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Abstract
The high rate of therapeutic failure in the management of alcohol use disorders (AUDs)
underscores the urgent need for novel and effective strategies that can deter ethanol consumption.
Recent findings from our group showed that ivermectin (IVM), a broad-spectrum anthelmintic
with high tolerability and optimal safety profile in humans and animals, antagonized ethanol-
mediated inhibition of P2X4 receptors (P2X4Rs) expressed in Xenopus oocytes. This finding
prompted us to hypothesize that IVM may reduce alcohol consumption; thus, in the present study
we investigated the effects of this agent on several models of alcohol self-administration in male
and female C57BL/6 mice. Overall, IVM (1.25–10 mg/kg, intraperitoneal) significantly reduced
24-h alcohol consumption and intermittent limited access (4-h) binge drinking, and operant
alcohol self-administration (1-h). The effects on alcohol intake were dose-dependent with the
significant reduction in intake at 9 h after administration corresponding to peak IVM
concentrations (Cmax) in the brain. IVM also produced a significant reduction in 24-h saccharin
consumption, but did not alter operant sucrose self-administration. Taken together, the findings
indicate that IVM reduces alcohol intake across several different models of self-administration and
suggest that IVM may be useful in the treatment of AUDs.
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1. Introduction
Alcohol (ethanol) use disorders (AUDs) have a major national impact in the United States,
affecting nearly 18 million people, causing over 100,000 deaths, and costing upward of $235
billion annually (Bouchery et al., 2011; Grant et al., 2004; Harwood, 2000). Alcohol abuse
and misuse also possess significant health risks worldwide where alcohol abuse and misuse
is the third leading risk factor for premature death and disabilities (World Health
Organization). The few drugs currently approved for AUD management attempt to deter
alcohol intake by blocking its metabolism or by targeting the neurochemical systems in the
downstream cascades leading to craving and dependence (Colombo et al., 2007; Gewiss et
al., 1991; Johnson et al., 2007; Steensland et al., 2007). Unfortunately, these approaches,
even when applied in combination with psychological strategies, have resulted in limited
success as evidenced by the continued high rates of AUDs. As such, development of
effective treatments for AUDs represents an important public health goal (Bouchery et al.,
2011; Heilig and Egli, 2006; Johnson, 2010; Johnson et al., 2007; Steensland et al., 2007).

In the quest to identify novel therapeutic targets for AUDs, our group and others have found
that the P2X4 receptor (P2X4R), a member of the P2X family of ATP-gated channels
abundantly expressed in the CNS (Buell et al., 1996; Soto et al., 1996), plays a role in
alcohol-induced behaviors (Asatryan et al., 2011; Kimpel et al., 2007; Tabakoff et al., 2009).
P2X4Rs are the most abundant P2X receptor subtype expressed in the CNS (Buell et al.,
1996; Soto et al., 1996) and are the most alcohol sensitive P2XR identified to date (Davies
et al., 2005). In vitro, P2X4Rs are inhibited by ethanol concentrations as low as 5 mM
(Asatryan et al., 2010; Davies et al., 2005; Davies et al., 2002; Popova et al., 2010; Xiong et
al., 2005; Xiong et al., 2000; Xiong et al., 1999). This concentration of ethanol is well below
the 17 mM legal blood ethanol concentration (BEC) that is considered “legal intoxication”
(i.e., 0.08%) in the United States. P2X4Rs are expressed in key brain regions implicated in
the reinforcing properties of alcohol and other drugs, such as the striatum (Amadio et al.,
2007; Krügel et al., 2003). Taken together, the evidence suggests that P2X4Rs may play a
role in alcohol addiction through modulation of P2X4Rs in the mesolimbic dopamine (DA)
system.

Additional evidence supporting the hypothesis comes from recent studies reporting that the
p2rx4 gene may be linked to alcohol intake and/or preference (Kimpel et al., 2007; Tabakoff
et al., 2009). First, alcohol-preferring (P) rats show lower functional expression of the p2rx4
gene compared to alcohol-non-preferring (NP) rats (Kimpel et al., 2007). Second,
investigations on the genetic determinants of alcohol consumption report an inverse
relationship between the expression of the p2rx4 gene and innate alcohol preference
(Tabakoff et al., 2009). Overall, these findings suggest that alcohol intake may be modulated
by ethanol acting on P2X4Rs and that pharmacological activation of P2X4Rs may reduce
alcohol consumption and preference.

While no selective agonists of P2X4Rs have been developed to date, rich evidence has
shown that ivermectin (IVM), a broad-spectrum antiparasitic dihydro avermectin derivative
used worldwide in humans and animals (Geary, 2005; Molinari et al., 2010; Richard-
Lenoble et al., 2003), acts as a potent and selective positive allosteric modulator of P2X4Rs.
IVM’s selectivity affinity (between P2XR subtypes) provides the basis for it to be routinely
employed to determine the contribution of P2X4Rs in ATP-mediated processes (Khakh et
al., 1999).

IVM is believed to act, in part, in close proximity to positions 331 and 336 in P2X4Rs
(Jelinkova et al., 2008; Jelinkova et al., 2006; Silberberg et al., 2007). Recent investigations
in our laboratory indicated that positions 331 and 336 are also important as targets for the
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inhibitory actions of ethanol on P2X4Rs expressed in Xenopus oocytes (Popova et al.,
2010). Further studies demonstrated that IVM antagonized the inhibitory effects of ethanol
on P2X4Rs. Specifically, mutational studies provided evidence that IVM antagonism of
ethanol involved interference in the action of alcohol at a putative pocket at or near position
336 in these receptors (Asatryan et al., 2010). This ability of IVM to antagonize the effects
of ethanol on P2X4Rs, taken in context with evidence suggesting that P2X4Rs play a role in
ethanol preference [presented above and see (Asatryan et al., 2011)], suggested that IVM
may reduce ethanol intake and preference. This notion is supported by recent findings that
acute administration of IVM reduced maintenance of alcohol self-administration in rats, but
results from this work were inconclusive (Kosten, 2011).

The present study systematically tests the hypothesis that IVM reduces ethanol intake and
preference in mice. The findings provide strong evidence that acute and short-term chronic
IVM can reduce ethanol intake. Pharmacokinetic analyses provide strong support that the
actions of IVM on ethanol intake reflect actions of IVM found in the brain. Collectively, the
data indicates that IVM holds promise as a novel therapeutic agent for the treatment of
AUDs.

2. Materials
2.1. Drugs

IVM [10 mg/ml] (Norbrook Inc., Lenexa, KS) was diluted in a 0.9% sodium chloride
solution (saline) to a concentration that would allow for an injection volume of 0.01 ml/g of
body weight. Propylene glycol (1,2 Propanediol – solvent used by the manufacturer to
dissolve the IVM), purchased from Alfa Aesar (Ward Hill, MA) was diluted in saline at a
concentration equivalent to the amount used in the 10 mg/kg dose of IVM. Ethanol was
diluted in tap water using either Everclear, a 150 proof solution (Luxco, St. Louis, MO) or
Gold Shield Alcohol, a 200 proof USP solution (Gold Shield Chemical Company, Hayward,
CA) to achieve a 10% v/v solution (10E). Sucrose (Sigma-Aldrich, St. Louis, MO) was
prepared as a 2% w/v (2S) solution in tap water, whereas saccharin (Sigma-Aldrich, St.
Louis, MO) was prepared at a 0.033% w/v solution in tap water.

2.2. Animals
Studies were performed, as described in specific experiments, on drug-naïve, C57BL/6J
male mice purchased at 6 weeks of age (Jackson Laboratory, Bar Harbor, ME, USA for
studies conducted in Portland, OR) or on male and female mice from our internal breeding
colony at the University of Southern California (USC). For the studies conducted at USC,
C57BL/6J breeders were obtained from the Jackson Laboratory, and new breeders were
replaced every 3 generations. Mice were acclimated to the housing facility for one week and
group-housed (2–4 mice per cage) in polycarbonate/polysulfone cages at a 12 h light/dark
cycle with lights off at 12:00PM (USC) or 0:600PM (Portland) with ad libitum access to
food and water. The holding room was maintained at approximately 22°C. All proc edures
in this study were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and all efforts were made to minimize animal suffering. The USC
Institutional Animal Care and Use Committee approved the protocols. The operant self-
administration study was conducted in Portland, Oregon, and the Institutional Animal Care
and Use Committee at the Portland VA Medical Center approved this work.
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3. Methods
3.1 IVM effects on 24-h access ethanol and tastant preference drinking in mice

The 24-h access model [e.g., (Belknap et al., 1993; McClearn, 1959; Middaugh et al., 1999;
Rodgers, 1966; Yoneyama et al., 2008) is widely used to assess changes in drinking
behaviors. We used a modification of the procedure employed by Yoneyama et al. (2008).
Briefly, mice (individually housed 3 days before the start of the study) had 24-h access to
two inverted bottles with metal sippers placed on the cage tops. Food was distributed near
both bottles to avoid food associated tube preferences.

3.1.1. Alcohol studies—One tube contained tap water and the other a 10E solution in tap
water. Mice were given free access to 10E with bottle positions alternated every other day.
Fresh fluids were provided twice a week when cages were changed. Body weights were
recorded daily. Every morning daily fluid intake (to the nearest 0.1 ml) was recorded from
both bottles by measuring the level of the meniscus on the graduated drinking tube. Daily
10E intake was measured until it stabilized (+/− 10% variability from the mean dose of the
last 3 days). After establishing stable alcohol drinking levels (usually within one week),
mice received daily saline injections (intraperitoneal; i.p.) until 10E intake stabilized (which
averaged between 4–5 days of saline injections). In all cases, injections were administered
immediately prior to the period of 24 h access to 10E versus tap water, so that the change in
drinking over 24 h after IVM administration was measured. Mice then received one
injection (i.p.) with either IVM (0.65–10 mg/kg) or saline (control for injection effect, per
se) daily for the remainder of the study using a within subjects design. Animals were
injected with saline on subsequent days until 10E drinking stabilized at baseline levels, and
then mice were injected with another dose of IVM. This pattern of IVM administration
continued until all doses of a particular study were complete. Consumption of 10E returned
to baseline levels prior to the administration of each subsequent dose of IVM tested. A pilot
study determined that the effects of IVM on 10E intake following IVM doses less than 10
mg/kg were not significantly altered within 3 days post IVM administration, suggesting a
return to baseline 10E intake.

3.1.2. Saccharin studies—Upon conclusion of one IVM/alcohol study, a tastant study
was conducted similar to that for ethanol, with the exception that the 10E solution was
replaced with a bottle containing a saccharin solution (0.033% w/v). Daily saccharin intake
was measured until it stabilized (+/− 10% variability from the mean dose of the last 3 days).
After establishing stable drinking levels, mice received daily saline injections (i.p.) until
intake stabilized. Mice then received one injection (i.p.) with either IVM (2.5, 5.0 mg/kg) or
saline (control for injection effect, per se) daily for the remainder of the study using a within
subjects design.

3.2. IVM effects on intermittent limited access drinking in mice
A modified version of drinking in the dark (DID) procedure (Rhodes et al., 2005) was used,
following intermittent limited access procedures similar to recent studies reported by others
(Neasta et al., 2010). Briefly, mice had 4-h access to one bottle containing 10E every other
day. Alcohol drinking sessions began 3 h into the circadian dark on Monday, Wednesday,
and Friday with a 48-h (weekend) alcohol deprivation period. A single bottle of water was
continuously available between drug access periods. The volume from the alcohol
containing bottle was measured immediately prior to the start and immediately following the
4-h drinking period. Following the establishment of stable baseline alcohol drinking levels
and habituation to saline injections, a single 10 mg/kg dose of IVM was administered at 6 h
prior to the start of the drinking session. Based on our pharmacokinetic analysis of IVM in
plasma and brain, initiation of the limited access procedures 6 hours after IVM
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administration allowed for the evaluation of IVM on 10E intake as IVM approached peak
brain concentrations, at peak, and after peak IVM concentrations.

3.3. IVM effects on operant ethanol and sucrose self-administration in mice
Daily sessions were carried out Monday to Friday in 8 modular chambers (21.6 × 17.8 ×
12.7 cm) with stainless steel grid floors (Med Associates, Inc., St. Albans, VT), according to
published procedures (Ford et al., 2007a; Ford et al., 2009; Ford et al., 2007b; Tanchuck et
al., 2011). Each chamber contained a house light, two ultra-sensitive retractable levers, and a
retractable sipper apparatus that held a 10 ml graduated pipette with a double ball bearing
sipper tube that allowed volume measurements to the nearest 0.05 ml. A lickometer circuit
was connected to each metal sipper to monitor lick patters via MED-PC software (Med
Associates, Inc.). Each chamber was housed within a wooden cabinet (61 × 38 × 33 cm;
Fisher Custom Woodworking, Portland, OR) that contained a fan to minimize outside noise
and to facilitate airflow.

The present study utilized the “sipper” model of operant self-administration, which we have
described in detail elsewhere (Ford et al., 2009; Ford et al., 2007b). Advantages to the use of
the “sipper” model are that the appetitive and consummatory phases of self-administration
can be procedurally separated [e.g., (Samson et al., 2000; Samson et al., 1998)] and that
C57BL/6 mice exhibit a heightened appetitive drive to acquire ethanol access and more than
a two-fold increase in ethanol consumption with the “sipper” procedure than when
responding on a fixed ratio schedule (Ford et al., 2007a). Briefly, separate groups of male
C57BL/6J mice were trained to respond for access to either a 10E or 2S solution via sucrose
fading. Upon completion of training, a single response requirement of 16 presses on the
active lever (RR16) resulted in 60 min of continual access to the fluid reinforcer. A 20 min
time limit to complete the RR16 schedule was imposed. The first study was conducted in
male C57BL/6J mice that had a 6 month history of ethanol or sucrose self-administration
and prior drug exposure, and the second study was conducted in C57BL/6J mice that were
experimentally naïve.

In the first study, C57BL/6J male mice were 8 weeks old upon purchase and had
approximately 6 months of experience with either ethanol (n =7) or sucrose (n = 10) self-
administration before testing in the present study. Mice had previously been tested for
effects of the synthetic neurosteroid ganaxolone on ethanol and sucrose self-administration
in sessions where animals had 30 min of continual access to the reinforcer, and each mouse
had the same history of treatment exposure (Ramaker, Ford and Finn, in preparation). Then,
mice were maintained on an operant self-administration procedure without any drug
injections before the initiation of this study. Mice were then habituated to saline injections
(6.5 – 8.5 h pretreatment time was selected to be similar to the 6 h drug pre-treatment in the
DID alcohol study and to be compatible with the time to achieve maximal concentration,
which was found to be at 8–10 h following IVM administration) and exhibited stable
baselines of 10E or 2S with less than 10% variability between sessions. An initial pilot study
determined that there were minimal effects of IVM (0.65, 2.5, or 10 mg/kg versus saline,
within-subjects design) when animals had 30 min of continual access to 10E or 2S (data not
shown). Thus, session length was increased to 60 min of continual reinforcer access (10E or
2S) over a period of approximately 2 weeks, and animals did not receive any injections
during this time. Because mice already were habituated to saline injections, they received a
single injection of saline and then IVM (10 mg/kg) a few days later during the final week of
testing.

In the second study, C57BL/6J male mice were 8 weeks old upon purchase. Mice were
trained to respond for access to a 10E solution as described above. Upon completion of
training, a single response requirement of 16 presses on the active lever (RR16) resulted in
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60 min of continual access to the 10E solution. Once the animals exhibited stable baselines
of 10E with less than 10% variability between sessions, mice were then habituated to saline
injections (6.25 – 8.5 h pretreatment time) during one week of testing. The following week,
mice received a single injection of saline and then IVM (10 mg/kg) a few days later.

3.4. Quantification of IVM using liquid chromatography with tandem mass spectrometry
(LC-MS/MS)

Brain tissue and plasma samples were collected from separate groups of animals at 1, 6 and
8 h after being administered with IVM (0, 0.25, 2.5, or 10 mg/kg, i.p.). Samples were
extracted, using either 100 mg of brain sample or 50 μL of plasma. The whole brain sample
was excised and placed into liquid nitrogen for 1 min to flash freeze. The sample was then
pulverized, where 50 μL of 500 ng/mL abamectin (ABM) was added as an internal standard.
The entire mixture was extracted using 1 mL ethyl acetate, and the samples vigorously
mixed and centrifuged at 5000 rpm for 5 min. This process was performed 4 times, and the
supernatants were collected and evaporated to dryness using a steady stream of nitrogen gas.

To 50 μL plasma, 50 μL of 500 ng/mL ABM was added, and the samples were extracted
using 4 mL of ethyl acetate and centrifuged at 13,000 rpm for 10 min. The organic layer was
then collected and evaporated to dryness using a steady stream of nitrogen. The evaporated
residues were all reconstituted in 100 μL of 0.1% formic acid in acetonitrile. A 30 μL
aliquot was injected into Agilent 1100 HPLC system linked into an AB Sciex API 3000
turboionspray mass spectrometer. The analytes were separated using an ACE C18 column,
with a gradient mobile phase system. The mobile phase consisted of component A, which
was 0.1% formic acid, and component B, which was 0.1% formic acid in acetonitrile. The
gradient program was set at 50% component B for 1 min, and then a gradient from 50% to
95% component B for the next 5 minutes. The amount of IVM and ABM were quantified
using the mass spectrometer set in the positive mode and monitoring the following multiple
reaction monitoring (MRM) using parent to transition ions of 892 →307.2 and
867.6→453.3, respectively. The lowest level of detection was 2 ng/mL.

3.5. Pharmacokinetic Analysis
The concentration of IVM in brain and plasma were analyzed using a non-compartment
model. Serial blood and tissue IVM quantification was used to calculate the pharmacokinetic
parameters such as the maximum IVM concentration (Cmax), time to achieve maximal IVM
(Tmax), half-life, elimination constant, and area under the curve (AUC).

3.6. Statistical analyses
For each study, consumption of each solution corrected for body weight (ethanol = g/kg,
saccharin = mg/kg, sucrose = g/kg), and ethanol preference ratio (mls ethanol ÷ total mls)
were calculated for each IVM/saline dose tested. ANOVA assessed IVM dose effects with
IVM dose or time [saline pre-treatment (pre IVM), IVM dose, saline post-treatment (post
IVM)] as a repeated measures factor on the dependent variables (ethanol and water intake in
mls, ethanol intake in g/kg, and ethanol preference ratio). Separate analyses were conducted
for each sex, since males and females were tested in separate studies. For the operant self-
administration data, cumulative records of lever and sipper (lick) responding were recorded
by MED-PC IV software (MED Associates, Inc.). Measures of appetitive (response rate,
latency to first press, latency to first bout) and consummatory (bout frequency, size, duration
and lick rate) processes were calculated from these cumulative records via a custom data
analysis program (http://www.r-project.org). Based on our previous work, a bout was
defined as ≥ 20 licks with < a 60 sec pause between successive licks (Finn et al., 2008; Ford
et al., 2007a; Ford et al., 2009; Ford et al., 2007b). ANOVA with repeated measures was
used to examine IVM effects on active and inactive lever responses, intakes of 10E and 2S
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(volume and dose), latencies to reinforcer access, and the bout parameters mentioned above.
Since we were predicting a differential effect of IVM on intake of 10E and 2S, planned
comparisons were conducted in the absence of a significant interaction. Significant main
effects and interactions of the ANOVAs were further investigated with post-hoc tests (i.e.,
Tukey’s test, t-tests with Bonferroni correction, paired t-tests). For all studies, significance
set at p ≤ 0.05.

4. Results
4.1. IVM administration significantly reduced alcohol intake and preference in male mice

4.1.1. Single dose administration of IVM (10 mg/kg) decreased 10E intake and
preference—We initiated our investigation by examining the impact of acute
administration of IVM (10 mg/kg) on alcohol intake using a 24-h access two-bottle choice
paradigm (10E versus tap water). The lower limit of alcohol consumed by mice using this
model suggests that this model mimics social drinking (Blednov et al., 2010). We started
with the 10 mg/kg dose in order to maximize the chance of observing an effect of treatment.
The 10 mg/kg dose was the highest dose that could be given without introducing possible
CNS toxicity (Lerchner et al., 2007; Merck et al., 1988).

Prior to the initiation of saline injections, baseline 10E intake during the 24-h period was
13.47 ± 0.61 g/kg (n = 11). As illustrated in Fig 1A, 10E intake stabilized at 8.67 g/kg
following saline injections. Acute administration of 10 mg/kg IVM was analyzed (pre IVM,
IVM, post IVM) and found to significantly reduced alcohol intake in excess of 45%,
compared with pre IVM injections (Fig. 1A) [F(2,30) = 16.85, p<0.001], and 10E intake
remained significantly lower than saline on the day following IVM treatment (by more than
25%, shown as post IVM injections in Fig. 1A). The reduction in 10E intake induced by
IVM was paralleled by a 35% decrease in ethanol preference [F(2,30) = 10.11, p<0.001]
(Fig. 1B). This dose of IVM also significantly increased water consumption by about 47%,
when compared to pre-IVM injections [F(2,30) = 3.577, p<0.05] but there was no change in
total fluid intake (data not shown). Using a separate group of animals, we also tested the
effects of the vehicle alone (i.e., propylene-glycol) on 10E intake to ensure that the changes
observed in this first study could not be attributed to an action of the vehicle, per se. The
vehicle did not significantly alter 10E intake, water intake, fluid intake or preference ratio
(data not shown) giving us confidence that the changes in alcohol drinking were attributed to
the drug (IVM) and not the vehicle (propylene-glycol). Thus, subsequent studies used saline
as the vehicle treatment.

4.1.2. IVM decreased 10E intake and preference in a dose-dependent manner
in male mice—We extended the initial single dose IVM experiment to one where several
doses of IVM (0.65 – 10 mg/kg) were tested for their effects on 10E intake. When the
analysis was conducted across time (pre-IVM, IVM, post-IVM), there was a significant
effect of IVM on ethanol intake [F(2,100) = 14.37, p<0.001]. The analysis of IVM dose
indicated that IVM significantly reduced alcohol intake in a dose dependent manner (Fig.
2A) [F(4,100) = 5.51, p<0.001]. The interaction between time and dose was significant
[F(8,100) = 5.53, p<0.001]. Bonferroni post-hoc comparisons versus pre-IVM indicated that
2.5 mg/kg IVM was the lowest dose of IVM that significantly reduced alcohol intake in this
study [i.e., 2.5 mg/kg ~39% (t=5.025, p<0.001)]. The two lowest doses of IVM tested (i.e.,
0.65 mg/kg and 1.25 mg/kg) did not significantly alter 10E intake. In addition, saline
injections alone, did not significantly alter 10E intake. For the doses of IVM that
significantly reduced 10E intake, we found that 10E intake returned to comparable pre-IVM
intake levels by the third day post-IVM injection. The exception was 10 mg/kg IVM. For
this dose, we found that 10E intake did not fully return to pre-IVM levels until 4–5 days
post-IVM injection (data not shown).
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The investigation also found that the reductions in ethanol intake induced by IVM were
accompanied by decrease in ethanol preference, which was revealed when the analysis was
conducted across time [F(2,100) = 8.92, p<0.001]. Moreover, the analysis of dose indicated
that IVM significantly reduced alcohol intake in a dose dependent manner [F(4,100) = 3.69,
p<0.05]. The interaction between time and IVM dose was significant [F(8,100) = 7.40,
p<0.001], with Bonferroni post-hoc tests confirming a significant decrease in ethanol
preference ratio following doses of 2.5 mg/kg (t=4.527, p<0.001) and 10 mg/kg (t=5.715,
p<0.001) IVM (Fig. 2B). While there was no main effect of IVM to significantly alter water
intake when the analyses were conducted across time or dose, there was a significant
interaction between time and IVM dose [F(8,100) = 7.09, p<0.001]. Post-hoc comparisons
confirmed that water intake was increased significantly with the IVM dose of 10 mg/kg
(t=3.430 p<0.01; Fig. 2C). Investigating the effects of IVM on total fluid intake (Fig. 2D)
across time we found a significant reduction [F(2,100) = 13.66, p<0.001]. The analysis of
IVM dose indicated that dose also had a significant effect on fluid intake [F(4,100) = 3.50,
p<0.05]. Furthermore, there was a significant interaction between time and dose [F(8,100) =
5.40, p<0.001], with post-hoc comparisons confirming that fluid intake decreased after IVM
doses of 2.5 mg/kg (t=3.526, p<0.01) and 10 mg/kg (t=3.689, p<0.01).

4.1.3. Time-course of IVM’s effect on alcohol intake in male mice—IVM has been
previously reported to have slow absorption, with a wide distribution. The clearance of IVM
is slow, which may be attributed to a low level of metabolism (Merck et al., 1988). The
normal anti-parasitic dosage is 200 μg/kg. However, for this study we evaluated the time
course of IVM’s effect on hourly ethanol intake (10E versus water) when used at a dose of
10 mg/kg. IVM or saline was administered 1h before the first reading. As expected, 10E
intake increased significantly across time [F(9,190) = 80.89, p<0.001] and was significantly
reduced following IVM pre-treatment [F(1,190) = 37.33, p<0.001]. The interaction between
time and IVM dose was not significant. We conducted planned comparisons, which
confirmed that ethanol consumption was significantly decreased at 9 and 10 h after the
administration of IVM (Fig. 3). This correlated well with the time to achieve maximal
concentration or Tmax, which was found to be at 8–10 h following IVM administration.

4.2. Pharmacokinetics of IVM in plasma and brain
To determine a pharmacokinetic-pharmacodynamics (PK/PD) relationship, we conducted an
optimal dose finding study, where six mice were assigned to each dosage group (0, 0.25, 2.5
and 10 mg/kg). The AUC for plasma and brain IVM was dosage proportional (Fig 4).
Plasma and brain IVM AUC also correlated with the percentage reduction of ethanol
consumption (Table 1). Specifically, the lowest IVM dosage leading to detectable IVM in
the brain was found at 2.5 mg/kg, which corresponded to lowest IVM dosage to reduce
ethanol consumption. At this dosage, the IVM AUC in plasma and brain was 155 ng*hr/mL
and 0.28 ng*hr/mg of tissue, respectively.

4.3. IVM administration reduced alcohol intake and preference in female mice
The effects of IVM on alcohol intake and preference were also examined in female mice, as
they typically drink higher levels of alcohol than that of males (Finn et al., 2004; Yoneyama
et al., 2008). In agreement with previous investigations (Finn et al., 2004; Yoneyama et al.,
2008), the degree of 10E intake in female mice was greater than what we observed in male
mice (females ~15 g/kg; males ~10 g/kg). As presented in Fig. 5A, IVM significantly
reduced ethanol intake in a dose dependent manner [F(6,252) = 20.16, p<0.001]. When the
analysis was conducted across time (pre-IVM, IVM, post-IVM), there was a significant
effect of IVM on ethanol intake [F(2,252) = 79.53, p<0.001]. The interaction between time
and dose was significant [F(12,252) = 7.50, p<0.001]. Bonferroni post-hoc comparisons
versus pre-IVM indicated that the highest dose of IVM tested (10 mg/kg) significantly
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reduced ethanol intake by approximately 50% (t=8.214, p<0.001). Lower doses of IVM also
significantly reduced ethanol intake (i.e., 2.5 mg/kg ~30% (t=4.735, p<0.001), 5.0 mg/kg
~66% (t=8.536, p<0.001), 7.5 mg/kg ~56% (t=8.318, p<0.001). Intake of 10E remained
significantly lower than pre IVM levels on the day after IVM injection of the 5.0, 7.5 and 10
mg/kg doses (data not shown). However, over the following 3-day period (post IVM), 10E
intake in all groups of animals was similar to their pre IVM values (pre IVM exposure), and
was significantly higher than 10E intake in presence of IVM (data not shown).

In addition, we found that IVM decreased 10E preference. Analysis of the data across time
revealed a significant decrease in preference for ethanol [F(2,252) = 77.80, p<0.001].
Moreover, the analysis of IVM dose indicated that IVM significantly reduced alcohol
preference in a dose dependent manner [F(6,252) = 10.45, p<0.001]. There was a significant
interaction between time and IVM dose [F(12,252) = 10.11, p<0.001], with Bonferroni post-
hoc tests confirming a significant decrease in ethanol preference ratio following IVM doses
of 2.5 mg/kg (t=3.323, p<0.01), 5.0 (t=9.650, p<0.001), 7.5 (t=8.154, p<0.001) and 10 mg/
kg (t=9.470, p<0.001) (Fig. 5B). With regard to the effects of IVM on water intake,
conducting the analyses across IVM dose, [F(6,252) = 3.27, p<0.01] and time [F(2,252) =
17.80, p<0.001] revealed significant effects of IVM on water intake. The interaction
between time and IVM dose also was significant [F(12,252) = 6.55, p<0.001]. Post hoc tests
revealed a significant difference in water intake following IVM doses of 5.0 mg/kg (t=3.752,
p<0.01), 7.5 mg/kg (t=3.764, p<0.01) and 10 mg/kg (t=7.196, p<0.001) (Fig. 5C). Finally,
when investigating the effects of IVM on total fluid intake (Fig. 2D) across time, we found a
significant reduction [F(2,252) = 35.34, p<0.001]. The analysis of IVM dose also confirmed
a significant effect of IVM on fluid intake [F(6,252) = 8.13, p<0.001]. Furthermore, there
was a significant interaction between time and dose [F(12,252) = 4.78, p<0.001], with post-
hoc comparisons confirming that fluid intake decreased after IVM doses of 2.5 mg/kg
(t=3.988, p<0.001), 5.0 mg/kg (t=5.694, p<0.001), and 7.5 mg/kg (t=5.342, p<0.001) (Fig.
5D).

4.4. Multiple dosing of IVM administration reduced alcohol intake and preference in female
mice

The aforementioned studies focused on acute administration of IVM (i.e., a single
administration of individual IVM doses). However, alcoholism is a chronic disorder, and as
such, treatment strategies most likely would need to be long lasting. To begin to investigate
the utility of IVM for use as an anti-alcohol agent, we tested the effects of IVM (1.25 mg/kg/
day) administered daily for 7 days (i.p.) on 10E intake and preference. As presented in Fig.
6, 7 daily administrations of IVM significantly reduced alcohol intake, when average 10E
intake across the 7 days was analyzed (pre IVM, IVM, post IVM) [F(2,27) = 7.974, p<0.01].
The degree of reduced ethanol drinking over the 7 day period of IVM administration was
somewhat varied, ranging from approximately 11–27%, but did not significantly differ
between days and no overt changes in behavior, food intake or water intake were observed
(data not shown). IVM (1.25 mg/kg), however, did not significantly reduce 10E preference
(data not shown). The reduction in alcohol intake was accompanied by increases in average
water consumption that ranged from no change to 26%, but these changes were not
significantly different from pre IVM levels (data not shown). There was a significant change
in average total fluid intake [F(2,27) = 8.862, p<0.001], with a degree of day to day
variability ranging from a 20% decrease to a 5% increase over the 7 day testing period (data
not shown).

4.5. IVM reduced saccharin consumption in female mice
To begin to determine whether the effects of IVM were selective for alcohol or could be
generalized to other potential reinforcers, we investigated the ability of IVM to reduce

Yardley et al. Page 9

Neuropharmacology. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



saccharin (0.033%) intake and preference. As presented in Fig. 7A, we found that 2.5 mg/kg
IVM resulted in a significant reduction in saccharin consumption by approximately 31%
[F(2,54) = 20.82, p<0.001]. In contrast, 2.5 mg/kg IVM did not significantly decrease
saccharin preference (data not shown). This dose of IVM did not significantly affect water
intake (data not shown), but did significantly reduce total fluid intake by approximately 29%
[F(2,54) = 24.82, p<0.001]. A second study extended our investigation by testing the effects
of 5 mg/kg of IVM on saccharin intake. We found that 5 mg/kg IVM significantly reduced
saccharin consumption by more than 45% [F(2,54) = 52.83, p<0.001] (Fig. 7B). In addition,
preference for the saccharin solution was significantly decreased by about 7% [F(2,54) =
4.761, p<0.05] (data not shown). In agreement with our 2.5 mg/kg saccharin intake study,
5.0 mg/kg IVM did not significantly affect water intake (data not shown), but did
significantly reduce total fluid intake by approximately 42% [F(2,54) = 52.70, p<0.001)].
IVM did not significantly alter animal weight or food intake as compared to baseline (data
not shown).

4.6. IVM decreased alcohol intake by 50% in an intermittent limited access paradigm in
female mice

We extended our investigation to a second model of alcohol intake with the use of an
intermittent limited access paradigm. Using this model, the animals have access to ethanol
for 4 h during the circadian dark phase (Lowery et al., 2010; Neasta et al., 2010; Rhodes et
al., 2005), which results in the mice reaching high, pharmacologically active blood ethanol
concentrations (BECs) in a short period of time as found in binge-like drinking behavior
(i.e., >80 mg%). We utilized the 10 mg/kg dose, since it was the most effective dose in the
24 h two-bottle choice studies, and it was the highest dose that could be given without
introducing possible CNS toxicity (Lerchner et al., 2007; Merck et al., 1988).

Prior to the initiation of saline injections, baseline 10E intake during the 4h session was 5.12
± 0.22 g/kg in the female mice (n = 8). Control, saline injections did not significantly alter
baseline alcohol intake in these mice (Fig. 8). Acute administration of 10 mg/kg IVM
(administered 6-h prior to the start of the alcohol drinking session) was analyzed (pre IVM,
IVM, post IVM) and found to significantly reduced alcohol intake in excess of 45%, when
compared with pre IVM injections [F(2,23) = 17.64, p<0.001] (Fig. 8). We found that the
mice resumed drinking 10E at levels comparable with their pre IVM drinking levels within 1
drinking session post IVM treatment. This contrasts with our findings from the above 24 h
access studies, where the drinking levels did not return to pre IVM levels until 4–5 days post
IVM treatment, and suggests that there may be differences in the persistence of IVM’s
suppression in ethanol intake with continuous versus intermittent and limited access
procedures.

4.7. Significant reduction in ethanol but not sucrose operant self-administration following
IVM in male mice

Prior to the initiation of saline injections, baseline intake during the 30 min session was 1.00
± 0.14 g/kg for the 10E reinforced mice (n=7) and was 0.49 ± 0.06 g/kg for the 2S
reinforced mice (n=10). Pretreatment with IVM did not significantly alter responding on the
active lever, as all animals were able to complete the RR16 and gain access to the reinforcer.
However, IVM did not alter intake of the 2S or 10E solutions (data not shown) during the 30
min sessions. Analysis of first bout dynamics revealed no effect of IVM on any bout
parameters examined (not shown).

One advantage of the 30 min operant sessions (following access to the reinforcer) is the
ability to capture changes in ethanol intake when using drugs with a short half-life. Because
this was not a concern with IVM and because we thought that that the low intake and short
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time frame inherent in a 30 min session might decrease the ability to detect a change in self-
administration following IVM, we tested the effects of the 10 mg/kg IVM dose (most
effective dose in other models) in a 60 min operant self-administration session in the same
animals.

Mice rapidly adjusted to the 60 min operant sessions, and baseline intake was 1.16 ± 0.18 g/
kg for the ethanol-reinforced mice (n=7) and was 0.73 ± 0.07 g/kg for the sucrose-reinforced
mice (n=8). Pretreatment with IVM did not significantly alter responding on the active lever,
as all animals were able to complete the RR16 and gain access to the reinforcer. Planned
comparisons revealed a trend for IVM to decrease intake of 10E by 13% (p=0.06, Fig. 9A),
while having no effect on sucrose intake (data not shown). Analysis of first bout dynamics
revealed that IVM differentially affected latency to reinforcer in the 10E- versus the 2S-
reinforced mice (a significant interaction between group and IVM [F(1,12) = 5.97, p<0.05];
not shown). Subsequent analyses revealed that IVM produced a significant 30% decrease in
latency to reinforcer only in the 10E reinforced mice (p<0.05; not shown). Similar results
were seen with analysis of latency to first bout (not shown). However, first bout size was not
significantly altered by IVM, nor was there a significant alteration in the average bout size,
bout frequency, or lick rate (not shown). Finally, bin analysis was conducted to examine
how IVM was affecting the pattern of reinforcer consumption across 10 min bins (not
shown). Importantly, the correlation between licks and intake (g/kg; across the two days
when animals received saline or 10 mg/kg IVM) was highly correlated for the 10E- (r=0.93,
p=0.003, n=7) and 2S-reinforced (r=0.85, p=0.007, n=8). The high correlations confirmed
that the analysis of lick behavior was highly predictive of reinforcer consumption. Bin
analysis revealed that IVM altered 10E licks in a consistent (no bin by dose interaction) and
modest manner (trend for effect of IVM dose = F(1,6) = 3.75, p=0.10) across the 10 min
bins. There was no main effect of IVM or interaction between IVM and bin on 2S licks (not
shown).

Due to concern that the prolonged ethanol history in the above cohort may have blunted the
effects of IVM, a second study examined the effect of the 10 mg/kg IVM dose (or saline) on
self-administration of 10E during a 60 min session in experimentally naïve mice. Baseline
intake was 1.06 ± 0.22 g/kg (n = 9), and pretreatment with IVM did not significantly alter
responding on the active lever. All mice were able to complete the RR16 and gain access to
the 10E solution. IVM reduced 10E intake by 31% [F(1,8) = 3.30, p=0.10] (Fig. 9B). No
bout parameters reached statistical significance with the exception of a trend for a decrease
in first bout size (p<0.10). Bin analysis (not shown) revealed a bin by dose interaction
[F(5,40) = 9.14, p=0.004], where 10 mg/kg IVM decreased intake primarily during bin 1
(p=0.025) and bin 2 (p=0.005).

Importantly, the difference in ethanol history between the 2 cohorts did not appear to
significantly alter the effect of IVM on 10E intake. This conclusion is supported by analyses
that were conducted across studies (referred to as “pass”) to determine whether the data
could be collapsed. There was no dose by pass interaction [F(1,14) = 0.666, p=0.43] or a
main effect of pass (p = 0.46) on g/kg intake. Similarly, bin analysis of the effect of pass
revealed no dose by bin by pass interaction [F(5,70) = 0.80, p=0.554] or a main effect of
pass (p=0.91). Analysis on the collapsed data revealed that IVM significantly decreased 10E
intake by 23% [F(1,15) = 5.71, p=0.03] (Fig. 9C). Additionally, there was a significant dose
by bin interaction (Fig. 9D), with post hoc tests indicating that 10 mg/kg IVM significantly
decreased licks during bin1 (p=0.003) and bin 2 (p=0.05).
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Discussion
The present study tested the hypothesis that IVM reduces ethanol intake and preference in
mice and used several animal models of ethanol self-administration. In support of the
hypothesis, we found that IVM significantly reduced alcohol intake following acute IVM
administration using 24-h access and intermittent limited access procedures as well as in an
operant self-administration procedure. Interestingly, administration of a sub-threshold IVM
dose daily for 7 days also significantly decreased 24 h ethanol intake. Pharmacokinetic
studies demonstrated that IVM was detected in brain tissues. Brain IVM was correlated to
the anti-alcohol intake effects of IVM at a dosage of 2.5 mg/kg and the effects of IVM on
ethanol intake correlated with the presence of drug. Taken together, the findings indicate
that IVM reduces alcohol intake across several different models of self-administration, albeit
with differences in efficacy, and support the notion that IVM may be useful in the treatment
of AUDs.

Acute administration of IVM decreased 24-h ethanol intake and preference in male and
female mice in a dose-dependent manner. A separate study confirmed that the reduction in
alcohol intake reached statistical significance approximately 9 h after IVM administration,
which corresponded with the Tmax (8–10 h) in both the plasma and brain compartments.
Moreover, IVM plasma half-life of 8–12 h was compatible with the duration of the decrease
in ethanol consumption, because ethanol intake did not return to baseline levels until
approximately 72 h post-IVM dosage. At this time point, IVM is expected to be over 99%
eliminated (Merck et al., 1988).

Acute administration of IVM also significantly reduced higher levels of alcohol drinking
when tested using an intermittent limited-access model. This second model results in BECs
that mimic excessive or high levels of alcohol drinking. For instance, 4 h ethanol intake of 7
± 2 g/kg in male C57BL/6J mice was associated with a BEC of 97 ± 9 mg% (Neasta et al.,
2010) in one recent study. Similar results were reported by a different group in C57BL/6J
male mice. In this study 4 h ethanol intake resulted in approximately 5–6 g/kg and was
associated with BECs of approximately 100–125 mg% (Lowery et al., 2010). In female
C57BL/6J mice, 4 h ethanol intake of 7.3 ± 0.6 g/kg was associated with a BEC of 92 ± 16
mg% (Rhodes et al., 2007). Since we did not measure BECs in the present study, we do not
know if the IVM-induced reduction in high alcohol intake corresponded to a decrease in
BEC from binge to non-binge levels. Future studies will be necessary to examine the
therapeutic potential of IVM to reduce binge drinking, based on a reduction in BEC to non-
binge levels.

IVM significantly reduced alcohol-drinking behavior with similar efficacy in male and
female mice. This lack of difference suggests that sex-related hormonal differences do not
influence IVM’s reduction in alcohol drinking. We did not monitor the stage of the estrous
cycle in the female mice during testing. We based this decision on previous studies in which
we did not observe systematic changes in ethanol intake across weeks of baseline
consumption or following repeated vehicle injections in female C57BL/6 mice [e.g., (Ford et
al., 2008)] and on earlier reports that estrous cycle-related changes in operant ethanol self-
administration were not observed in female rats that were allowed to cycle freely (Roberts et
al., 1998). Thus, it is unlikely that an estrous cycle-related change in ethanol intake in the
control conditions confounded interpretations of the data following IVM pretreatment. More
important, the findings suggest that estrous cycle may not influence the clinical application
of IVM for treatment of AUDs.

IVM significantly reduced ethanol intake in the operant self-administration paradigm, when
the data were collapsed across studies. Importantly, the difference in ethanol history
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between the 2 cohorts did not appear to significantly alter the effect of IVM on 10E intake.
However, the reduction in ethanol self-administration was not of the same magnitude as was
seen with other measures of ethanol intake where fluid availability was not behaviorally
contingent. We believe that these differences reflect the short duration of the operant
sessions, rather than whether (or not) instrumental responding was required by the animal to
gain fluid access. That is, the operant self-administration procedure resulted in 1-h of fluid
access versus the home cage drinking with 24-h or intermittent (4-h) access procedures. This
is supported by the bin analysis, which showed a decrease in ethanol self-administration that
was still suppressed at 60 min. Further, this modest effect of a 23% decrease in ethanol
intake was consistent with recent work in rats where the 10 mg/kg IVM dose produced a
17.8% decrease in the number of sweetened ethanol reinforcers (10E+2S; but intake not
reported) earned on a progressive ratio schedule when animals were responding in 3 h
sessions (Kosten, 2011). In the present 1-h sessions, all animals were able to complete the
response requirement to gain access to the reinforcer following the 10 mg/kg IVM dose,
suggesting that IVM was not exerting a non-specific effect on motor activity with the 6 – 8 h
pretreatment time. Taken in conjunction with the lengths of the single published operant
self-administration study [3-h; (Kosten, 2011)] and our current findings with two drinking
models (4-h and 24-h), it is possible that IVM would have exerted a greater reduction in
operant ethanol self-administration during a longer session.

Another consideration with regard to oral consumption of ethanol in animals is that sensory
modalities such as taste, olfaction, and chemosensory irritation play an important role in the
acceptance or rejection of the alcohol solution [e.g.,(Bachmanov et al., 2003)]. Introducing
ethanol into a sweet solution facilitated the initiation of reliable operant ethanol self-
administration in rodents in the absence of factors such as food or fluid restriction or post-
prandial sessions [e.g., (Middaugh and Kelley, 1999; Samson, 1986) and the present study]
and increased voluntary ethanol consumption in alcohol-avoiding mouse strains [e.g.,
(Belknap et al., 1993; Yoneyama et al., 2008)]. Additionally, mutant mice with a deletion in
a gene critical in taste transduction significantly decreased preference for alcohol and
saccharin solutions without altering consumption of sodium chloride (Blednov et al., 2008).
These findings are consistent with studies demonstrating a strong association between
consumption of ethanol and sweetened fluids [e.g., (Belknap et al., 1993; Kampov-Polevoy
et al., 1999)]. Related to this point, we found that the regimens of IVM that attenuated
alcohol consumption also significantly decreased saccharin intake. These data suggest that
the ability of IVM to reduce alcohol intake may partially reflect IVM’s ability to negatively
modulate the reinforcing and/or chemosensory properties of several rewarding stimuli. This
possibility is strengthened by the finding that water intake was significantly increased by
IVM, which rules out that the observed phenomena may stem from a generalized
hypodipsia. Nonetheless, a future study that examines the manner in which the 10 mg/kg
IVM dose alters the dose-response function for ethanol and saccharin by testing across
different concentrations of these fluids would provide insight regarding the interaction
between IVM and taste sensitivity.

The mesolimbic DA reward system plays a critical role in directing reward seeking and
motivational behavior through the regulated release of DA (Di Chiara and Imperato, 1988;
Gonzales et al., 2004; Koob, 2009; Weiss et al., 1993). And, recent preclinical studies
clinical trials have begun focusing on pharmacotherapies that exert their effects by cortico-
mesolimbic DA system modulation [for review see (Johnson, 2010)]. P2X4Rs are expressed
in the cortico-mesolimbic DA system (Amadio et al., 2007; Krügel et al., 2003) and are
sensitive to physiologically relevant concentrations of ethanol (Ostrovskaya et al., 2011;
Xiao et al., 2008). As such, it is plausible to propose that P2X4Rs play a role in the signaling
cascades involved in alcohol consumption and addiction. In support of this contention, we
recently reported that P2XRs can modulate ethanol’s effect on GABAergic synaptic

Yardley et al. Page 13

Neuropharmacology. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transmission of DA neurons in the VTA (Xiao et al., 2008). Additional evidence supporting
the importance of P2X4Rs comes from recent studies reporting that low functional
expression of p2rx4 gene is associated with high alcohol preference (Kimpel et al., 2007;
Tabakoff et al., 2009). This concept appears to be supported by our preliminary findings on
male p2rx4 knockout (KO) mice, which exhibit significant increases in alcohol intake
(unpublished data). Taken together, the findings suggest that the efficacy of IVM in
reducing alcohol intake involves, in part, its ability to block the action of ethanol on
P2X4Rs.

In mammals, IVM is also purported to act on GABAA and glycine receptors [e.g., see
(Dawson et al., 2000; Shan et al., 2001; Spinosa et al., 2002)] and nicotinic acetylcholine
receptors (nAChRs) (Krause et al., 1998; Sattelle et al., 2009). All of these receptor families
have been linked to the behavioral effects of ethanol (Asatryan et al., 2011; Davies, 2003;
Kimpel et al., 2007; Perkins et al., 2010; Vengeliene et al., 2008). Although the current
findings do not shed light on the role that other receptors may play in causing the IVM-
mediated anti-alcohol effects, it is possible that the reduction in alcohol intake may reflect a
combined effect of IVM on several receptors, including GABAARs, nAChRs and P2X4Rs.
Additional studies are necessary before definitive conclusions can be drawn.

Collectively, the present findings indicate that IVM might be useful in the treatment of
AUDs. The potential translation of the present findings and repurposing of IVM for use in
this manner is aided by the twenty plus year history of IVM’s use to treat parasitic diseases
in millions of humans (Burkhart, 2000; Guzzo et al., 2002; Omura, 2008). IVM has an
excellent safety profile when used as an anthelmintic (Burkhart, 2000; Davis et al., 1999;
Omura, 2008). Accordingly, the literature on IVM attests to the safety and relative lack of
toxicity of IVM over this period during which billions of doses of IVM-containing products
have been used worldwide (Boxall and Long, 2005). Mild to moderate CNS adverse events
have been associated with IVM. However, the incidences of these adverse events are rare
and appear to be linked to alteration of p-glycoprotein (Pgp) expression, which is found
abundantly in the blood brain barrier (BBB) (Edwards, 2003; Geyer et al., 2009; Lespine et
al., 2009; Lespine et al., 2007; Sun et al., 2010).

The lack of adverse events with IVM in its current use as an anti-parasitic may be attributed
to the manner in which it is dosed—200 mg once yearly or intermittently. However, doses
up to 10X the recommended dosage (i.e., 2.0 mg/kg/day) have been safely tested in clinical
trials (Guzzo et al., 2002). In rodents, doses less than 10 mg/kg IVM IV did not cause visible
CNS depression (Trailovic and Trailovic, 2010), whereas lethality (i.e., LD50) is reported to
be between 25–50 mg/kg depending on the sex and species tested (Merck et al., 1988).

The current studies tested doses more like the non-toxic rodent studies described in the
previous paragraph. Importantly, we did not observe behavioral changes or other overt signs
of toxicity in our studies in which multiple day (7 d) dosing of 1.25 mg/kg IVM elicited a
continued reduction in drinking levels. This initial finding, combined with the safety record
and other studies of IVM described above suggests that the longer term IVM dosing as
would be expected for treating AUDs, would not produce significant adverse effects.
However, this issue requires further investigation.

6. Conclusion
The present findings indicate that IVM reduces alcohol intake across several different
models of self-administration in both male and female mice. This suggests that IVM may be
useful in the treatment of AUDs. The ongoing widespread commercial use of IVM
treatments for parasitic infections has led recent efforts to expand the approved uses of IVM
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in humans as noted by searching the Clinicaltrials.gov Website. However, it is important to
point out that these efforts are focusing on using IVM for new indications and new dosing
strategies (including multiple day dosing strategies) linked to various antiparasitic actions
and not for affecting alcohol consumption.

In view of the current widespread use of IVM as an anthelmintic drug and recent efforts to
expand the use of IVM for other indications, the development of IVM as an anti-alcohol
agent may represent a fast and economically advantageous approach. In addition, our results
highlight IVM as a novel lead structure for the development of novel anti-alcohol agents.
Future preclinical and clinical research will be necessary to elucidate the significance of
IVM-mediated effects and the potential clinical use of this drug in alcohol use.
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• Acute ivermectin (IVM) reduced 24 h alcohol intake in male and female mice.

• Acute IVM reduced alcohol intake using binge and operant conditioning
models.

• Repeated IVM persistently reduced 24 h alcohol intake.

• IVM’s anti-alcohol intake effects are linked to IVM concentration in the brain.

• The findings support development of IVM for treatment of alcohol use
disorders.
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Figure 1.
IVM (10 mg/kg) reduces A) 10% v/v ethanol (10E) intake and B) preference ratio for 10E in
male C57BL/6J mice using a 24-h access two-bottle choice paradigm. After attaining stable
drinking levels for 3 consecutive days, IVM was administered. Bars represent levels from
the day prior to IVM injection (white; Pre IVM), the day of the IVM injection (black; IVM)
and the day after the IVM injection (gray; Post IVM). Values represent the mean ±SEM for
11 mice.*P<0.05, ***P<0.001 versus Pre IVM, Tukey multiple comparison post-hoc test.
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Figure 2.
IVM dose response study in male C57BL/6J mice using a 24-h access two bottle choice
paradigm. Each dose of IVM was administered after achieving stabilized drinking for 3
consecutive days. Bars represent levels from the day prior to IVM injection (white; Pre
IVM) and the day of the IVM injection (black; IVM). A) IVM (2.5 and 10 mg/kg)
significantly reduced 10E intake. B) IVM (2.5 and 10 mg/kg) significantly reduced
preference ratio for 10E. The effects of IVM on water and total fluid intake are presented in
panels C and D, respectively. Values represent the mean ±SEM for 11 mice per dose group.
**P<0.01, ***P<0.001 versus respective pre IVM condition, Bonferroni’s post-hoc test.
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Figure 3.
IVM (10 mg/kg) administered to male C57BL/6J mice significantly reduced 10E intake
approximately 9 hours after IVM administration. The intake was measured on an hourly
basis, up to 10 hours following IVM (closed) or saline (open) administration. Values
represent the mean ±SEM cumulative intake for 10–11 male mice per treatment group.
**P<0.01 versus saline-treated group, Bonferroni’s post-hoc test.
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Figure 4.
IVM AUC in plasma and brain tissue was determined following injection of various IVM
dose groups. A dose-dependent IVM AUC was found in the plasma (open bars) and brain
tissue (black bars).
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Figure 5.
IVM dose response study in female C57BL/6J mice using a 24-h access two bottle choice
paradigm. Each dose of IVM was administered after achieving stabilized drinking for 3
consecutive days. Bars represent levels from the day prior to IVM injection (white; Pre
IVM) and the day of the IVM injection (black; IVM). A) IVM (2.5–10 mg/kg) significantly
reduced 10E intake and B) preference ratio for 10E. The effects of IVM on water and total
fluid intake are presented in panels C and D, respectively. Values represented the mean
±SEM for 19 mice per dose group. **P<0.01, ***P<0.001 pre IVM condition, Bonferroni’s
post-hoc test.
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Figure 6.
Daily administration of IVM (1.25 mg/kg/day X 7 days) reduced 10E intake in female
C57BL/6J mice using a 24-h access two bottle choice paradigm. After achieving stable
drinking levels for 3 consecutive days, IVM was administered for 7 consecutive days. Bars
represent levels from the day prior to IVM injections (white; Pre IVM), the 7 day average of
the IVM injection (black; IVM) and the day after the IVM injections (gray; Post IVM).
Values represented the mean ±SEM for 11 mice. **P<0.01 versus Pre-IVM, Tukey multiple
comparison post-hoc test.
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Figure 7.
IVM administration reduced saccharin (0.033% w/v) intake in female C57BL/6J mice using
a 24-h access two bottle choice paradigm following doses of A) 2.5 mg/kg and B) 5 mg/kg.
After achieving stable drinking levels for 3 consecutive days, IVM was administered
(separate studies for each dose). Bars represent levels from the day prior to IVM injection
(white; Pre IVM), the day of the IVM injection (black; IVM) and the day after the IVM
injection (gray; Post IVM). Values represent the mean ±SEM for 19 mice per dose group.
***P<0.001 versus Pre IVM, Tukey multiple comparison post-hoc test.
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Figure 8.
10 mg/kg IVM administration reduced ethanol (10% v/v) intake in female C57BL/6 mice
using an intermittent, limited (4-h) access paradigm. After attaining stable drinking levels,
IVM was administered. Bars represent levels from the day prior to IVM injection (white; Pre
IVM), the day of the IVM injection (black; IVM) and the day after the IVM injection (gray;
Post IVM). Values represent the mean ± SEM for 8 mice. ***P<0.001 versus Pre IVM,
Tukey multiple comparison post-hoc test.
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Figure 9.
Effect of IVM on operant self-administration of 10% ethanol (10E) in male C57BL/6J mice
during 60 minute sessions. IVM tended to decrease 10E intake in animals with a long
history of ethanol self-administration (panel A) or in animals that were experimentally naïve
(panel B). Importantly, the data from the two cohorts did not differ, so the combined data
indicated that IVM significantly decreased 10E intake (panel C). Panel D depicts the effect
of IVM injection on the temporal distribution of 10E licks in 10 min intervals across the 60
min session in the combined data from the two cohorts (n=16). Values represent the mean ±
SEM for the numbers of animals in parentheses for panels A–C. +p ≤ 0.10, *p < 0.05 versus
saline (0 mg/kg), paired t-test.
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Table 1

Three doses of IVM were evaluated to determine the IVM disposition in both plasma and brain tissue. IVM
produced a dose-dependent increase in detectable IVM levels in plasma and brain tissue.

IVM Dose (mg/kg) % Reduction of Ethanol Consumption IVM Plasma AUC0-8 (ng*hr/mL) IVM Brain AUC (ng*hr/mg)

0.25 No Effect 48.91 9.6×10−05

2.5 32 % 155.56 2.8×10−01

10 > 50% 2928.31 2.20×1000
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