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Abstract

Our laboratory is investigating ivermectin (IVM) and other members of the avermectin family as new pharmaco-
therapeutics to prevent and/or treat alcohol use disorders (AUDs). Earlier work found that IVM significantly
reduced ethanol intake in mice and that this effect likely reflects IVM’s ability to modulate ligand-gated ion
channels. We hypothesized that structural modifications that enhance IVM’s effects on key receptors and/or
increase its brain concentration should improve its anti-alcohol efficacy. We tested this hypothesis by comparing
the abilities of IVM and two other avermectins, abamectin (ABM) and selamectin (SEL), to reduce ethanol intake
in mice, to alter modulation of GABAARs and P2X4Rs expressed in Xenopus oocytes and to increase their ability
to penetrate the brain. IVM and ABM significantly reduced ethanol intake and antagonized the inhibitory
effects of ethanol on P2X4R function. In contrast, SEL did not affect either measure, despite achieving higher
brain concentrations than IVM and ABM. All three potentiated GABAAR function. These findings suggest
that chemical structure and effects on receptor function play key roles in the ability of avermectins to reduce
ethanol intake and that these factors are more important than brain penetration alone. The direct relationship
between the effect of these avermectins on P2X4R function and ethanol intake suggest that the ability to antag-
onize ethanol-mediated inhibition of P2X4R function may be a good predictor of the potential of an avermectin
to reduce ethanol intake and support the use of avermectins as a platform for developing novel drugs to prevent
and/or treat AUDs.
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Introduction

Alcohol use disorders (AUDs) rank third on the list
of preventable causes of morbidity and mortality in
the United States, affecting over 18 million people, caus-
ing over 100000 deaths annually (Grant et al., 2004;
Johnson, 2010; Bouchery et al., 2011) and costing in excess
of $220 billion (Bouchery et al., 2011). This exceeds the

costs of other leading preventable causes of death such
as cigarette smoking and physical inactivity (Naimi,
2011). Presently, the only pharmacotherapeutic agents
approved by the United States Food and Drug
Administration (FDA) for the treatment of AUDs are dis-
ulfiram (Antabuse®), naltrexone (Revia® and Vivitrol®),
and acamprosate (Campral®), with Vivitrol® being an
extended-release injectable formulation of naltrexone
(Harris et al., 2010; Litten et al., 2012). These drugs at-
tempt to deter alcohol intake by blocking its metabolism
or by targeting the neurochemical and neuropeptide sys-
tems in the downstream cascades leading to craving and
dependence (Gewiss et al., 1991; Colombo et al., 2007;
Steensland et al., 2007; Johnson, 2010; Litten et al.,
2012). However, their success rate even when combined
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with psychotherapy, has been limited with approximately
70% of patients relapsing back into heavy drinking within
one year (Johnson, 2008; Litten et al., 2012). Thus, the de-
velopment of new drugs that will more effectively treat
AUDs is of paramount importance.

Our team is investigating ivermectin (IVM) as a poten-
tial platform for developing novel agents to prevent
or treat AUDs. IVM is a FDA-approved drug that
is currently used worldwide as a broad-spectrum antipar-
asitic agent (Omura, 2008; Crump and Omura, 2011).
We recently demonstrated that IVM significantly reduces
ethanol intake in both male and female mice across se-
veral models of self-administration (Yardley et al., 2012).
Doses of IVM that significantly reduced ethanol intake
also produced significant, dose-dependent anxiolytic
responses in these animals without exhibiting any addic-
tion potential (Bortolato et al., 2013). Moreover, IVM did
not cause significant changes in pain sensitivity, motor
competency or memory (Bortolato et al., 2013) and did
not cause any obvious signs of toxicity (Yardley et al.,
2012; Bortolato et al., 2013). Overall, these findings indi-
cate that IVM reduces ethanol intake and has an excellent
safety profile with good tolerability; thus pointing to this
agent and potentially other related avermectins as novel
therapeutic agents for the prevention and/or treatment
of AUDs.

The mechanism(s) by which IVM reduces ethanol in-
take is/are not known. The current therapeutic application
of IVM as an antihelmentic is attributed to action on
a non-mammalian, glutamate-gated inhibitory chloride
channel (Cully et al., 1994; Dent et al., 1997; Vassilatis
et al., 1997; Crump and Omura, 2011). Thus, action on
this channel cannot contribute to its anti-alcohol effect.
On the other hand, IVM does potentiate mammalian
ligand-gated ion channels, including gamma-aminobuty-
ric acid A (GABAA) and glycine receptors (Krusek and
Zemkova, 1994; Dawson et al., 2000; Shan et al., 2001),
and has been shown in rodents to have anticonvulsant
and anxiolytic properties linked to its action on GABAA

receptors (GABAARs) (Dawson et al., 2000; Spinosa
et al., 2002). More recent studies indicate that IVM acts
on several other ligand-gated ion channel proteins in
the mammalian central nervous system (CNS) (Sung
et al., 2009) including nicotinic acetylcholine (Krause
et al., 1998; Sattelle et al., 2009) and P2X4 receptors
(P2X4Rs) (Khakh et al., 1999). We recently reported that
IVM antagonizes ethanol inhibition of P2X4Rs expressed
in Xenopus oocytes (Asatryan et al., 2010; Popova et al.,
2013), suggesting that P2X4Rs may play an important
role in the anti-alcohol intake effects of IVM. In support
of the hypothesis that P2X4Rs are important in the anti-
alcohol intake effects of IVM, preliminary investigations
in our laboratory found that IVM did not significantly re-
duce ethanol intake in P2X4 knockout (KO) mice, but did
reduce alcohol intake in wildtype (WT) controls.

In summary, available evidence indicates that IVM
can reduce alcohol intake. Given that IVM is already

approved for use in humans, IVM has the potential for
rapid repurposing as a novel treatment for AUDs. The
anti-alcohol actions of IVM likely reflect its ability to
modulate one or more ligand-gated ion channels in the
brain, but this hypothesis has yet to be tested. IVM, due
to its lipophilic nature, should pass the blood brain bar-
rier (BBB), but does not readily achieve high brain concen-
tration, ostensibly due to its high efflux by P-glycoprotein
(P-gp). Therefore, structural modifications that reduce its
P-gp substrate recognition should increase brain con-
centration (Lespine et al., 2007; Menez et al., 2012) and
should positively impact its ability to reduce ethanol in-
take (Yardley et al., 2012). Likewise, structural changes
that alter its interaction with targeted brain receptors
should also impact its efficacy in this regard. The present
study investigates these possibilities by comparing the ef-
fects of IVM with two IVM-related macrocyclic lactones,
abamectin (ABM) and selamectin (SEL), for their abilities
to reduce alcohol intake in mice and to alter modulation
of GABAARs and P2X4Rs expressed in Xenopus oocytes.

Materials and methods

Drugs

In vitro 10mM stock solutions of IVM (powder from
Sigma, USA), ABM (powder from Sigma (Supelco),
USA) were dissolved in DMSO and kept at −20 °C until
use (See Fig. 1 for chemical structures). The highest
DMSO concentration in the final solution was 0.1%. SEL
was kindly provided by Pfizer Pharmaceuticals (USA)
as a 1% solution suspended in propylene glycol. In vivo
drugs were administered via daily intraperitoneal (i.p.)
injections. Noromectin (10 mg/ml in 60% propylene glycol
(Norbrook Inc., USA) was used for IVM injections. Drugs
were diluted using a 0.9% sodium chloride solution
(saline) to a concentration that would allow for an injec-
tion volume of 0.01ml/g of body weight. Ethanol (190
proof USP, Sigma, USA) was used in in vitro studies.
For drinking studies, Gold Shield Alcohol (200 proof
USP solution, Gold Shield Chemical Company, USA)
was diluted in water to achieve a 10% v/v solution (10E).

In vivo studies

Animals

Studies were performed on C57BL/6J male mice that were
8 wk old upon purchase (Jackson Laboratory, USA). Mice
were singly housed in polycarbonate/polysulfone cages
at a 12 h light/dark cycle with lights off at 12:30 PM.
The holding room was maintained at approximately
22 °C. Mice had been tested for the effects of IVM on etha-
nol intake using the drinking in the dark paradigm for
approximately 2 months before testing in the present
study. Before the onset of the present experiment, mice
were acclimated to 24-h two-bottle choice ethanol para-
digm as described below for 5 d. All procedures in this
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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 ap-
proved the protocols.

24-h access two-bottle choice paradigm

Individually housed mice had 24-h access to two inverted
bottles with metal sippers placed on the cage tops with
one tube containing tap water and the other a 10% v/v
ethanol solution in tap water (10E). Alcohol determina-
tions followed previously described procedures (Yardley
et al., 2012).

Ethanol intake studies with avermectins

Following 5 d of acclimation to the two-bottle choice
paradigm, mice were injected daily with saline until etha-
nol intake on the 2-bottle choice stabilized (±10% varia-
bility from the mean dose of the last 3 d). Then, mice
were assigned to drug treatment groups and were
injected with 5mg/kg of IVM, ABM or SEL according

to a within-subjects design. Mice were injected with
saline on subsequent days until drinking once again
stabilized.

Analysis of brain concentrations of IVM, ABM and SEL
using liquid chromatography with tandem mass spectrometry
(LC-MS/MS)

Plasma and brain samples were collected from separate
groups of animals at 0.25, 1, 4, 8, 10 and 32 h (n=1-2/
time point) after administration of 5mg/kg (i.p.) of IVM,
ABM or SEL. To each 100 μl plasma or 150mg of brain,
2 μg IVM was added as an internal standard for samples
containing either ABM or SEL. For samples containing
IVM, 2 μg ABM was added as an internal standard.
Plasma samples were mixed with 2ml of acetonitrile,
centrifuged at 10 000 rpm for 5min with the organic
layer collected and air dried. To brain samples, 1 scoop
of 1mm zirconium bead and 1ml of acetonitrile were
added, and vigorously homogenized using the bullet
blender for 5min. Samples were then centrifuged at
10 000 rpm for 5min, where the supernatant was col-
lected. The above steps were repeated with another 1ml
of fresh acetonitrile, and the combined 2ml supernatant
were dried by using a steady stream of filtered and
dried air. Both the evaporated residues of plasma and
brain samples were reconstituted in 100 μl of acetonitrile :
water (90:10 v/v).

The LC-MS method was validated using a calibration
curve of known standard solutions with the lower detec-
tion limit found to be 5 ng/ml. To each 100 μl plasma or
150mg of brain, 2 μg of IVM was added as an internal
standard. The samples were extracted as described
above. A 40 μl aliquot was injected into the Agilent 1100
HPLC System linked to an AB Sciex API 3000 turboion
spray mass spectrometer. The analytes were separated
using an ACE C18 column with an isocratic mobile
phase consisting of acetonitrile/0.1% formic acid :
water/0.1% formic acid (90 v : 10 v). The amount of IVM,
ABM and SELwas quantified using themass spectrometer
set in positive mode with multiple reaction monitoring
using the parent to transition ions of 888.8�551.5,
890.1�449.6 and 764.0�338.0 respectively.

In vitro studies

Preparation of Xenopus oocytes

Xenopus oocytes isolation and maintenance followed
procedures described previously (Davies et al., 2005;
Asatryan et al., 2010).

cRNA synthesis, cRNA and cDNA injections

The cDNAs of rat P2X4R (GenBank accession No. X87763)
and of rat α1, β2 and γ2 subunits of GABAAR were
sub-cloned into pcDNA3 vector (Invitrogen, USA). The
DNA containing P2X4R gene was then linearized and
transcribed using the mMESSAGE mMACHINE kit
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Fig. 1. Structures of ivermectin (IVM) abamectin (ABM) and
selamectin (SEL). Both IVM and ABM feature a spiroketal
moiety with a mixture of isopropyl/isobutyl substituents.
(A) ABM differs from IVM with the presence of an unsaturated
double bond at the C22-23 position. SEL has three structural
differences from IVM and ABM: (B) it has a cyclohexyl ring in
place of the isopropyl/isobutyl substituent on IVM and ABM;
(C) it has a ketoxime substituent in the place of the hydroxyl
group of the tetrahydro-benzofuran unit on IVM and ABM;
and (D) it lacks the second carbohydrate unit that is present
in both IVM and ABM.
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(Ambion, USA) to result in cRNA, which was stored
at −70 °C until injection. Twenty four hours post iso-
lation the oocytes were injected with 10 or 20 ng cRNA
or 1 ng of DNA mixture of GABAAR subunits at 1:1:1
ratio using Nanoject II Nanoliter injection system
(Drummond Scientific, USA). The oocytes were incubated
at 17 °C and used in electrophysiological recordings for
3–7 d after injections.

Whole cell voltage clamp recordings

Two electrode voltage clamp recordings were performed
using the Warner instrument model OC-725C oocyte
clamp (USA) following previously described procedures
(Davies et al., 2002, 2005). The oocytes were voltage
clamped at −70mV and the currents were recorded on
a strip-chart recorder (Barnstead/Thermolyne, USA).

Experimental procedures

P2X4Rs

Oocytes were continuously perfused at a rate of 3–4ml/
min with extracellular modified Ringers buffer con-
taining (in mM) 110 NaCl, 2.5 KCl, 10 HEPES and 1.8
BaCl2, pH 7.5, using a peristaltic pump (Rainin Instru-
ment, USA). Ca2+ in the solution was replaced with Ba2+

to prevent the activation of Ca2+-dependent Cl− channels
(Khakh et al., 1999). All experiments were performed at
room temperature (20–23 °C).

To induce currents, submaximal concentrations
(i.e. EC10) of adenosine 5′-triphosphate (ATP, Sigma,
USA) were used. Normally, P2X4Rs EC10 is at 1 μM ATP.
Using EC10 has been previously shown to maximize the
effects of ethanol while causing minimal receptor desen-
sitization (Davies et al., 2002, 2005). Ethanol and drugs
were applied after stable responses to EC10 ATP were
obtained. There was a washout period of 5min between
each application to allow for re-sensitization of the recep-
tor (Davies et al., 2002, 2005; Asatryan et al., 2010; Popova
et al., 2013).

Effects of ethanol (50, 100 or 200mM) or IVM, ABM
and SEL (0.5–30 μM) were tested alone and in combination
with ATP for 20 s. ATP currents were measured before
and after each drug application in order to confirm the
existence of a stable baseline response. Pilot studies
determined that the drugs did not have an effect on the
membrane potential of uninjected cells, nor did the
drugs produce currents when applied in the absence of
agonist.

Experiments on GABAARs

Oocytes were perfused at a rate of 3–4ml/min at room
temperature with modified Bart’s saline containing
in mM (83 NaCl, 1 KCl, 10 HEPES, 0.82 MgSO4, 2.4
NaHCO3, 0.91 CaCl2, and 0.33 Ca(NO3)2, pH 7.5).
Similar to the approach for P2X4Rs, EC10 concentration
of GABA was used to test the effects of the drugs,

i.e. IVM, ABM and SEL. A washout period of 5min
was allowed between each GABA application.

IVM, ABM and SEL were applied with GABA EC10

after a stable response to GABA EC10 was obtained.
Each oocyte was tested for one concentration of avermec-
tins as these drugs caused irreversible effects that were
not washable. The second consecutive response to the
application of the drug was always larger; therefore,
both responses in the presence of the drug were averaged
for data analysis.

Data analyses

In vivo studies

Ethanol dose (g/kg) and ethanol preference ratio
(mls ethanol/total mls) were calculated for each drug.
The dependent variables included 10E intake (g/kg),
10E preference (%), water (ml) and total fluid intake
(ml). Two-tailed t-tests were used to assess the effects of
drug treatment groups (IVM, ABM, SEL) vs. the respect-
ive saline injected pre-drug control groups for each
dependent variable. The significance level was set at
p40.05.

In vitro studies

Data were obtained from batches of oocytes from at least
three different frogs and are expressed as mean±S.E.M
for an indicated number of tests. The results are presented
as the percentage change in agonist EC10 activated cur-
rents after normalizing these with the response of the
EC10 alone. To assess concentration response relation-
ships, data were fitted to a concentration–response
curve by using the following logistic equation:

I = Imax × [drug]/([drug] + (EC50)drug),
where I is the percentage of the maximum obtainable
response (Imax), EC50 is the drug concentration producing
a half-maximal response. Bar graphs were used to com-
pare the effects of ethanol with and without IVM, ABM
or SEL on P2X4Rs. GraphPad Prism Software (USA)
was used for data analysis and curve fitting. Statistical
analysis was performed using unpaired t-tests with sign-
ificance set at p40.05.

Pharmacokinetic analysis

The pharmacokinetics (PK) of IVM, ABM and SEL in
plasma and brain were analyzed using noncompart-
mental PK modeling. Serial blood and tissue IVM,
ABM and SEL quantification was used to calculate
PK parameters such as maximum drug concentration
(Cmax), time to achieve maximal drug exposure (Tmax),
half-life, elimination constant and area under the curve
(AUC).
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Results

Behavioral studies

IVM and ABM, but not SEL, reduced alcohol intake and
preference in C57BL/6J mice

We tested the effects of acute administration of IVM,
ABM and SEL using a 24-h access two-bottle choice
alcohol paradigm (10E vs. tap water) in C57BL/6J mice.
This model was selected based on our initial investigation
that tested the effects of IVM on ethanol intake and pre-
ference (Yardley et al., 2012). We used 5mg/kg of IVM
and analogs based on our previous study where doses
ranging from 2.5 to 10.0mg/kg provided significant
reductions in drinking levels without any significant
behavioral toxicity (Yardley et al., 2012).

Ethanol intake for the saline controls the day before
injection of IVM, ABM and SEL were comparable
(Fig 2a). IVM and ABM significantly reduced 10E intake
vs. their respective controls. In contrast, SEL did not
have a significant effect on ethanol intake. For all drugs,
10E intake returned to comparable pre drug intake levels
one-day post drug injection (data not shown).

Similarly, IVM and ABM reduced preference for
10E vs. saline injection (Fig. 2b). SEL had no effect on
this parameter. In addition, ABM significantly increased
water intake (Fig. 2c). There was a trend to increase
water intake for IVM (p<0.06), whereas SEL had no effect
on this measure (Fig 2c). Lastly, only IVM decreased total
fluid intake (Fig. 2d).

Pharmacokinetics of IVM, ABM and SEL

To determine whether relative differences in avermectin
penetration across the BBB influenced the brain con-
centration of IVM, ABM and SEL and might explain the
differences in the respective effects of these agents on
ethanol intake found in the in vivo studies described
above, we measured both plasma and brain concen-
trations at the designed time points of 0.25, 1, 4, 8, 10
and 32 h after i.p administration of 5mg/kg of each. The
findings are shown in Table 1. Brain AUCs for IVM,
ABM and SEL were 1.81, 40.1 and 69.3 ng×h/ml respect-
ively, where ABM and SEL had the highest brain con-
centrations. Interestingly, ABM and SEL AUCs were
22- and 38-times higher than those for IVM.

In vitro studies

Effect of avermectin analogs on P2X4R and GABAAR function

In order to determine the effect of avermectin analogs
on receptor function, we performed several experiments
testing IVM, ABM and SEL on two ion channels that
are linked to IVM’s behavioral effects, P2X4Rs and
GABAARs (Yardley et al., 2012; Bortolato et al., 2013).
Previous findings demonstrated that IVM (0.5–10 μM)
potentiated ATP-gated currents in P2X4Rs expressed in
oocytes (Khakh et al., 1999; Priel and Silberberg, 2004;
Asatryan et al., 2010). Therefore, to test the effects of
ABM and SEL on P2X4Rs, we elected to use a similar
concentration range (0.5–10 μM) that was used in our
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Fig. 2. Ivermectin (IVM), abamectin (ABM) and selamectin (SEL) (5mg/kg) administration in male C57BL/6J mice using a 24-h
access two-bottle choice paradigm. Bars represent levels from the saline control the day prior to drug injection (Pre-drug) and the
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prior IVM study (Asatryan et al., 2010). We compared the
ability of ABM and SEL vs. IVM to modulate ATP-gated
currents in P2X4Rs.

ABM (0.5–10 μM) significantly potentiated ATP-
induced currents in P2X4Rs in a concentration-dependent
manner (Fig 3a). The degree of ABM potentiation was
significantly greater than that of IVM at concentrations
53 μM; i.e. reaching 10-fold greater activity at 10 μM
(Fig. 3a). However, at lower concentrations, i.e. 0.5 and
1 μM, the degree of ABM and IVM potentiation did not
significantly differ (Fig. 3b). ABM, at higher concentra-
tions (3 and 10 μM), directly induced P2X4R currents in
the absence of ATP and this effect was concentration-
dependent (Fig 3c). In addition, there was a residual effect
on post-ATP currents (Fig. 3c, final tracings in each row)
suggesting that ABM was slow to washout.

In contrast to IVM and ABM, SEL poorly potentiated
ATP-gated currents in P2X4Rs (Fig. 3a) and had markedly
lower responses than either IVM or ABM across all con-
centrations tested (0.5–10 μM) with the response of SEL
at 10 μM being similar to IVM and ABM at 0.5 μM.
Therefore, we tested a higher concentration of SEL
to see if we could elicit responses more comparable
to IVM and ABM. We found that 30 μM SEL induced a
significantly higher degree of potentiation compared to
10 μM SEL (78.8±24.2 vs. 42.4±12.7% of control, p<0.05).
However, the SEL response at 30 μM was still 5-fold less
in magnitude compared to the degree of potentiation
induced by 10 μM IVM (IVM 405±36% vs. SEL
78.8±24.2%).

We also tested the effects of IVM, ABM and SEL on
GABAARs. For this study we used α1β2γ2 GABAARs
due to their predominant expression in the CNS. As illu-
strated (Fig. 3d), IVM and ABM significantly potentiated
GABAAR function. The effects of ABM and IVM were
similar in the concentration range of 0.5–3 μM. At 10 μM

IVM, the extent of IVM potentiation was significantly
greater compared to the effect of ABM. The greater degree
of potentiation by 10 μM IVM may be due to IVM acting
as a partial agonist for GABAARs. The degree of potentia-
tion of GABA-induced currents by SEL on GABAAR func-
tion tested at 0.5 μM did not significantly differ from IVM
and ABM. However, the effects of SEL were significantly
less than IVM and ABM at concentrations 51.0 μM
(Fig. 3e).

IVM and ABM, but not SEL, antagonize the effects of ethanol
on P2X4Rs

Our previous work found that 0.5 μM IVM significantly
antagonized the effects of ethanol caused by intoxicating
(25mM or 0.1%) and higher (up to 100mM) ethanol con-
centrations (Asatryan et al., 2010). The current study ex-
tended this work by testing concentrations of ABM and
SEL that induced a similar degree of potentiation of
P2X4R function as that of 0.5 μM IVM (i.e. 0.5 μM for
ABM and 10 μM for SEL). We selected 100mM ethanol
since it caused a robust inhibition of ATP-induced
currents.

ABM (0.5 μM) significantly reduced 100mM ethanol in-
hibition and the degree of antagonism by ABM was simi-
lar to that of IVM (Fig. 4a). On the other hand, we found
that a 20X higher concentration of SEL was required in
order for SEL to reach a similar degree of potentiation
of P2X4R function as that of IVM and ABM. Notably,
even at this higher concentration, SEL did not signifi-
cantly antagonize the effects of ethanol on P2X4R function
(Fig. 4a).

We extended this investigation to include concen-
tration–response studies for ABM and SEL antagonism
of ethanol using methods similar to our recent IVM stu-
dies (Asatryan et al., 2010; Popova et al., 2013). This
was accomplished by testing a concentration range (0.5–
3 μM) of ABM and SEL on the effects of ethanol (50, 100
and 200mM) on P2X4Rs. ABM (Fig 4b), but not SEL
(Fig 4c), antagonized ethanol inhibition of P2X4R
function as indicated by a parallel right-shift in the
ethanol concentration–response curves.

Discussion

The present study provides insights into the mechanisms
and important structural features of IVM responsible for
its ability to reduce ethanol intake that can inform future
development of more effective agents. Using three re-
lated, but structurally distinct avermectins (IVM, ABM
and SEL) the findings indicate that (1) the structure and
(2) ability to modulate P2X4Rs and antagonize ethanol ef-
fects in P2X4Rs are important determinants for predicting
the ability of avermectins to reduce ethanol intake.

Using an in vivo continuous access two-bottle choice
drinking paradigm, the present study found that IVM
significantly reduced ethanol consumption. IVM also

Table 1. Pharmacokinetic parameters of avermectins. The plasma
exposure of the three avermectins was similar as determined by
mean AUC0−t. Despite similar plasma exposures, there were
marked differences in brain disposition in this study, where brain
AUC0−t for abamectin (ABM) and selamectin (SEL) was 22- and
38-fold higher than ivermectin (IVM).

IVM ABM SEL

Plasma PK parameter
Cmax (ng/ml) 232 351 370
Tmax (h) 10.00 0.25 1.00
Half-life (h) 12.67 17.40 21.40
AUC0−t (ng×h/ml) 4970 4049 4276

Brain PK parameter
Cmax (ng/mg of tissue) 0.31 2.32 6.21
Tmax (h) 10.0 10.0 4.0
Half-life (h) 19.0 8.8 19.4
AUC0−t (ng×h/mg of tissue) 1.81 40.10 69.30
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reduced total fluid intake, however this probably
reflected the decrease in ethanol intake since IVM did
not affect water intake. These findings are in good agree-
ment with our previous work (Yardley et al., 2012) and
extend this investigation, showing that ABM also signifi-
cantly reduced ethanol intake, but to a lesser extent than
did IVM. In contrast, SEL did not significantly reduce
ethanol consumption.

The disposition of the avermectins in plasma and
brain were evaluated by LC-MS/MS to determine
whether brain concentrations might play a role in deter-
mining the efficacy of IVM, ABM and SEL. The results in-
dicate that there was minimal difference between IVM,

ABM and SEL in their plasma concentrations, as
defined by the AUC. In contrast, the brain disposition
differed considerably between the three avermectins.
SEL had the highest brain concentration which was
followed by ABM and then IVM. Thus, the degree of
BBB penetration and resultant brain concentration of
the respective drugs alone cannot explain the differences
in the ability of these avermectins to reduce alcohol
intake. Rather, these differences reflect their ability to
modulate or offset underlying neurochemical effects of
ethanol.

In agreement with this contention, we identified sub-
stantial differences between the abilities of avermectins
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Fig. 3. Ivermectin (IVM) abamectin (ABM) and selamectin (SEL) modulation of P2X4R and GABAAR activity. (a) Concentration–
response curves of co-application of avermectins (0. 5–10 μM) with EC10 ATP demonstrate that IVM and ABM are potent positive
modulators whereas SEL is a weak modulator of P2X4R activity. (b) ABM potentiation was significantly greater than that of IVM
at concentrations 53 μM but not at lower 0.5 and 1 μM concentrations. (c) ABM directly induces currents in P2X4Rs at higher
concentrations (3 and 10 μM) in a concentration-dependent manner. (d) All avermectins significantly potentiated GABAAR function.
(e) At low 0.5 μM concentration, the effect of SEL was smaller compared to that of IVM but did not reach statistical significance.
Data are presented as mean±S.E.M of 4–12 oocytes per data point.
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to modulate P2X4R function and to antagonize the inhibi-
tory effects of ethanol on P2X4Rs in vitro. Specifically,
IVM and ABM significantly potentiated P2X4R function
and antagonized the inhibitory effects of ethanol at thera-
peutically relevant concentrations. In contrast, SEL, even
at much higher concentrations, showed only minimal
activity to potentiate P2X4R function and to antagonize
the effects of ethanol, in vitro. The right-shift in the

ethanol concentration–response with ABM supports a
competitive mechanism for the ethanol antagonism.
Notably, the findings with ABM are similar to our pre-
vious findings with IVM (Asatryan et al., 2010; Popova
et al., 2013). On the other hand, the absence of significant
reductions in ethanol response or a right shift for the con-
centration–response curves for SEL further supports the
notion that SEL lacks the ability to antagonize the inhibi-
tory effects of ethanol on P2X4Rs.

SEL appeared to be equally potent compared to IVM
and ABM in its ability to positively modulate GABAARs
when tested at concentrations up to 1 μM. On the other
hand, at concentrations 51.0 μM, SEL was less effective
in potentiating GABAAR function as compared to IVM
and ABM. Taken together, the findings suggest that the
significant differences in structure between IVM and
ABM, compared to SEL, play an important role in the dif-
ferences in the compounds ability to positively modulate
P2X4R and to a lesser extent, GABAAR function.

IVM belongs to a class of lipophilic, water insoluble
compounds, the avermectins, that are produced by the
soil microorganisms Streptomyces avermitilis (for review
see Omura, 2008; Crump and Omura, 2011). The structur-
al basis of IVM as an anti-parasitic agent has been linked
to the hexahydro-benzofuran site, but not the spiroketal
group of the molecule (Michael et al., 2001). In addition,
the size of the carbohydrate side chain is suggested to
be important in the interaction with the P-gp and should
influence the ability of P-gp to remove avermectins that
penetrate the BBB (Lespine et al., 2007). ABM and IVM
are structurally similar; differing only by a double bond
at C22-23 (Fig. 1). ABM is a mixture of the fermentation
natural products avermectin B1a and B1b containing a
double bond at C22-23 of the spiroketal unit, while IVM
is the product of selective chemical hydrogenation of
ABM at C22-23. SEL is a synthetic analog that is structur-
ally different from both IVM and ABM. SEL, in addition
to having a saturated spiroketal moiety that is similar to
IVM, also has a cyclohexyl ring in place of the isopro-
pyl/isobutyl substituent on IVM and ABM. The absence
of the C22-C23 double bond in IVM alters the confor-
mation of the spiroketal moiety and modifies its meta-
bolism in comparison with ABM (Halley et al., 1992).
However, given the comparable ability of both IVM and
ABM to antagonize the inhibitory effects of ethanol in
P2X4Rs more effectively than SEL, it seems that their spir-
oketal differences are not the primary determinant for this
effect.

There are two other major structural differences be-
tween IVM and ABM, as compared to SEL. First, SEL fea-
tures an unsaturated ketoxime substituent in the place of
the simple allylic hydroxyl group that is found on IVM
and ABM. Second, SEL contains only one carbohydrate
moiety rather than two as in IVM and ABM (Fig. 1).
The latter feature is likely responsible for reduced inter-
action of SEL with P-gp (Lespine et al., 2007) and as a
result the higher brain concentrations seen with SEL
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Fig. 4. Effects of ivermectin (IVM) abamectin (ABM) and
selamectin (SEL) on ethanol (EtOH) inhibition of P2X4R
function. (a) IVM and ABM at 0.5 μM antagonize the 100mM

ethanol inhibition. SEL at 10 μM is not able to antagonize the
effect of 100mM ethanol. There was a right-shift in the ethanol
concentration–response curves for ABM (b) but not for SEL
(c). Data are presented as mean±S.E.M of 5–17 oocytes per
experimental point. *p<0.05 compared to the ATP +100mM
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vs. IVM and ABM. On the other hand, despite higher
brain concentrations, SEL did not reduce ethanol intake.
Together, these findings suggest three possibilities:
(1) the presence of the two carbohydrates is required for
the anti-alcohol effects of IVM and ABM; (2) the presence
of the ketoxime in the structure of SEL is sufficient to
eliminate this effect or (3) both of these structural differ-
ences are important in determining the anti-alcohol
efficacy of avermectins.

The identified structural modifications in SEL (Fig. 1)
may be important pharmacophore sites required for the
greater anti-alcohol potency of IVM and ABM. In support
of this notion, recent studies identified an overlapping
putative binding pocket for IVM and ethanol, an
alcohol-IVM pocket, in P2X4Rs (Asatryan et al., 2010;
Popova et al., 2013). In this context, we propose that the
second sugar moiety that is present in both IVM and
ABM, but lacking in SEL is important for the affinity of
IVM and ABM for this alcohol/IVM pocket that is key
for the efficacy of avermectins in blocking the actions of
ethanol on P2X4Rs and reducing alcohol intake. The pres-
ence/absence of this structural element may also play an
important role for the interaction of IVM and ABM with
other receptors systems such as GABAARs. Future studies
will begin to address these issues by investigating
structure-function interactions including molecular mod-
eling and extensive docking of avermectins at the iden-
tified putative binding site.

Taken together, the findings suggest that chemical
structure and effects on receptor function play key roles
in the ability of avermectins to reduce ethanol intake
and that these factors are more important than brain pen-
etration alone. The direct relationship between the effect
of these avermectins on P2X4R function and ethanol
intake suggest that the ability to antagonize ethanol-
mediated inhibition of P2X4R function may be a good
predictor of the potential of an avermectin to reduce
ethanol intake and support the use of avermectins as a
platform for developing novel drugs to prevent and/or
treat AUDs.
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