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Abstract

Background—The P2X4 receptor is thought to be involved in regulating alcohol-consuming 

behaviors and ethanol (EtOH) has been reported to inhibit P2X4 receptors. Ivermectin is an anti-

parasitic agent that acts as a positive allosteric modulator of the P2X4 receptor. The current study 

examined the effects of systemically- and centrally-administered ivermectin on alcohol drinking of 

replicate lines of high-alcohol-drinking (HAD-1/HAD-2) rats, and the effects of lentiviral-

delivered short-hairpin RNAs (shRNAs) targeting P2rx4 on EtOH intake of female HAD2 rats.

Method—For the 1st experiment, adult male HAD-1 & HAD-2 rats were given 24-hr free-choice 

access to 15% EtOH vs. water. Dose-response effects of ivermectin (1.5 to 7.5 mg/kg i.p.) on 

EtOH intake were determined; the effects of ivermectin were then examined for 2% w/v sucrose 

intake over 5 consecutive days. In the 2nd experiment, female HAD-2 rats were trained to consume 

15% EtOH under 2-hr limited access conditions, and dose-response effects of 

intracerebroventricular (ICV) administration of ivermectin (0.5 to 2.0 μg) were determined over 5 

consecutive days. The 3rd experiment determined the effects of microinfusion of a lentivirus 

expressing P2rx4 shRNAs into the posterior ventral tegmental area (VTA) on 24-hr EtOH free-

choice drinking of female HAD-2 rats.

Results—The highest i.p. dose of ivermectin reduced alcohol drinking (30-45%) in both rat 

lines, but did not alter sucrose intake. HAD-2 rats appeared to be more sensitive than HAD1 rats 

to the effects of ivermectin. ICV administration of ivermectin reduced 2-hr limited access intake 

(∼35%) of female HAD-2 rats; knockdown of P2rx4 expression in the posterior VTA reduced 24-

hr free choice EtOH intake (∼20%).

Conclusion—Overall, the results of the current study support a role for P2X4 receptors within 

the mesolimbic system in mediating alcohol drinking behavior.
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Introduction

P2X4 receptors (P2X4Rs) are the most widely expressed functional ATP-gated purinergic 

receptor in the CNS (e.g. Coddou et al., 2011). These ionotropic receptors modulate 

signaling of several neurotransmitter systems, including GABA, glycine, glutamate, and 

nicotinic acetylcholine (Adelsberger et al., 2000; Krause et al., 1998; Tabakoff et al., 2009; 

Sattelle et al., 2009). Furthermore, these receptors are localized in key brain regions 

associated with alcohol consumption and reinforcement, such as the ventral tegmental area 

(VTA) and nucleus accumbens (NAc); i.e., the mesolimbic reward pathway (Pierce et al., 

2006; Xiao et al., 2008). Findings indicate that intoxicating and anesthetic ethanol (EtOH) 

doses desensitize the response of P2X4R-expressing cell lines to ATP exposure (Li et al., 

1993; Xiong et al., 2000; Davies et al., 2005; Ostrovskaya et al., 2011), suggesting EtOH 

alters the effects of these receptors on modulating neurotransmission. This effect likely 

occurs in part at P2X4R ectodomain-transmembrane segment interfaces (Lalo et al. 2007; 

Asatryan et al., 2008), as the inhibitory effect of EtOH on P2X4Rs may be reversed by point 

mutations in these areas (Popova et al., 2010).

Expression of P2rx4, the gene that codes for P2X4Rs, has been reported to correlate 

negatively with alcohol intake of recombinant inbred rat strains, which have low to 

moderate alcohol intakes (Tabakoff et al., 2009). In contrast, P2rx4 expression is 

significantly higher in the VTA of high-alcohol drinking replicate (HAD-2) rats compared to 

their low-alcohol-drinking (LAD-2) counterparts (McBride et al., 2012). However, opposite 

findings were observed in the VTA of HAD1 vs. LAD1 and alcohol-preferring (P) vs. non-

preferring (NP) rats (McBride et al., 2012). In addition, other differences in innate 

expression of many other genes also exist in the VTA between the HAD2-LAD2 line-pair 

vs. the HAD1-LAD1 line-pair (McBride et al., 2012). Other differences between these line-

pairs have been reviewed (Murphy et al., 2002).

Similar to EtOH, ivermectin (22,23-dihydroavermectin B1a + B1b) modulates 

neurotransmission, in part, through its actions at P2X4R ectodomain-transmembrane 

segment interfaces (Popova et al., 2010; Lalo et al. 2007). Ivermectin is an anti-parasitic 

agent used in veterinary and clinical medicine (e.g. Gonzalez et al., 2012). In addition to its 

anti-helminthic properties, ivermectin is a selective, positive allosteric modulator of ATP-

evoked currents at P2X4Rs (Lalo et al. 2007; Priel and Silberberg, 2004). It typically 

enhances inhibitory neurotransmission and decreases excitatory transmission (Shan et al., 

2001), although evidence suggests that ivermectin blocks some of the behavioral effects of 

GABA agonists as well (Davies et al., 2013). Similarly, molecular modeling suggests that 

ivermectin blocks some of the inhibitory effects of EtOH at P2X4Rs, possibly through 

interfering with EtOH at an overlapping site of action (Asatryan et al., 2010, 2014).

To date, few pre-clinical studies have investigated the effects of direct manipulation of 

P2X4Rs (including with ivermectin) on alcohol self-administration in rodents. These reports 
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all found that a single systemic ivermectin exposure reduces alcohol self-administration 

(Kosten 2011; Yardley et al. 2012; Asatryan et al., 2014). Ivermectin was reported to 

interfere with EtOH-induced reinforcement and conditioned approach behaviors in Sprague-

Dawley rats (Kosten, 2011), as well as two-bottle choice EtOH self-administration and 

preference under intermittent, 4-hr limited access and continuous access conditions in 

C57BL/6 mice (Yardley et al., 2012; Asatryan et al., 2014).

However, the effects of ivermectin have not been tested in rats genetically selected for high 

alcohol intake. These animals will consume sufficient alcohol to obtain pharmacologically 

relevant blood alcohol concentrations under limited access, continuous access and relapse-

like conditions (Bell et al. 2006, 2011, 2012, 2014; Dhaher et al. 2012; Murphy et al. 1986, 

2002). The present series of experiments were designed with the objective of testing the 

effects of ivermectin using repeated administration in suitable animal models of alcoholism 

(Bell et al., 2012; McBride et al., 2014). Given the growing literature indicating P2X4Rs are 

involved in alcohol drinking (Franklin et al., 2014), the current study hypothesized that 

systemic, intracerebroventricular, and CNS site-specific modulation of P2X4R activity 

would alter alcohol drinking by replicate rat lines selectively bred for high alcohol intakes 

(i.e., HAD-1 and HAD-2 rats).

Methods

Subjects

Adult, male HAD-1 and HAD-2 rats (n = 8/rat line/dose) were used for the intraperitoneal 

(i.p.) ivermectin experiments, and adult female HAD-2 (n = 6-7/group) rats were used for 

intracerebroventricular (ICV) and lentiviral experiments. Subjects were 90-120 days old at 

the start of the experiments. All rats received free access to standard laboratory chow and 

water throughout all of the experiments. The subjects were housed individually in hanging 

stainless steel wire-mesh cages (with Plexiglas platform) and maintained on a 12/12 hr light 

cycle, with lights off at 10:30 hrs for all but the viral vector experiment (19:00 hr when 

lights went out) in a temperature- (21°C) and humidity- (50%) controlled vivarium. Animals 

used in these procedures were maintained in facilities fully accredited by the Association for 

the Assessment and Accreditation of Laboratory Animal Care (AAALAC). All experimental 

procedures were approved by the Institutional Animal Care and Use Committee of the 

Indiana University Schools of Dentistry and Medicine (Indianapolis, IN) and are in 

accordance with the guidelines of the Institutional Animal Care and Use Committee of the 

National Institute on Drug Abuse, National Institutes of Health, and the Guide for the Care 

and Use of Laboratory Animals (Research Institute for Laboratory Animal Research, 2011).

Test Compounds

The EtOH solution was prepared as 15% v/v in tap water from 190-proof EtOH. The sucrose 

solution was prepared at a 2% w/v concentration in tap water. For peripheral experiments, 

ivermectin solution (10 mg/ml in 60% propylene glycol) (Norbrook Inc., Lenexa, KS) was 

diluted in 0.9% NaCl in water (sterile saline) to a concentration that would allow for an i.p. 

injection volume of 1 ml/kg of body weight, in doses ranging from 1.5-7.5 mg/kg (c.f. 

Trailovic and Nedeljkovic, 2011). The vehicle consisted of propylene glycol (Sigma-Aldrich 
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Co. LLC, St. Louis, MO, USA) in sterile saline, at a concentration equivalent to that present 

in the highest ivermectin dose used for each experiment. For ICV experiments, the 

ivermectin solution was diluted in artificial cerebrospinal fluid (aCSF: 120 mM NaCl, 

4.75mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 2.5 mM CaCl2, 10 mM 

D-glucose, pH 7.2-7.4) in doses ranging from 0.5 to 2.0 μg. Vehicle was composed of 

propylene glycol in aCSF in a concentration equivalent to the highest dose.

For lentiviral vector experiments, 19 nucleotide targeting siRNAs were designed using the 

Dharmacon siDesign Center (GE Healthcare, Pittsburgh, PA). Oligonucleotides encoding 

shRNAs were cloned into the lentiviral vector pLL3.7 as described previously (Lasek et al., 

2007). Lentiviral plasmids expressing shRNAs were screened for the ability to knockdown 

expression of P2rx4 in cell culture. The most effective targeting sequence was chosen for 

microinfusion studies into the rat VTA and exhibited approximately 50% knockdown of 

P2rx4 expression. The 19 nucleotide targeting sequence was: 5′-

GCACACTCACCAAGGCGTA-3′. High-titer lentivirus was produced in 293FT cells as 

described previously (Lasek et al., 2007).

Effects of i.p. Ivermectin on EtOH and sucrose intakes

Rats were given 15% EtOH for 6 weeks to stabilize EtOH intakes. The animals were 

provided free-choice access to EtOH 24 hr/day (including weekends), except during periods 

of husbandry and when weights were being assessed. Water and food were always available. 

Following stabilization of EtOH drinking, each line of rats was balanced across doses for 

equivalent EtOH intakes, according to average daily EtOH intake obtained from the last five 

days of the acquisition phase (n = 8/line/dose). Subjects then received random, double-blind 

assignment to one of 5 groups: 1.5, 3.0, 5.0 or 7.5 mg/kg ivermectin, or vehicle. All of the 

current doses are below the 10 mg/kg dose level that has been reported to induce CNS 

toxicity (Lerchner et al., 2007). Each dose was tested in a separate group of rats. Due to the 

slow clearance of ivermectin and its slow passage across the blood-brain barrier (Merck et 

al., 1988; Yardley et al., 2012), 24-hr EtOH drinking was assessed at 4 and 24 hr following 

ivermectin administration. Rats were injected (i.p.) for 5 consecutive days.

A separate group of EtOH-naïve male HAD-1 rats was used to assess the effects of 

ivermectin on 24-hr sucrose intake. These animals were provided two weeks of 24-hr access 

to 2% w/v sucrose and water. Rats then were administered (i.p.) 3.0, 5.0 or 7.5 mg/kg 

ivermectin, or vehicle (n = 7/group) for 5 consecutive days. Injections occurred 30 min prior 

to onset of the dark cycle; subjects were assessed for sucrose and water intake at 24 hr 

following ivermectin injection. For all subjects, body weights were recorded daily (Mon.-

Fri.).

Effects of ICV Ivermectin on EtOH intake

A separate group of female HAD-2 rats were used for the ICV experiment. These rats were 

given a standardized alcohol drinking acquisition phase, during which EtOH access was 

limited as follows: 14 days with 24-hr free-choice access; followed by 1 week (5 days) of 8-

hr access; 1 week (5 days) of 4-hr access; and 2 weeks (5-days/week) with 2-hr access. All 

alcohol drinking sessions began at the start of the dark phase. Subjects did not have EtOH 
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access on weekends, with the exception of the initial 14-day, 24-hr free-choice access 

period. Water and food were always available.

Stereotaxic Surgery—While under isoflurane anesthesia, female HAD-2 rats were 

implanted unilaterally with 22-gauge guide cannulae (Plastics One, Roanoke, VA, USA) 

aimed 3 mm above the lateral ventricle (AP -1.0, ML +1.5, DV -4.0, 0.0° offset from 

vertical; Paxinos and Watson 1998). Cannulae were secured to the skull with cranioplastic 

cement. Subjects were allowed to recover from surgery for 5 days. Next, rats underwent 5 

days of 2-hr access to EtOH to establish postsurgical baseline EtOH drinking levels.

Microinjection Procedure—Hamilton syringes (Hamilton Company, Reno, NV, USA) 

were placed on a microinfusion pump (Harvard Apparatus, Hilliston, MA, USA), and 

connected by polyethylene (PE) tubing (Becton Dickins and Company, Sparks, MD, USA) 

to a 26-gauge internal cannula (Plastics One, Roanoke, VA, USA). The infusates were 

loaded into the PE tubing, and primed for delivery through the internal cannulae. The 

internal cannula extended 3 mm beyond the guide cannula into the lateral ventricle. The 

microinfusion pump was programmed to deliver 1 μl infusate, at a 0.2 μl/min flow rate, over 

a period of 5 minutes.

On the final day of the 5-day postsurgical baseline EtOH drinking assessment period, rats 

were “mock” infused with aCSF 30 minutes prior to EtOH access to allow habituation to the 

process and sensation of infusion. Next, subjects were assigned at random to receive 

ivermectin at doses of 0.5, 1.0, 1.5 or 2.0 μg, or aCSF, by ICV infusion, at 0.2 μg/min flow 

rate for 5 minutes, daily across the 5-day test period. Following the infusions, the internal 

cannulae remained inserted for an additional 2.5 minutes to allow dispersal of the infusate. 

Microinjections occurred 30 min prior to EtOH access, which coincided with the beginning 

of the dark cycle. Each dose was tested in a separate group of rats. For all subjects, body 

weights and 24-hr water consumption were recorded daily (Mon.-Fri.) prior to the start of 

testing.

Histological Placements—Following testing, methylene blue dye (Sigma-Aldrich Co. 

LLC, St. Louis, MO, USA) was infused through the internal cannula, and animals were 

euthanized with CO2 inhalation and decapitated. Brains were immediately removed and 

frozen at −80°C. Brains were sliced in 40-μm sections on a cryostat vibratome (Leica 

Microsystems Inc., Bannockburn, IL), and infusion locations were verified within the lateral 

ventricle, according to the Paxinos and Watson (1998) rat brain atlas. Data from animals 

exhibiting surgical placements in areas outside of the lateral ventricle were excluded.

Effects of P2rx4 shRNA on EtOH intake of HAD-2 rats

Female HAD-2 rats had 10 weeks of 24 hr free-choice access to 15% EtOH prior to surgery. 

EtOH (g/kg) and water (ml/kg) intakes were assessed 5 days/wk (Mon-Fri). Body weights 

were measured 3 days/wk. Food and water were freely available. Following 10 weeks of 24-

hr EtOH access, EtOH drinking levels were assessed and animals received pseudo-random 

assignment to one of three treatment groups: active P2rx4 shRNA, a control shRNA group 

as described previously (Lasek et al., 2007), or a third group that did not undergo the 
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surgical procedure (n = 7/group). Groups were balanced for equal EtOH intakes (mean ± 

S.E.M.: 7.2 ± 0.6 g/kg/24 hrs). HAD-2 rats were used for this experiment because our 

laboratory previously reported that P2rx4 expression is innately higher in the VTA of 

HAD-2 relative to LAD-2 rats (McBride et al., 2012).

During stereotaxic surgeries each animal received bilateral infusions aimed at the posterior 

VTA (AP -5.6, ML +2.1, DV -7.5, 10.0° angle; Paxinos and Watson, 1998). Animals were 

infused with either 3 μl of lentivirus expressing P2rx4 shRNA (1.5 μl/side) or a lentivirus 

expressing a control shRNA at a flow rate of 0.2 μl/minute. The infusate was allowed 10 

minutes to diffuse into the extracellular space. Animals were quarantined for 72 hr where 

they had unrestricted access to water, food and EtOH before being returned to their home 

cages for an additional 6 weeks.

Verification of the effects of shRNA on P2X4Rs in the VTA

Brains were sectioned in the coronal plane on a cryostat; 20 μm sections containing the VTA 

(Bregma -5.3 through Bregma -6.3), were mounted on slides and then fixed with 4% 

paraformaldehyde. Twelve to 16 sections from each animal were processed 

immunohistochemically using antigen retrieval and double fluorescence labeling for GFP 

(mouse anti-green fluorescent protein monoclonal antibody, 1:1000, Millipore Corp, 

Billerica, MA, USA), which is expressed from the lentiviral vectors, and for P2X4R (rabbit 

polyclonal antibody, 2 μg/ml, Abcam, Cambridge, MA, USA). Analysis of the stained 

sections was then done on an Olympus AX70 microscope (Olympus America, Center 

Valley, PA, USA) equipped with filter cubes for fluorescent visualization of Dylight 594 

(excitation of 591 nm and emission of 616 nm) and Alexa Fluor 488 (excitation of 495 nm 

and emission of 519 nm), with an Olympus CC-12 camera digital imaging system and 

CellSense software (Olympus America, Center Valley, PA, USA). Visualization of P2X4R 

was performed using Dylight 594-conjugated AffiniPure Donkey anti-rabbit IgG (1:500, 

Jackson ImmunoResearch Laboratories (West Grove, PA, USA)) and for GFP with Alexa 

Fluor 488-conjugated AffiniPure Donkey anti-mouse IgG (1:200, Jackson ImmunoResearch 

Laboratories). The images from sections within the VTA between Bregma -5.3 through 

Bregma -5.8 were imported into Adobe Photoshop, the VTA on each section outlined, and 

all P2X4R-positive cells within this outline were counted. The cell counts for each animal 

reflect the average number of P24XR-positive cells counted/section.

Data analyses and statistics

Water, sucrose, and EtOH intakes were determined from changes in the weight of glass 

drinking bottles. EtOH intakes were then converted to g of absolute (i.e., corrected for 

specific gravity) EtOH consumed/kg of body weight/unit of time. Water and sucrose were 

analyzed as ml fluid consumed/kg of body weight/unit of time.

EtOH, sucrose and water intakes were analyzed as cumulative intake at each time point. A 

4-way (line × dose × day × time) ANOVA with repeated measures for day and time was 

conducted for EtOH intakes. If a significant line effect was detected (which was the case), 

the data for each rat line were analyzed separately. A 3-way (dose × day × time) ANOVA 

(with repeated measures for day and time) was conducted for (a) EtOH intakes at 4 and 24 
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hr post-ivermectin treatment; and (b) 4 and 24-hr water intakes. Two-way (dose × day) 

ANOVAs (with repeated measures for day) were performed for body weights, for each rat 

line.

For sucrose intakes, 3-way (dose × day × time) ANOVAs (with repeated measures for day 

and time), were conducted for (a) sucrose intakes at 24 hours post-ivermectin treatment 

(cumulative); and (b) water intakes at 24 hours post-ivermectin treatment, and 2-way 

ANOVAs (dose × day) were conducted for body weights.

For all i.p. ivermectin-exposure experiments, if a significant interaction term or overall dose 

effect was obtained, then individual one-way ANOVAs were conducted on the first test day 

and for the average intake across the last 4 days of the test-phase for (a) EtOH at 4 and 24 

hours or sucrose intakes at 24 hours following ivermectin treatment; (b) water intakes at 4 

and 24 hours following ivermectin treatment and (c) body weights. Dunnett's multiple 

comparison t-tests were used to determine individual significant dose effects, relative to 

vehicle control-values.

For the ICV experiment, 2-way (dose × day) ANOVAs (with repeated measures for day) 

were conducted for (a) 2-hr EtOH intakes; (b) 2- and 24-hr water intakes; and (c) body 

weight. If a significant interaction term or overall dose effect was obtained, then individual 

one-way ANOVAs were conducted on the first test day and the average intake across the 

last 4 days of test-phase. Dunnett's multiple comparison t-tests were used to determine 

individual significant dose effects, relative to control-values.

Two-way (group × week) ANOVAs were utilized to evaluate the effects of P2rx4 shRNA 

expression on EtOH and water intakes, as well as body weights, relative to the control vector 

or non-injected controls during the final 4 weeks of the alcohol drinking. Significant overall 

effects were analyzed further with one-way ANOVAs, followed by Dunnett's multiple 

comparisons testing. A mixed linear regression model was used to compare cell counts 

between animals that received the active P2rx4 shRNA and the control shRNA.

Results

Effects of i.p. Ivermectin Administration

Cumulative EtOH intakes were recorded at 4 and 24 hr following ivermectin injections. 

Approximately 35% of the total daily EtOH intake was consumed within the first 4 hr. For 

HAD-1 rats, the 4-way ANOVA revealed a significant 4-way interaction [F(16,140) = 

2.530, p < 0.01], as well as significant main effects for dose [F(4,35) = 5.491, p < 0.01], day 

[F(4,140) = 3.290, p < 0.05], and time [F(1,35) = 799.056, p < 0.001].

For HAD-1 rats (Figs. 1a & 1b), the highest (7.5 mg/kg) ivermectin dose reduced EtOH 

drinking on the 1st day at 4 (∼55%) and 24 (∼40%) hr relative to vehicle-values (p < 0.05). 

Across the last 4-day test, the highest (7.5 mg/kg) ivermectin dose reduced (∼35%) alcohol 

drinking at 4 and 24 hr following treatment, relative to vehicle-values (p-values < 0.05).

For HAD-2 rats, the ANOVA did not reveal a 4-way interaction. However, there were 

significant main effects for dose [F(4,35) = 5.784, p < 0.001], day [F(4,140) = 7.420, p < 
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0.001], and time [F(1,35) = 665.101, p < 0.001]. For EtOH intake (Figs. 1c & 1d), the 

highest (7.5 mg/kg) ivermectin dose reduced EtOH drinking by 50-55% on the 1st day at 4 

and 24 hr relative to vehicle-values (p < 0.01). In addition, on the 1st test day, the 5.0 mg/kg 

ivermectin dose also reduced (∼40%) EtOH drinking, at the 4-hr time point, relative to 

vehicle-values (p < 0.05; Fig. 1c). Across the last 4 days of alcohol drinking test, the 5.0 and 

7.5 mg/kg ivermectin doses reduced (∼30%) EtOH drinking at the 4-hr time point (p < 0.05; 

Fig. 1c) but there was only ∼21 % reduction for 24-hr time point (p = 0.13) (Fig. 1d).

For 24-hr sucrose intakes by HAD-1 males, the omnibus 3-way ANOVA did not reveal dose 

× day × time or dose × day interactions, nor were there significant main effects for dose 

(Table 1).

ICV Ivermectin Administration

The aCSF infusion given on the day prior to testing for effects of ivermectin revealed that 

microinjection of the vehicle did not alter EtOH intake by HAD-2 females, relative to 

baseline EtOH drinking days. During testing, the 2-way ANOVA did not reveal a dose × day 

interaction; however, there was a significant main effect of dose [F(4,26) = 6.287, p < 

0.001]. Simple effect analyses revealed that infusion with 1.5 or 2.0 μg doses of ivermectin 

reduced alcohol drinking by approximately 35% on the 1st test day (p-values < 0.05) and 

infusions with 0.5, 1.0, 1.5 or 2.0 μg doses of ivermectin reduced alcohol drinking by 

approximately 23-33% across the last 4 days of alcohol drinking test relative to vehicle-

values (p-values < 0.05; Fig. 2). Two of the animals given the 1.5 μg dose of ivermectin 

were lost during the experiment, and their data were not included in the analyses. We did not 

observe any problems with the 2.0 μg dose or any of the lower doses of ivermectin.

Effects of lentiviral-delivered P2rx4 shRNA in the posterior VTA on EtOH intake of HAD-2 
rats

There was a significant effect for group [F(2,302) = 11.851, p < 0.001], but no group × week 

interaction or main effect for week. Simple effect analyses revealed a significant effect of 

group on EtOH drinking during the 2nd and 4th test weeks [F's >3.946, p's < 0.05], as well as 

a marginally significant effect during the 3rd test week. Over the final 4 weeks of the test 

period, the average EtOH intake in the active viral vector group was reduced approximately 

30% relative to the scrambled control vector group (p < 0.001) and approximately 20% 

compared to the non-injected group (p < 0.01; Fig. 3a). No statistical differences were 

present between the scrambled vector and non-injected control groups (p = 0.211).

For 24 hr water intake, there were significant effects for group [F(2,253) = 10.611, p < 

0.001] and week [F(3,253) = 5.214, p < 0.01], but no group × week interaction. Over the 

final 4 weeks of the test period, water intake was reduced (∼20%) in the active (83.3 ml/kg 

± 3.3) and scrambled (82.9 ml/kg ± 4.0) vector groups, relative to the non-injected group 

(101.2 ml/kg ± 3.9). Infusion with the active P2rx4 shRNA-expressing virus did not alter the 

weekly or average body weights over the period, relative to either of the control groups (data 

not shown).
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Dual immunofluorescent staining of GFP and P2X4R in virus-infected VTA (Figs. 3c and 

3d) demonstrated that the active P2rx4 shRNA virus caused a significant decrease (∼40%) 

in P2X4R-positive cells within the VTA compared to the control shRNA virus (p = 0.0006; 

Fig. 3b). There were no significant differences for GFP-positive cell counts between groups 

(p = 0.44). Random effects were included for each animal and a random effect of side 

(nested within animal). However, the sides examined did not have a significant effect (p = 

0.99; for sections/animal, 9.1 vs. 7.6; for sections right side/animal, 4.7 vs. 3.7; and for 

sections left side/animal, 4.4 vs. 3.0 for shRNA P2rx4 vs. shRNA Scr). There was some 

viral infusion into the anterior VTA in 3 out of 7 scrambled rats and in 2 out of 7 of the rats 

given the active vector. Laser capture microdissection/quantitative-PCR analysis (LCM/

qPCR) of GFP-positive cells also revealed a ∼36% decrease in P2rx4 gene expression with 

the active vector (6.35± 0.13 relative P2rx4/Gapdh) within the VTA compared to P2rx4 

expression in virus-infected cells expressing control (9.95± 0.22 relative P2rx4/Gapdh) 

shRNA (data not shown).

Discussion

The major findings of this study are that (1) repeated i.p. administration of ivermectin, at the 

highest dose tested (7.5 mg/kg), significantly reduced EtOH intake but did not alter sucrose 

intake; (2) ivermectin was more effective in reducing EtOH intake by HAD-2 vs. HAD-1 

rats during the 4 hour time point; (3) ICV administration of ivermectin also effectively 

reduced EtOH drinking; and (4) microinfusion of virus expressing shRNA targeting P2rx4 

into the posterior VTA of HAD-2 rats reduced EtOH drinking as well. Notably, both male 

and female HAD rats were tested and these reductions in EtOH intake were consistent 

across the sexes, suggesting the effects observed are not sex-dependent. Overall, the data 

support a role for P2X4Rs in mediating alcohol drinking by HAD rats.

The highest (7.5 mg/kg) i.p. ivermectin dose was the most effective at reducing EtOH 

drinking. Across the two 5-day test-phases of EtOH drinking, this dose reduced 4- and 24-hr 

EtOH intake in HAD-1 and HAD-2 rats by approximately 30-40% (Figs. 1a-1c). Previous 

reports indicated that acute ivermectin doses below 2.5 mg/kg were ineffective in reducing 

EtOH intake of C57BL/6 mice (Yardley et al., 2012). In line with this, the current study also 

necessitated a higher dose (at least 5 mg/kg) before significant alterations in EtOH drinking 

became apparent.

Acute (1st day) i.p. ivermectin exposure reduced 24-hr free-choice EtOH drinking of HAD-1 

and HAD-2 rats. A single administration of 2.5-10 mg/kg ivermectin was reported to reduce 

two-bottle choice intake and preference for 10% EtOH by C57BL/6 mice, using 24-hr 

continuous access conditions (Yardley et al., 2012; Asatryan et al. 2014). Kosten (2011) 

similarly reported that a single 10 mg/kg ivermectin injection reduced the amount of work 

that Sprague-Dawley rats would expend to obtain access to EtOH during a 3-hr operant test 

of alcohol self-administration. Taken together, it is likely that, despite the slow CNS 

penetration of ivermectin (Yardley et al., 2012; Asatryan et al., 2014), it is effective at 

reducing EtOH intake on the 1st day of treatment. Moreover, in the current study, the EtOH-

reducing effects of the high ivermectin dose were present across the 5-day test-phase, 

suggesting tolerance did not develop to ivermectin administration. Somewhat in agreement 
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with this idea, Yardley et al. (2012) reported that 7-day repeated systemic administration of 

a sub-threshold (1.25 mg/kg) dose of ivermectin reduced 24-hr EtOH intake by C57BL/6 

mice.

Consistent with reports that systemic administration of 2.5 or 10.0 mg/kg ivermectin doses 

results in significant brain ivermectin levels that correlate with alcohol drinking reductions 

(Yardley et al., 2012), we found that ivermectin produced similar reductions in EtOH 

drinking when administered centrally or peripherally. Thus, it is likely that the effects of 

ivermectin in reducing alcohol drinking may be, at least in part, central nervous system 

driven. EtOH intakes across the last 4 days of ICV test period were reduced by 33% by 

infusion with 2 μg ivermectin, relative to vehicle-values (Fig. 2). Ivermectin crosses the 

blood brain barrier at a very slow rate; a dose of 5 mg/kg or 10 mg/kg (i.p.) reaches 1.81 

ng×h/mg to 2.2 ng×h/mg, respectively, in brain tissue (Asatryan et al., 2014;Yardley et al., 

2012). Since we did not examine the concentration of ivermectin in brain tissue, we are not 

certain if the brain tissue levels of ivermectin following ICV administration are similar to 

levels obtained with i.p. injections. However, considering the route of administration, it is 

possible that brain tissue levels of ivermectin following ICV administration may be higher 

than brain tissue levels following i.p. administration.

The results of the current study indicate that ivermectin does not significantly alter sucrose 

intake (Table 1), water intake or body weight (data not shown). Similarly, Yardley et al. 

(2012) reported that ivermectin did not alter operant sucrose responding in male mice. 

Previous reports indicated that ivermectin does not significantly alter water intake (Asatryan 

et al. 2014) or that it increases water intake (Yardley et al. 2012).

Ivermectin has been shown to induce motor impairments, such as somnolence and ataxia, at 

doses above 10 mg/kg (i.v.), whereas lower doses (up to 7.5 mg/kg, i.v.), did not induce 

signs of motor or CNS depression (Trailovic and Nedeljovic, 2011). The current study did 

not exceed 7.5 mg/kg dosing. In addition, ivermectin-induced motor impairments decrease 

with the passage of time (Trailovic et al., 2011). Further, ivermectin did not alter 

consumption of another rewarding stimulus, sucrose. Therefore, it is unlikely that locomotor 

disruptions were responsible for ivermectin-induced reductions in EtOH drinking at 24 

hours following the first treatment. However, taken together with the decreased alcohol 

drinking present 4 hours post-injection on the first day of ivermectin administration (i.e. 

prior to the reported latency for ivermectin to enter the brain [Merck et al., 1988; Yardley et 

al., 2012]), it is possible that peripheral effects such as sedation contributed, in part, to the 

early drinking decreases seen in the present study.

Ivermectin appeared to be more effective in reducing EtOH intake by HAD-2 compared to 

HAD-1 rats at the 4hr time point, suggesting possible biological differences in the response 

to ivermectin between the replicate lines. P2rx4 expression is higher in the VTA of HAD-2 

rats compared to LAD-2 rats. This difference in P2rx4 expression was not observed between 

the HAD-1 vs. LAD-1 lines (McBride et al., 2012). This may indicate that P2X4Rs play a 

more important role in regulating EtOH intake by HAD-2 rats vs. HAD-1 rats. Overall, these 

findings highlight the significance of genetic heterogeneity in assessing pharmacodynamic 
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responses to medications for the treatment of alcohol use disorders, as previously 

emphasized (Bell et al., 2012; Heilig et al., 2011).

Since P2X4Rs are considered to be a strong candidate for the central mechanism of 

ivermectin's actions, the current study examined the potential involvement of P2rx4 

expression within the posterior VTA of HAD-2 rats in mediating EtOH drinking behavior. 

Our findings indicated that micro-infusing an shRNA that decreases P2rx4 gene expression 

resulted in a significant (∼40%) reduction in the number of P2X4R-positive cells within the 

VTA (Fig. 3b) and a significant reduction in EtOH intake by HAD-2 rats over a 4 week 

period (Fig. 3a). Interestingly, water consumption was reduced in animals infused with the 

active or inactive shRNA vector, compared to those not receiving an injection. This may 

indicate that the surgical process itself induced adipsic processes. In contrast, EtOH drinking 

decreases were specific to animals given the active shRNA, suggesting that one possible 

central mechanism underlying ivermectin's ability to reduce EtOH intake involves P2X4Rs 

within the posterior VTA. Others have reported that P2X4Rs can play an important role in 

the reward circuitry by regulating the release of dopamine (Krugel et al., 2003; Kittner et al., 

2004) or glutamate (Krugel et al., 2004; Khakh, 2009) within the VTA and nucleus 

accumbens. It is not known if knockdown of P2rx4 expression in the HAD1 line will reduce 

EtOH intake, or if there is a sex difference in the effects of the shRNA in the HAD2 line to 

reduce EtOH intake. Future studies will need to examine the effects of knocking down 

P2rx4 expression in male HAD2 rats, since female rats were used in the present study.

Ivermectin has been reported to block EtOH-induced inhibition of P2X4 receptors (Asatryan 

et al., 2010). One reason why ivermectin and P2rx4 shRNA both reduced EtOH intake of 

HAD-2 rats may be related to the ability of ivermectin to reduce the effects of EtOH at 

P2X4Rs. Similarly, the shRNA reduced the number of P2X4Rs in the pVTA at which EtOH 

could act. With both treatments, the actions of EtOH would be reduced, thereby reducing its 

rewarding effects and reducing EtOH intake. The shRNA results indicate that the VTA is 

one site of action in which P2X4 receptors act to modulate ethanol consumption. It is 

possible, however, that the VTA is not the only site where P2X4 receptors act to control 

alcohol consumption. Systemic and ICV administration of ivermectin also reduced alcohol 

consumption and, as a result, ivermectin may be acting in multiple brain regions to affect 

drinking. Ivermectin has direct actions at P2X4Rs, and as a result likely alters several 

neuronal signaling systems that are modulated by P2X4Rs that have been reported to be 

involved in alcohol drinking, such as GABA, glutamate, and dopamine (Tabakoff et al., 

2009; Xiao et al., 2008; Vavra et al., 2011).

Furthermore, ivermectin also independently alters several other neural systems associated 

with alcohol drinking. For example, ivermectin potentiates activation of glycine receptors 

(Wang and Lynch, 2012), which have been identified as one of a few known primary targets 

for alcohol (Vengeliene et al., 2008). In addition, ivermectin enhances α7 nicotinic 

acetylcholine receptor functioning (Daly, 2005). Due to the inhibiting actions of alcohol on 

these receptor subtypes (Davis and de Fiebre, 2006), pharmacological enhancement of α7 

cholinergic receptor signaling has been a recent focus for the treatment of alcohol use 

disorders (Rahman and Prendergast, 2012). As the current study did not employ site-specific 

administration of the ivermectin, it is not possible to identify CNS sites underlying 
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ivermectin's actions. However, based upon the viral vector results, the posterior VTA 

qualifies as one potential site.

Conclusions

The results of this study taken in conjunction with previous studies suggest that CNS 

P2X4Rs are involved in regulating alcohol drinking, and may present a potential molecular 

target for the treatment of alcohol use disorders.
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Fig 1. 
EtOH intake (g/kg) by male HAD-1 rats during (a) 4 hr or (b) 24 hr session, and by male 

HAD-2 rats during (c) 4 hr or (d) 24 hr sessions following ivermectin treatment. Rats (n = 8/

dose) with 24-hr continuous access to 15% EtOH vs. water were administered 1.5, 3.0, 5.0 

or 7.5 mg/kg ivermectin (i.p; open white bars), or a vehicle (i.p; solid black bars.) once daily 

for 5 consecutive days. EtOH intakes are presented on the 1st test day and the test average 

across days 2-5. Symbols indicate that the ivermectin group differed from the vehicle group 

(Dunnet's t-test; * p < 0.05).
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Fig 2. 
Female HAD-2 rats (n = 6-8/group) were trained to consume 15% EtOH under 2-hr limited 

access conditions. During the test week, rats were administered 0.5, 1.0, 1.5 or 2.0 μg 

ivermectin (ICV; open white bars), or vehicle (ICV; solid black bars) into the lateral 

ventricle once daily for 5 consecutive days. EtOH access was initiated 30 min following the 

infusions. EtOH intakes (g/kg) are presented on the 1st test day and the test average across 

days 2-5. Symbols above a bar indicate ivermectin-treated groups that differed from the 

vehicle group (Dunnett's t-test, * p < 0.05).
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Fig 3. 
EtOH-experienced female HAD-2 rats were infused with an inactive or active shRNA 

targeting knockdown of P2rx4 gene expression in the posterior VTA. (a) EtOH (g/kg) 

during 24-hour continuous access averaged over the final 4 test weeks (n = 7/group). * 

indicates a significant difference from no injection group; + indicates a significant difference 

from scrambled vector group (Dunnett's t-test, p < 0.05) (b) * indicates a significant 

difference between the average number of P2X4R- positive cells counted/section within the 

posterior VTA in the P2rx4 shRNA group compared to control (Scr) shRNA group. (c) 

These images are general representations of the dual P2X4/GFP staining of the VTA for the 

inactive shRNA group, and (d) these images are general representations of the dual 

P2X4/GFP staining of the VTA for the active shRNA group.
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Table 1
Sucrose intake (ml/kg) by male HAD-1 rats 24 hr following ivermectin treatment

Ivermectin n First Day Test Average (Days 2-5)

Vehicle 8 56 ± 2 61 ± 6

3.0 mg/kg 8 53 ± 2 57 ± 5

5.0 mg/kg 8 58 ± 2 56 ± 4

7.5 mg/kg 8 55 ± 3 48 ± 5

Sucrose intake (ml/kg) by male HAD-1 rats 24 hr following ivermectin treatment. Rats (n = 7/dose) with 24-hr continuous access to 2% w/v 
sucrose were administered 1.5, 3.0, 5.0 or 7.5 mg/kg ivermectin, or a vehicle (i.p.) once daily for 5 consecutive days. Sucrose intakes are presented 

on the 1st test day and the test average across days 2-5. No differences were present between the groups.
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