t=3.1, p=0.024; aCSF vs. muscimol, t=3.4, p=0.012; Fig. 3A). There was no 

significant difference between baseline and aCSF injections, indicating that intra-RMTg 

injection of aCSF (125 nl) did not affect ethanol consumption. Additionally, intra-RMTg 

muscimol had significant main effects on ethanol preference (F(2,14)=5.264, p=0.02) and 

water intake (F(2,14)=5.853, p=0.014), without changing the total fluid intake 

(F(2,14)=2.671, p=0.104). Post hoc analysis found that muscimol significantly elevated 

ethanol preference (baseline vs. muscimol, t=32.7, p=0.045; aCSF vs. muscimol, t=2.8, 

p=0.039; Fig. 3B) and decreased water intake (g/kg/30min) (baseline vs. muscimol, t=32.7, 

p=0.04; aCSF vs. muscimol, t=3.1, p=0.032; Fig. 3C).

After 24 h access to ethanol, there was an overall main effect of muscimol injection 

compared with the baseline, aCSF, muscimol and at 48 h after the start of ethanol access 

(F(3, 21) = 6.132, p=0.004). Intra-RMTg muscimol injection also had significant main effects 

on ethanol preference (F(3, 21) = 16.001, p<0.001) and water intake (F(3, 21) = 4.727, 

p=0.011), but did not significantly change the total fluid intake (F(3, 21) = 2.03, p=0.14). 

Post hoc analysis revealed that muscimol significantly elevated ethanol intake (Baseline vs. 

muscimol, t=3.6, p=0.009; aCSF vs. muscimol, t=3.6, p=0.01; 48h vs. muscimol, t=3.2, 

p=0.004; Fig. 3E), ethanol preference (Baseline vs. muscimol, t=4.2, p=0.002; aCSF vs. 

muscimol, t=3.8, p=0.006; 48h vs. muscimol, t=3.7, p=0.004; Fig. 3F) and decreased water 

intake (Baseline vs. muscimol, t=3.1, p=0.029; aCSF vs. muscimol, t=3.1, p=0.031; 48h vs. 

muscimol, t=3.02, p=0.03; Fig. 3G).

Next, to determine whether the alteration in ethanol self-administration by modulating 

RMTg function is specific to ethanol, the intake of and the preference to 0.125% sucrose 

was measured using intermittent two-bottle free choice paradigm as described in the Method 
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section. Histological verification showed that only seven rats in each group had the correct 

cannula tip placements in the RMTg (Fig. 1). As shown in Figure 4, intra-RMTg AMPA did 

not significantly alter either the intake of (F(1, 6) = 0.251; p=0.634) or the preference for 

sucrose solution (F(1, 6) = 1.04; p=0.347), compared to aCSF respectively (all p > 0.05). 

Similarly, intra-RMTg muscimol did not significantly change either the intake of (F(1, 6) = 

0.808; p=0.479) or the preference for sucrose (F(1, 6) = 0.227; p=0.65) compared to intra-

RMTg aCSF injection (all p > 0.05).

Intra-RMTg infusion of AMPA or muscimol robustly change operant ethanol self-
administration

Next, we tested the effect of intra-RMTg AMPA/muscimol on ethanol seeking by using an 

operant self-administration model, as described (Li et al., 2012). Briefly, in this model, the 

delivery of the 20% ethanol reward was contingent on responses of the active lever under an 

FR3 schedule (see Material and Methods). No reward was received if the rats pressed the 

inactive lever, and the event was merely recorded as a measure of nonspecific behavioral 

activity. When the rats had maintained a stable level of responding over 20 sessions (3 

weeks) on the FR3 schedule, aCSF, AMPA or muscimol were administered 10 minutes 

before the session. Histological verification showed that only eight rats in each group had 

the correct cannula tip placements in the RMTg (Fig. 1). Two rats with cannula placements 

missed the RMTg and were excluded from statistical analysis. Figure 5 depicts operant 

responding for ethanol by rats after injection of AMPA into the RMTg. Two-way RM 

ANOVA revealed significant main effects of AMPA injection (F(3, 21) = 3.976; p=0.02) and 

lever (F(1, 7) = 107.881; p < 0.001) with a significant interaction between the two main 

factors (F(3, 21) = 4.419; p=0.019). Post hoc analysis by Bonferroni t-test revealed that 

AMPA injection significantly decreased the number of active lever pressing compared to 

any other groups (aCSF vs. AMPA, t=4.449, p<0.001; Baseline vs. AMPA, t=4.059, 

p=0.001; 24 h posttest vs. AMPA, t=2.879, p=0.038, Fig. 5A). There was no significant 

difference among aCSF, baseline and 24 h posttest (all p>0.05). There were no significant 

changes for inactive lever responding. The data analysis within 30 minutes (bin=5 minutes) 

revealed a significant main effect of time (F(5, 35) = 26.156; p<0.001) and treatment (F(3, 21) 

= 10.398; p<0.001), with a significant interaction between the two main factors (F(15, 105) = 

4.194; p<0.001). As illustrated in Fig. 5B, the operant response to the active lever mainly 

occurred during the initial 15 minutes. Thereafter, rats decreased the number of active lever 

pressing in a time-dependent manner, which is consistent with a previous study (Haack et 

al., 2014). Post hoc analysis by Bonferroni t-test revealed AMPA significantly decreased the 

number of active lever pressing during the first 10 minutes compared with Baseline, aCSF 

injection and 24 h posttest (Within 1–5 minutes: Baseline vs. AMPA, t=5.707, p<0.001; 

aCSF vs. AMPA, t=3.891, p<0.001; 24 h posttest vs. AMPA, t=5.855, p<0.001; Within 6–

10 minutes: Baseline vs. AMPA, t=4.495, p<0.001; aCSF vs. AMPA, t=3.738, p=0.002; 24h 

posttest vs. AMPA, t=4.82, p<0.001; Fig. 5B). One way RM ANOVA revealed significant 

main effects of AMPA in the head entries into the ethanol port (F(3, 21) = 3.108; p=0.048) 

and operant ethanol consumption (F(3, 21) = 3.108; p = 0.019) compared to other groups. 

Post hoc comparisons using the Fisher LSD test and Student-Newman-Keuls method 

revealed that AMPA significantly decreased the number of head entries into the ethanol port 

(Baseline vs. AMPA, p=0.023; aCSF vs. AMPA, p=0.012; 24 h posttest vs. AMPA, 
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p=0.047, Fig. 5C) and operant ethanol consumption (g/kg/30 min) (Baseline vs. AMPA, 

q=3.954, p=0.012; aCSF vs. AMPA, q=4.310, p=0.032; 24 h posttest vs. AMPA, q =4.163, 

p=0.023, Fig. 5D).

Figure 6 shows operant responding for ethanol in rats with intra-RMTg muscimol injection. 

Two-way RM ANOVA revealed significant main effects of muscimol injection (F(3, 21) = 

39.143; p<0.001) and lever (F(1, 7) = 691.021; p<0.001) with a significant interaction 

between the two main factors (F(3, 21) = 22.54; p<0.001). Post hoc analysis revealed that 

muscimol robustly increased the number of active-lever pressing compared to any other 

groups (Baseline vs. muscimol, p<0.001; aCSF vs. muscimol, t=11.406, p<0.001; 24h 

posttest vs. muscimol, t=10.792, p<0.001, Fig. 6A). No significant difference was observed 

among Baseline, aCSF injection and 24 h posttest (all p > 0.05). Interestingly, muscimol 

also had a significant main effect on inactive lever responding (F(1, 7) = 17.947, p<0.001; 

Fig. 6A). Bonferroni t-test revealed muscimol significantly increased the number of inactive 

lever pressing compared to any other groups (Baseline vs. muscimol, t=6.03, p<0.001; aCSF 

vs. muscimol, t=6.092, p<0.001; 24h posttest vs. muscimol, t =5.766, p<0.001). The data 

analysis within 30 minutes (bin=5 min) revealed a significant main effect of time (F(5, 35) = 

25.76; p<0.001) and treatment (F(3, 21) = 8.371; p<0.001), with a significant interaction 

between the two main factors (F(15, 105) = 4.355; p<0.001). Post hoc analysis revealed 

muscimol significantly increased the number of active lever pressing during the first 10 min 

compared with aCSF injection (Within 1–5 minutes: Baseline vs. muscimol, t=5.683, 

p<0.001; aCSF vs. muscimol, t=3.875, p=0.001; 24 h posttest vs. muscimol, t=5.83, 

p<0.001; within 6–10 minutes: Baseline vs. muscimol, t=4.476, p<0.001; aCSF vs. 

muscimol, t=3.722, p=0.001; 24 h posttest vs. muscimol, t=4.799, p<0.001 Fig. 6B). One 

way RM ANOVA revealed significant main effects of muscimol for the number of head 

entries into the ethanol port (F(3, 21) = 6.94, p=0.002) as well as ethanol consumption 

(F(3, 21) = 47.504, p<0.001) compared to other groups. Post hoc comparisons using 

Bonferroni t-test showed muscimol increased head entries into the ethanol port (aCSF vs. 

muscimol, t=3.922, p=0.005; Baseline vs. muscimol, t=3.322, p=0.019; 24 h posttest vs. 

muscimol, t =3.822, p=0.006, Fig. 6C) as well as ethanol intake (g/kg/30 min) (Baseline vs. 

muscimol, t=9.463, p<0.001; aCSF vs. muscimol, t=10.138, p<0.001; 24 h posttest vs. 

muscimol, t =9.589, p<0.001, Fig. 6D).

DISCUSSION

In the present study, we demonstrated that activation or inhibition of the RMTg in Long-

Evans rats by intra-RMTg infusion of the glutamate receptor agonist AMPA or the GABAA 

receptor agonist muscimol selectively reduced or increased ethanol intake in two different 

drinking models; intermittent access in home cages and operant self-administration. By 

contrast, intra-RMTg infusion of these agents did not change sucrose consumption. This 

finding indicates that the RMTg plays a critical role in modulating ethanol self-

administration.
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Increased RMTg excitability reduces ethanol intake

Most of the neurons in the RMTg received a strong glutamatergic input from the LHb (Jhou 

et al., 2009a, Kaufling et al., 2009, Balcita-Pedicino et al., 2011, Stamatakis and Stuber, 

2012, Hong et al., 2011). AMPARs, belong to the ionotropic glutamate receptor family and 

are mainly found on the postsynaptic membrane on dendritic spines and produce relatively 

fast actions in many brain areas (Chater and Goda, 2014), including the RMTg (Huff and 

LaLumiere, 2014, Jhou et al., 2013). It has been shown that local injection of AMPA (300 nl 

0.3 mM) activated the RMTg in rats (Jhou et al., 2013). In the present study, intra-RMTg 

injection of the same dose of AMPA led to a significant reduction in ethanol consumption, 

both in home cages and in operant chambers. Mechanisms underlying RMTg activation 

reducing ethanol consumption are unclear. However, given that the RMTg is a major source 

of inhibitory GABAergic input to midbrain dopamine neurons, increased RMTg activity will 

likely inhibit VTA dopamine neurons. Therefore, the reduction of ethanol consumption 

induced by intra-RMTg infusion of AMPA may be resulted from the reduction of VTA 

dopamine neuronal activity and of dopamine release in their target areas. This could 

correspond to a reduction of the euphoric effect of ethanol. This possibility is supported by 

evidence that direct excitation of VTA-GABA neurons disrupts reward-related behaviors 

(van Zessen et al., 2012). Conversely, RMTg activation induced inhibition of ethanol 

consumption may be a result of an increased aversive effect of ethanol, since the RMTg is 

known to play a critical role in aversion, and is activated by aversive stimuli. This idea is 

supported by previous evidence that activation of the RMTg (by AMPA) induced 

conditioning aversion (Jhou et al., 2013), and stimulation of VTA-GABA neurons or 

inhibition of VTA-dopamine neurons promotes aversion (Tan et al., 2012). Anatomically, 

the RMTg is an intermediate structure situated between the LHb and the VTA, mediates 

LHb-induced inhibition on dopamine neurons (Hong et al., 2011, Lecca et al., 2012). 

Functionally, activation of the LHb-to-RMTg circuit disrupts positive reinforcement 

(Stamatakis and Stuber, 2012), and activation of LHb terminals in the RMTg promotes 

behavioral avoidance, suggesting that endogenous activity of LHb glutamatergic inputs to 

the RMTg conveys information related to aversion (Stamatakis and Stuber, 2012). All of 

these evidences indicate that strong aversive stimuli can inhibit drug-seeking behavior (Jhou 

et al., 2013, Fields, 2007, Leknes and Tracey, 2008).

Inhibition of the RMTg increases ethanol intake

Previous studies have shown that VTA-DA neurons are under tonic inhibitory control 

originating in the RMTg (Jalabert et al., 2011), and that muscimol injection within the 

RMTg inhibited the RMTg (Jhou et al., 2012, Lavezzi et al., 2014, Jalabert et al., 2011). In 

the current study, we used muscimol to explore the effect of RMTg inhibition on ethanol 

consumption and found that intra-RMTg injection of muscimol robustly increased the intake 

of and the preference for ethanol. Interestingly, the effect of muscimol lasts longer than that 

of AMPA. Specifically, the effect of muscimol remained at 24 h after injection, when the 

effect of AMPA disappeared. This is in general agreement with a previous study showing 

that muscimol injection into the dorsal raphe nucleus could elevate ethanol intake for 24 h in 

Wistar rats (Tomkins et al., 1994). Moreover, the current study showed that muscimol 

substantially increased the number of active lever pressing and head entrance during operant 

ethanol self-administration. These results suggest that RMTg neurons may normally be 
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responsible for the aversive effect of ethanol and act as a break for ethanol drinking. 

Conversely, these neurons may normally inhibit the euphoric effect of ethanol, and their 

inhibition may make ethanol drinking more rewarding. Interestingly, intra-RMTg muscimol 

injection increased the inactive lever pressing in the operant chamber, suggesting that RMTg 

neurons may normally play an inhibitory role over locomotion, which is consistent with the 

observation that pharmacological inhibition of the RMTg increases locomotion (Huff and 

LaLumiere, 2015, Lavezzi et al., 2015). This is not surprising given that the RMTg projects 

to both the VTA and the substantial nigra, which control locomotion (Jhou et al., 2009a). 

The results from the combination of voluntary and operant ethanol drinking suggest that the 

RMTg may contribute importantly to the balance between the rewarding and aversive 

properties of ethanol.

Interestingly, we did not observe a significant change in sucrose intake or preference after 

intra-RMTg infusion of AMPA or muscimol. This appears to contradict with the result of a 

previous study showing that intra-RMTg infusion of AMPA produces a conditional place 

aversion (Jhou et al., 2013), suggesting a general role for RMTg in regulating reward and 

aversion. The reasons for this discrepancy are not clear, but we offer the following possible 

interpretations.

First, the current study used 0.125% sucrose solution and these rats showed no more than 

60% preference to it over water. It is possible that sucrose of low concentration lacks a 

strong reward property. Another possibility is that the alternation of RMTg plasticity 

induced by ethanol drinking is different from that by sucrose drinking. Indeed, the discovery 

of the RMTg as a distinct region began with the observation that psychostimulants induced a 

significant increase in Fos expression in a neuroanatomically distinct area that was 

eventually described as the RMTg(Jhou et al., 2009b, Kaufling et al., 2010). Considering the 

RMTg mediates aversive, reward prediction error or omission of rewards signals, ethanol 

might act on the RMTg through its aversive properties. Our recent work has shown that LHb 

neurons encode the aversive property of ethanol (Zuo et al., 2015), and RMTg is known to 

receive LHb projections directly (Jhou et al., 2009b). We propose that the LHb–RMTg 

pathway might mediate the aversive property of ethanol. Thus, ethanol may have a particular 

ability to influence plasticity in these structures, in contrast to the non-aversive sucrose.

In summary, this study demonstrates that activation or inhibition of the RMTg led to the 

decrease or increase of the voluntary and operant ethanol self-administration in rats. 

Conversely, alteration of RMTg function does not change the preference for or consumption 

of the naturally rewarding sucrose. These findings indicate that the RMTg may play a 

crucial role in the regulation of ethanol consumption, implicating that dysfunction of these 

neurons likely plays a critical role in the pathogenesis of alcohol use disorders. Collectively, 

these data suggest that RMTg neurons may encode the aversive signals of ethanol, which 

may prevent the development of ethanol addiction and thus represent a pivotal element in 

the neurobiological processes underlying ethanol addiction. Manipulating activity of the 

RMTg may be of therapeutic value in the prevention and treatment of alcohol abuse.
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Fig. 1. 
Schematic drawings of coronal sections of the rat brain showing the tip of injector 

placements from individual rats with accurate bilateral placements in the RMTg. Solid 

circles represent injector sites of animals that were under the voluntary ethanol drinking 

paradigm; blank triangles represent injector sites of animals that were under the voluntary 

sucrose drinking paradigm; blank circles represent injector sites of animals that were in 

operant self-administration of ethanol (adapted from (Paxinos and Watson, 2007).
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Fig. 2. 
Intra-RMTg AMPA injection significantly decreases ethanol consumption and preference. 

Bilateral intra-RMTg AMPA (16.8 ng/300 nl/side, 0.3 mM) injection significantly decreased 

ethanol consumption (A), preference for ethanol (B) and total fluid intake (D), but not the 

water intake (C) measured 30 minutes after the onset of the ethanol drinking session, 

compared to Baseline or aCSF treatment group. Conversely, there was no significant change 

in ethanol intake (F), preference for ethanol (G), water intake (H) and total fluid intake (I) 
measured 24 h after the onset of ethanol drinking. The values are mean ethanol ± SEM 

(One-way RM ANOVA by Bonferroni post hoc test). * p < 0.05; *** p < 0.001 significant 

difference compared with Baseline or aCSF injection, n=8.
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Fig. 3. 
Intra-RMTg muscimol injection significantly increases ethanol consumption and preference. 

Muscimol (18.5 ng/125 nl/side, 1.3 mM) significantly increased ethanol consumption (A 
and E) and preference (B and F), but decreased water intake (C and G), without changing 

the total fluid intake (D and H) at either 30 min or 24 h after the onset of the ethanol 

drinking session. Muscimol did not alter ethanol intake 48 h after the onset of ethanol 

drinking. Values are mean ± S.E.M., (One-way repeat measure ANOVA followed by 

bonferroni post hoc test; n=8 for 30 min and 24h test). * p < 0.05 and ** p < 0.01 vs. 

Baseline, aCSF or 48 hours.
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Fig. 4. 
Intra-RMTg injection of AMPA or muscimol does not alter the intake or preference for 

sucrose. AMPA or muscimol did not alter the intake (A) of and preference (B) for 0.125% 

(w/v) sucrose. Values are mean ± S.E.M., (unpaired t-test; n=7, for each drug test).
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Fig. 5. 
Intra-RMTg AMPA injection decreases ethanol seeking. AMPA was administered 10 

minutes before the start of the ethanol-drinking session. AMPA (16.8 ng/300 nl/side, 0.3 

mM), decreased the number of active lever pressing, but not inactive lever pressing during 

the 30-min test session (A). The data analysis within 30 mins (bin= 5 min) revealed that 

AMPA significantly decreased the active lever pressing during the initial 10 mins (B). 
AMPA injection also reduced the number of head entries into the ethanol port (C) as well as 

ethanol intake (D). Values are mean ± S.E.M. (one-way or two-way RM ANOVA followed 

by Bonferroni, Fisher LSD test or Student-Newman-Keuls post hoc test; n=8). * p < 0.05 

and *** p<0.001, there was a significant difference compared with Baseline, aCSF injection 

or 24 h post-test., n=8.
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Fig. 6. 
Intra-RMTg muscimol injection increases ethanol seeking. Muscimol (18.5 ng/125 nl/side, 

1.3 mM) robustly elevated the number of active lever pressing (A). Data analysis within 30 

min (bin=5 min) revealed that muscimol significantly increased active lever pressing during 

the initial 10 min (B). Muscimol injection increased the number of head entries into the 

ethanol port (C) and ethanol intake (D) during the 30-min session. Values are mean ±S.E.M. 

(one-way or two-way RM ANOVA followed by Bonferroni post hoc test; n=8). * p < 0.05 

and *** p<0.001, compared with Baseline, aCSF or 24 h post-test; Δp <0.001, compared 

with aCSF; ### p<0.001, compared with baseline, aCSF or 24 h post-test on inactive lever 

pressing.
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Table 1
Summary of experimental groups and timeline of procedures

There were 10 rats in each of the six groups, and only 7–8 rats in each group had the correct cannula tip 

placements within the RMTg and were included in the data statistics.

Rat group Number of rats Experiments

1 10 (8) Test effects of AMPA with intermittent access to 20% ethanol at 30 minute and 24 hour.

2 10 (8) Test effects of muscimol with intermittent access to 20% ethanol at 30 minute, 24 and 48 hour.

3 10 (7) Test effects of AMPA with intermittent access to 0.125% sucrose at 24 hour.

4 10 (7) Test effects of muscimol with intermittent access to 0.125% sucrose at 24 hour.

5 10 (8) Test effects of AMPA with operant ethanol self-administration during 30 minute.

6 10 (8) Test effects of muscimol with operant ethanol self-administration during 30 minute.
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