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Abstract

P2X receptors (P2XRs) are a family of cation-permeable ligand-gated ion channels activated by

synaptically released extracellular ATP. The P2X4 subtype is abundantly expressed in the CNS

and is sensitive to low intoxicating ethanol concentrations. Genetic meta-analyses identified the

p2rx4 gene as a candidate gene for innate alcohol intake and/or preference. The current study used

mice lacking the p2rx4 gene (knockout, KO) and wildtype (WT) C57BL/6 controls to test the

hypothesis that P2X4Rs contribute to ethanol intake. The early acquisition and early maintenance

phases of ethanol intake were measured with three different drinking procedures. Further, we

tested the effects of ivermectin (IVM), a drug previously shown to reduce ethanol’s effects on

P2X4Rs and to reduce ethanol intake and preference, for its ability to differentially alter stable

ethanol intake in KO and WT mice. Depending on the procedure and the concentration of the

ethanol solution, ethanol intake was transiently increased in P2X4R KO versus WT mice during

the acquisition of 24-hr and limited access ethanol intake. IVM significantly reduced ethanol

intake in P2X4R KO and WT mice, but the degree of reduction was 50% less in the P2X4R KO

mice. Western blot analysis identified significant changes in -γ aminobutyric acidA receptor

(GABAAR) α1 subunit expression in brain regions associated with the regulation of ethanol

behaviors in P2X4R KO mice. These findings add to evidence that P2X4Rs contribute to ethanol

intake and indicate that there is a complex interaction between P2X4Rs, ethanol, and other

neurotransmitter receptor systems.
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Introduction

Ligand gated ion channels (LGICs) are widely held to play an important role in ethanol-

induced behaviors and drinking [1–8]. Research in this area has focused on investigating the

effects of ethanol on two large “superfamilies” of LGICs: 1) The nicotinic acetylcholine

receptor superfamily (cys-loop) with members including nicotinic acetylcholine receptors

(nAChRs), 5- hydroxytryptamine type 3 receptors (5-HT3Rs), γ-aminobutyric acid type-A

receptors (GABAARs) and glycine receptors [9,10] and 2) The glutamate superfamily

[11,12].

P2X receptors (P2XRs) constitute a third superfamily of LGICs that are becoming a focus of

investigation in neuroscience and ethanol studies [13–17]. P2XRs are fast acting, cation-

permeable ion channels that are gated by synaptically released extracellular adenosine 5′-
triphosphate (ATP) [18–20]. In the central nervous system (CNS), ATP directly mediates

fast excitatory synaptic transmission by acting on P2XRs located on postsynaptic

membranes. In addition, ATP can modulate the actions of other neurotransmitters (e.g.,

GABA, glycine and glutamate), known to play important roles in ethanol drinking and other

behaviors, by acting on P2XRs located on pre- and postsynaptic membranes [18,19,21–23].

Of the seven P2XR subtypes, P2X4Rs are the most abundantly expressed in the CNS

ranging from neurons to microglia [24,25]. Several lines of evidence suggest that P2X4Rs

can modulate a spectrum of the effects of ethanol. In vitro studies report that ethanol

concentrations starting at approximately 5 mM modulate ATP-activated currents in neurons

[26–30] and recombinant models [31–36]. This concentration of ethanol is well below the

17 mM (i.e., 0.08%) blood ethanol concentration (BEC) that is considered “legally

intoxicated” in the U.S. In addition, P2X4Rs are located in brain regions that have been

identified as neural substrates of alcohol [e.g., hippocampus, cerebellum, ventral tegmental

area (VTA) and nucleus accumbens (NAc)] [37–40].

Recent studies implicate P2X4Rs in the regulation of multiple CNS functions, including

neuropathic pain [41,42], neuroendocrine functions [43] and hippocampal plasticity

[23,44,38]. In addition, P2X4Rs have been recently shown to modulate the function of other

major ionotropic targets, such as GABAARs [45] and N-methyl-D-aspartate receptors

(NMDARs) [23]. Many physiological and behavioral functions linked to P2X4Rs are also

affected by ethanol. In addition, converging evidence suggests a possible role for P2X4Rs in

the genetic vulnerability for increased ethanol intake. These investigations, using microarray

techniques, found an inverse relationship between p2rx4 gene expression and innate ethanol

consumption and preference in rodents. Kimpel et al. [46] examined gene expression in

brain areas associated with reward in inbred alcohol preferring (iP) and non-preferring (iNP)

rat lines and found that functional p2rx4 expression was significantly reduced in iP rats.

Along similar lines, Tabakoff and colleagues [47] found lower levels of whole brain

expression of p2rx4 mRNA in inbred rats that display a high ethanol-drinking phenotype

compared to those with a lower ethanol-drinking phenotype. Furthermore, pre-treatment

with ivermectin (IVM), a drug that antagonizes ethanol-mediated inhibition of recombinant
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P2X4Rs in vitro [36,48,49], significantly reduced two-bottle choice ethanol intake and

operant ethanol self-administration in mice [50,49].

Collectively, the findings outlined above suggest that P2X4Rs contribute to ethanol intake

and that there is an inverse relationship between P2X4R activity and ethanol intake. Yet,

direct evidence is lacking. The present study tests these two related hypotheses using a gene

knockout (KO) strategy in combination with three measures of ethanol intake and one

measure of ethanol sensitivity. And, based on evidence for developmental compensations in

KO mice [51,52] and for cross-talk between P2X4Rs and GABAARs [45], protein

expression of the GABAAR α1 subunit was measured because this subunit is widely

expressed throughout the brain and is suggested to contribute to some behavioral effects of

ethanol [53–55].

Materials and Methods

Animals

The present study utilized male homozygous p2rx4 null (i.e., P2X4R KO) mice from a

breeding colony that we established at University of Southern California (USC; Los

Angeles, CA). Re-derivation of P2X4R heterozygous (HZ) mice was performed by the USC

transgenic core using frozen HZ embryos obtained from a previously established P2X4R

KO colony [38]. This effort resulted in 7 HZ mice, which were backcrossed with C57BL/6J

mice to produce the 1st generation of offspring. HZ offspring were backcrossed every three

generations with wildtype (WT) C57BL/6J mice that were purchased from Jackson

Laboratory (Bar Harbor, ME). Quantitative real time polymerase chain reaction was used to

genotype DNA extracted from tail biopsies by probing with primers specific for LacZ

(5′GCGAACGCGAATGGTGCAGC 3′) and P2X4 (5′TCGCTCTCTGGGTCTGGGGC

3′). All studies were conducted with male mice that were at least 2 months and no more than

6 months of age. Animals of similar age were used within each test. We used C57BL/6 mice

from our colony or from Jackson Laboratory as WT controls. Pilot studies indicated that

C57BL/6 mice from these different sources did not differ significantly in ethanol or total

fluid intake. Upon weaning, all animals were separated by sex and group housed at 4–5 per

polycarbonate cage until testing. Prior to the start of the drinking procedures, mice were

acclimated to individual housing and a reverse light-dark cycle (12/12h; lights off at 1300 h)

for a minimum of one week with access to only water. Mice received ad libitum access to

food and water bottles fitted with ball-bearing sippers. All handling and experimental

procedures were performed in accordance with NIH guidelines and protocols that were

approved by USC’s Institutional Animal Care and Use Committee.

Drugs

Ethanol solutions were prepared from USP grade ethyl alcohol (Gold Shield Chemical

Company, Hayward, CA) (200 proof) diluted (v/v) in tap water for drinking or 0.9% sodium

chloride for systemic intraperitoneal (i.p.) injection. Saccharin (Sigma-Aldrich, St. Louis,

MO) was prepared as a 0.033% and 0.066% w/v solution in tap water. Drinking solutions

were prepared and refreshed once per week, while solutions for systemic administration

were prepared fresh on the day of the experiment.
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Western Blot Protein Analysis of Brain Tissue

Mice were euthanized by CO2 inhalation. Whole brain and liver tissue were excised from

mice for quantification of P2X4R subunit expression. Similar to methods described by Sim

and colleagues [38], tissues were homogenized in ice-cold hypotonic homogenization buffer

(10 mM Tris-HCl, pH 7.4, 1 mM MgCl2 and protease inhibitor cocktail). Sodium chloride

was added to the final concentration of 155 mM and the homogenates cleared by

centrifugation. Membranes were recovered from the supernatant by ultracentrifugation (45

minutes at 100,000 X g, 4°C). Pelleted membranes were solubilized by incubation in

phosphate buffer solution (PBS) containing 1% Triton X100. Solubilized protein was

cleared by centrifugation at 13,000 rpm at 4°C for 10 minutes, and the protein concentration

was determined with a protein assay kit (BCA, Pierce Biotechnology, Rockford, IL). The

cerebellum, prefrontal cortex, striatum (dorsal and ventral), midbrain, hippocampus, and

amygdala were dissected for quantification of GABAAR α1 subunit expression. These brain

regions were chosen, based on their involvement in the neurocircuitry of ethanol reward [56]

and in measures of ethanol intoxication [57]. Brain tissues were homogenized using 500μl of

homogenization buffer (50mM Tris-HCl (pH 8.0), 150mM NaCl, 1mM EDTA, 0.1% SDS,

1/100 protein inhibitor cocktail) and sonicated. Samples (50 μg/lane) were run on 10% SDS-

PAGE and transferred to polyvinylidine difluoride (PVDF) membranes. The membranes

were blocked in 5% dry milk and incubated overnight at 4°C with a rabbit anti-P2X4

primary antibody (1:2000 dilution, Alomone Labs, Israel) and rabbit anti-GABAAR α1

antibody (1:1000 dilution, Phosphosolutions, Aurora, CO). Protein bands were visualized

using enhanced chemiluminescence (Bio-Rad Laboratories) after incubation with the

respective secondary anti-rabbit and anti-mouse antibody (1:20000 dilution, Bio-Rad

Laboratories, Irvine, CA).

24-hr Access, Two-Bottle Choice

The 24-hr access, two-bottle choice (i.e., preference) ethanol drinking model [58–62] is

widely used to assess changes in drinking and preference and is considered a model of

“social drinking” behavior in rodents since sustained elevated ethanol intake, BECs, and

intoxication are not achieved [63]. We utilized a modification of the procedure described

previously by Yoneyama et al. [62] and Yardley et al. [50] to investigate differences in the

acquisition of ethanol drinking between WT and P2X4R KO mice. In this experiment, we

assessed ethanol intake in male P2X4R KO mice, using C57BL/6J mice (Jackson

Laboratories) as the WT controls. This was due, in part, to the limited number of WT

animals that were available at time of the study. Briefly, mice had 24-hr access to a 25 mL

bottle containing a 10% ethanol solution (10E) and another containing tap water for 4

consecutive days. Bottle volumes were measured in the morning on each day with positions

switched every other day to avoid side preferences. Body weights were measured for each

mouse to calculate the g/kg/24-hr intake of ethanol. The percent preference for ethanol was

calculated as the volume of the ethanol solution consumed divided by the total fluid volume

consumed (i.e., ethanol + water) x 100.

A separate group of male C57BL/6 and P2X4R KO mice were tested for saccharin intake

using the same two-bottle choice paradigm used in the ethanol study. These animals had a

choice between a 25 mL bottle containing 0.033% saccharin or tap water for a period of four

Wyatt et al. Page 4

Neurochem Res. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



consecutive days. This was followed by a choice between 0.066% saccharin solution and tap

water for four consecutive days.

24-hr Access, Two-Bottle Choice with Ivermectin (IVM)

IVM is a well-tolerated, broad spectrum anti-parasitic medication in humans and animals

that is becoming a recognized pharmacological tool for identifying the contribution of

P2X4Rs in ATP-mediated processes [64,19,16,36]. We recently found that IVM

significantly reduced alcohol intake and preference in a dose dependent manner in male and

female C57BL/6 mice [50].

We used a modification of the 24-hr access, two-bottle choice procedure described above

and previously described [50]. The study was conducted in a separate group of P2X4R KO

mice and C57BL/6J mice (Jackson Laboratories) as the WT controls. Prior to the study start,

KO mice had been used in a pilot experiment measuring intake of 20% v/v ethanol (20E),

10E, and 5% v/v ethanol (5E) solutions in a modified drinking-in-the-dark (DID) procedure

[65,66]. For the DID procedure, on days 1–3, mice received a single bottle of an ethanol

solution for 2 hours, beginning 3 hours into the circadian dark, with access to water the

remainder of the time. On day 4, mice had access to the ethanol solution for 4 hours. The 4

day DID procedure was used each week, with water available the remainder of the week.

Ethanol intake was measured over a total of 7 weeks: 3 weeks of 20E consumption, 1 week

of 10E consumption, and 3 weeks of 5E consumption. During the last 2 weeks of the study,

mice were administered saline injections prior to 5E access.

On the day following the final DID session, mice were acclimated to the 24-h two-bottle

choice ethanol paradigm for 5 days prior to the initiation of saline injections. Baseline 10E

intake was measured over 3 days of saline injections to ensure that 10E intake had stabilized

(± 10% variability in the mean 10E intake over 3 consecutive days). On the next day, all

mice then received a single injection of IVM (5 mg/kg). Injections were administered

immediately prior to the period of 24-hr access to 10E versus tap water so that changes in

drinking over 24-hr after IVM administration was measured.

Intermittent, Limited Access

The intermittent, limited access procedure was used to model high ethanol drinking, as

described previously by our lab and others [67,50,68]. Briefly, each alcohol naïve WT and

KO mouse was tested with two concentrations of ethanol (10% then 20%, 10E and 20E

respectively) according to the following procedures. Mice were given access to one bottle

containing an ethanol solution for six drinking sessions, followed by a one week wash out

period between the two ethanol concentrations in which only tap water was available.

Ethanol access periods were every other day for 4-hrs beginning three hours into the

circadian dark. Drinking session days were on Monday, Wednesday, and Friday. Water was

available continuously between ethanol sessions. Ethanol intake was determined by

measuring bottle volumes immediately prior to and after the 4-hr drinking period. Body

weights were also measured prior to each drinking session. Water intake over four hours was

measured during the time frame of the ethanol drinking period for three drinking sessions

prior to initiating the experiment.
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Loss of Righting Reflex (LORR) Duration and Blood Ethanol Concentration at Return of
Righting Reflex (BECRR)

Sensitivity to ethanol’s hypnotic effect in WT and KO mice was assessed by measuring the

duration of LORR and then determining the blood ethanol concentration at return of righting

reflex (BECRR) [69]. Mice were injected (i.p.) with 3.6 g/kg of ethanol and returned to the

cage until they appeared ataxic. Each mouse was placed on its back in a V-shaped trough

and the LORR latency and duration was measured. The time from injection to LORR and

the time from LORR to return of righting reflex were recorded. Return of righting reflex was

defined as the animal’s ability to right itself on all 4 paws, three times in 60 seconds.

Blood samples (20 μL) were obtained from a subset of mice via the retro-orbital sinus

immediately upon return of righting reflex. Blood samples were processed by dilution in

storage vials containing a matrix (500 μL) comprised of 4 mM n-propanol (Sigma-Aldrich,

St. Louis, MO) in deionized water. BECRRs were analyzed by head-space gas

chromatography on a 30 μL aliquot at Oregon Health & Science University, using routine

procedures [70]. Six pairs of ethanol standards (0.1–4.0 mg/ml), which included n-propanol

(internal standard), were run before the samples. Mice that did not lose their righting reflex

in less than five minutes post-ethanol administration or those that had an LORR duration or

BECRR greater than two standard deviations from the group mean were excluded from the

analysis [71,72].

Statistical Analysis

All data were analyzed with GraphPad Prism software (San Diego, CA) and are presented as

mean ± SEM. Protein expression of the GABAAR α1 subunit was normalized to beta-actin

levels in each lane. Genotype effects on GABAAR α1 receptor subunit expression levels and

averaged 24 hr intake data (g/kg, preference ratio, water intake and total fluid intake in mls)

were analyzed by unpaired, two-tailed student’s t-test. Repeated-measures, two-way

ANOVA was used to analyze the effect of genotype and day/drinking session on two-bottle

choice, DID intake and intermittent, limited access ethanol intake as well as the effect of

genotype and concentration on two-bottle choice saccharin intake. The IVM study was

analyzed by calculating the percent reduction from baseline after IVM injection for each

dependent variable (10E intake, 10E preference, water intake and fluid intake) and

performing an unpaired student’s t-test to determine the effects of genotype (KO, WT).

Genotype effects on LORR and BECRR data were analyzed by unpaired, two-tailed

student’s t-test. Statistical significance was set at p<0.05.

RESULTS

We assessed the levels of P2X4R protein in the brain and liver of P2X4R KO and WT

littermates as a first step in our studies. We detected P2X4R protein at the expected

molecular weight (60 kDa) in the brain of WT mice, but this protein was absent in the KO

mice (Figure 1a). Similarly, P2X4R protein was determined to be in the liver (Figure 1b) of

WT mice and not in the KOs. These results confirm the lack of P2X4R protein in KO mice.

Subsequently, we used PCR to confirm the P2X4R genotype of all mice.
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GABAAR α1 subunit expression is altered in P2X4R KO mice in a brain-region specific
manner

We next assessed the expression of GABAAR α1 subunit in discrete brain regions that were

isolated from WT and P2X4R KO mice, since this subunit is widely expressed throughout

the brain and is suggested to contribute to some behavioral effects of ethanol [53–55]. As

depicted in Figure 2, we identified significant brain-regional alterations between WT and

KO mice in GABAAR receptor expression of the α1 subunit. Specifically, there was a

significant increase in α1 subunit expression in the prefrontal cortex (129%; P<0.05) and

cerebellum (82%; P<0.05) and. Conversely, we found that GABAAR α1 subunit expression

was significantly decreased in the midbrain (33%; P<0.01) of P2X4R KO compared to WT

mice, whereas GABAAR α1 subunit expression in the amygdala, hippocampus, and striatum

(dorsal and ventral) was similar in WT and KO mice.

P2X4R KO mice demonstrate altered ethanol intake

Acquisition of 24-hr 10E and saccharin intake—P2X4R KO and WT mice were

provided 24-hr access to 10E and water as described in the methods. Deletion of the p2rx4

gene significantly increased averaged ethanol intake by 22%, when compared to WT

controls (Figure 3a; inset). The repeated measures, two-way ANOVA across daily 10E

consumption revealed a significant main effect of genotype on ethanol intake [F (1, 60) =

5.42, p<0.05] (i.e., KO > WT), with no effect of day or significant genotype x day

interaction (Figure 3a). The 10E preference ratio did not differ significantly between P2X4R

KO and WT controls (Figure 3b). Water intake was significantly affected by day [F (3, 60) =

12.50, p<0.001], but not by genotype (Figure 3c). Conversely, total fluid intake tended to be

higher in KO versus WT mice [F (1, 60) = 4.13, p=0.056], and it was significantly affected

by day [F (3, 60) = 7.42, p<0.001] (Figure 3d). There was no genotype x day interaction on

any of these measures.

A separate group of P2X4R KO and WT mice were provided 24 hour access to saccharin

solutions and water. Saccharin intake and preference for a 0.033% and 0.066% solution did

not differ significantly between WT controls and P2X4R KO mice (Figure 4). The repeated

measures, two-way ANOVA revealed a significant effect of saccharin concentration on

intake [F (1, 16) = 337.10, p<0.001] and preference [F (1, 16) = 26.19, p<0.001], but no

effect of genotype.

Intermittent, 4-hr access to 10E and 20E solutions—Male P2X4R KO and WT

mice were exposed to an intermittent, limited (4-hr) access paradigm to determine if

knocking out the p2rx4 gene altered ethanol consumption in a model of high ethanol intake.

There was no significant difference in baseline total water intake between P2X4R KO

(68.02 ± 4.759 ml/kg) versus WT (63.48 ± 4.583 ml/kg) mice measured during three

drinking sessions prior to initiating the experiment. Intake of the 10E and 20E solutions was

analyzed separately. Analysis of 10E (g/kg) intake revealed a significant interaction between

genotype and drinking session [F (5, 100) = 4.98, p<0.001], a significant effect of drinking

session [F (5, 100) = 4.96, p<0.001], with no main effect of genotype (Figure 6). Bonferroni

post-hoc analysis identified a significant increase in 10E intake by KO mice on the first
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drinking session (p<0.01). There was no significant effect of genotype, drinking session, or

genotype x drinking session interaction on 20E intake.

Drinking-in-the-dark (DID) procedure with 20E, 10E and 5E—Male P2X4R KO

and WT mice were exposed to a modified DID procedure to determine if deletion of the

p2rx4 gene altered ethanol consumption in a second model of high ethanol intake. Prior to

initiating the alcohol studies, we conducted a DID study with water only. There was no

significant difference in baseline DID water intake. The average 4-hr water intake for

P2X4R KO mice on day 4 was 1.52 ± 0.098 ml, compared to WT mice that drank 1.42 ±

0.066 ml (p>0.05). Each week of ethanol intake was analyzed separately. Analysis of the

first week of 20E intake (g/kg) revealed there was no significant difference between KO and

WT (data not shown). However, analysis of the second week of 20E intake (g/kg) revealed a

significant main effect of both day [F(3,48)=21.66; p<0.001] and genotype [F(1,48)=6.45;

p<0.05] on 20E intake (Figure 6a). The interaction between time and genotype was also

significant (F(3,48)=4.76; p<0.01). Post hoc t-tests revealed a significant increase in ethanol

intake in KO mice on day 1 (t=2.748; p<0.05) and day 3 (t=3.432; p<0.01). There was a

trend for 20E intake to remain higher in the KO versus WT mice during week 3 of the DID

procedure (p = 0.09; Figure 6b). Consumption of 10E was measured during week 4 of the

DID procedure, and there was no difference between KO and WT mice (not shown).

Consumption of 5E was measured during weeks 5–7 of the DID procedure. For week 5,

consumption of 5E was significantly higher in KO versus WT mice [F(1,48)=12.27;

p<0.01]), and it was significantly influenced by day [F(3,48)=23.96; p<0.001]. There was no

interaction between genotype and day (Figure 6c). For weeks 6 and 7, both KO and WT

controls received daily saline injections 8 hours prior to alcohol access. There was no effect

of genotype during week 6 (data not shown), but there was a trend for 5E intake to remain

higher in the KO versus WT mice during week 7 (p=0.09; Figure 6d).

24-hr Access, Two-Bottle Choice and IVM—Following the completion of the DID

study, the same P2X4R KO and WT mice were provided 24-hour access to 10E and water in

the presence and absence of IVM to: 1) determine whether IVM would differentially alter

10E intake in WT versus P2X4R KO mice and 2) confirm the higher baseline 10E intake in

saline-injected P2X4R KO versus WT mice (i.e., pre-IVM). Based on the results of our first

study, a planned comparison confirmed that the 3-day averaged baseline 10E intake was

significantly higher by 23% in P2X4R KO mice, when compared to WT controls (t=2.469,

p<0.05; Figure 7a). IVM (5 mg/kg) decreased ethanol intake in WT mice by 40% vs. a 20%

reduction in P2X4R KO mice; this percent reduction in 10E intake was significantly greater

in WT compared to KO mice (t=3.150; p<0.01; Figure 7b). Similarly, IVM produced a

significantly greater percent reduction in 10E preference in WT compared to KO mice

(t=2.745; p<0.05; Figure 7c). There was no difference between WT and KO mice in the

percent reduction of water intake or fluid intake following IVM pre-treatment.

No change in sensitivity to a hypnotic dose of ethanol in P2X4R KO mice

We used LORR duration in combination with BECRR, measured in a subset of mice tested

for LORR duration, to begin assessing whether a null mutation of P2X4Rs affected brain

sensitivity to a hypnotic ethanol dose (3.6 g/kg). There was no significant difference
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between P2X4R KOs and WT controls in the latency to LORR (Figure 8a). While LORR

duration was 27% longer in P2X4R KO versus WT mice (p<0.05; Figure 8b), BECRR did

not differ in KO versus WT mice (Figure 8c).

DISCUSSION

The current study tested the hypotheses that P2X4Rs contribute to ethanol intake and that

there is an inverse relationship between P2X4R activity and ethanol consumption. With

several different drinking procedures, there was a transient and modest increase in ethanol

intake in male P2X4R KO versus WT mice, and the duration of the increase in ethanol

intake differed, depending on the procedure and the concentration of the ethanol solution.

The effect of genotype appeared to be specific for ethanol intake since KO and WT mice did

not differ in saccharin intake or preference, nor did they differ in water intake. Collectively,

these findings add to evidence that P2X4Rs contribute to aspects of ethanol intake.

Studies undertaken in our laboratory have demonstrated that P2X4Rs are inhibited by

ethanol [34,73–75]. Specifically, mutational analyses have identified amino acid residues

that play an important role in the action of ethanol [73,76] and IVM [36,48]. While these

investigations begin to shed light on the mechanism of ethanol action on P2X4Rs, the

findings are derived from isolated cellular preparations and thus do not provide insight into

how ethanol affects P2X4R function in vivo or how these effects translate to behavioral

change.

The present work provides two lines of evidence that P2X4Rs contribute to ethanol intake.

Using the 24-hr, two-bottle choice paradigm, 10E intake was 22% higher in P2X4R KO

versus WT mice during the initial acquisition of drinking. Interestingly, the strongest effect

of the P2X4R KO on ethanol intake was during the first two days of 10E exposure (Figure

3a), suggesting a potential involvement of P2X4Rs in the initial acceptance of an ethanol

solution or in the early acquisition phase of ethanol drinking. Notably, as presented in the

IVM study, baseline 24-hr 10E intake was significantly higher (by 23%) in P2X4R KO

versus WT mice, when measured after all animals had 7 weeks of prior ethanol intake in a

DID procedure. Thus, there was an overall 22–23% increase in the acquisition phase of 24-

hr 10E intake in P2X4R KO versus WT mice that was independent of ethanol drinking

experience prior to the measurement of 24 hour 10E intake.

A slightly different pattern of results was found with two different models of high ethanol

intake. With the intermittent, limited access procedure, deletion of P2X4Rs significantly

increased 10E intake versus WT controls on the first exposure to the 10E solution (i.e.,

drinking session 1), but it did not have a significant effect on 10E intake in subsequent

drinking sessions, nor was there an effect of genotype on consequent 20E intake with this

procedure. However, with the DID procedure, there was a transient increase in 20E intake in

KO versus WT mice, when this solution was offered during the second week of access

(Figure 6a), with a trend for an overall increase in 20E during week 3 of access (Figure 6b).

However, there was no effect of genotype on 10E intake during week 4 of the DID

procedure. These findings suggest that the initial acceptance of 10E or 20E solutions can be

influenced by P2X4R genotype. Interestingly, overall DID intake of 5E was significantly
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greater in P2X4R KO versus WT mice during week 5 and tended to be higher during week 7

of the DID procedure, suggesting that P2X4R genotype may exert a more persistent effect

on intake of lower ethanol concentrations (i.e., 5E). Hence, with limited access ethanol

procedures that are designed to model high ethanol intake, deletion of P2X4Rs may

influence the acquisition and early maintenance phase of consumption of low ethanol

concentrations (i.e., 5E) or primarily affect the acceptance and early drinking experience of

higher ethanol concentrations (i.e, 10E and 20E).

The differences in the transient nature of the genotype-related changes in ethanol drinking

also could be linked to the different drinking paradigms used. Notably, a recent study found

that a single gene mutation in mice could disrupt the correlative relationship between two-

bottle choice ethanol consumption and other drinking phenotypes, such as the DID model

used in our study [77]. The results of the multivariate analyses that were conducted by

Blednov and colleagues [77] support the conclusion that single gene mutations can disrupt

the networks of multiple physiological systems that work in concert to regulate ethanol

drinking behavior.

Typically, the link between specific receptor actions of a drug and the downstream

behavioral cascade is investigated using selective pharmacological agonists and antagonists.

At present, such tools are not available for P2X4Rs, but IVM has been used to help fill this

gap. IVM is an positive allosteric modulator of several LGICs including GABAARs, glycine

receptors, and nAChRs [78,79]. Within the P2X superfamily, IVM is selective for P2X4Rs

and has been used to link these receptors to specific behavioral responses [17,38]. Further, in

a recent NIAAA review, P2X4Rs were identified as a target of interest for the development

of alcohol use disorder (AUD) medications, with IVM as a compound that acts on this target

[16].

IVM can antagonize the inhibitory effects of ethanol by interacting at a site of ethanol action

in the TM1-TM2 region of the receptor [36,48]. Recent investigations extended this work to

mice where it was found that IVM significantly reduced ethanol intake in both male and

female mice [50]. To begin to investigate the contribution of P2X4Rs to the IVM-induced

reduction in ethanol intake, we determined whether P2X4R genotype would differentially

alter the effect of IVM on ethanol intake. In agreement with previous studies [50,49], IVM

significantly decreased 10E intake in WT controls. Importantly, the degree of reduction in

ethanol intake by IVM was less in the KO mice when compared to the WT controls (Figure

7b), suggesting that at least a portion of IVM’s ability to reduce alcohol intake is linked to

P2X4Rs [49]. Because IVM has been reported to exert effects on GABAAR, glycine

receptors, and nAChRs [80–84], the results in the P2X4R KO mice are consistent with the

idea that the IVM-induced reduction in ethanol intake reflects a combined effect of IVM on

P2X4Rs as well as GABAARs and nAChRs [49]. Nonetheless, the collective findings

suggest that deletion of P2X4Rs leads to a transient increase in ethanol intake and that

stimulation of P2X4R function using a drug such as IVM reduces ethanol intake.

The current studies also provide some insight into the mechanistic complexity by which a

reduction of P2X4R function might contribute to ethanol intake. LORR duration

accompanied by the BECRR after an acute intoxicating dose of ethanol is a way by which to
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assess brain sensitivity, acute tolerance, or ethanol clearance [72]. We found that LORR

duration was significantly longer in P2X4R KO versus WT mice, but that the KO mice

regained their righting reflex at similar BECs as the WT controls. If the rate of ethanol

metabolism and other pharmacokinetic factors were the same in KOs and controls, one

would expect the KO mice to regain function with lower BECs. Thus, while there may be

subtle changes in ethanol pharmacokinetics in the KO mice, the similar BECRR in KO and

WT mice indicates that CNS sensitivity to a hypnotic ethanol dose does not differ in P2X4R

KO mice and WT controls.

It is clear from the current studies that there is a complex interaction between the effects of

the p2rx4 null mutation on ethanol intake, sensitivity, and metabolism. In contrast to an

inverse relationship between sensitivity to ethanol intoxication and ethanol intake,

sensitivity of the KO mice to ethanol intoxication was not associated with higher (albeit

transient at times) ethanol intake. This result is consistent with the multivariate analysis

conducted by Beldnov and colleagues (2012) where two bottle choice consumption of a 12%

ethanol solution was not associated with LORR duration in either mutant or WT mice. A

dose response assessment of LORR duration and other measures of ethanol intoxication is

warranted in future studies to further investigate genotypic differences in sensitivity to

ethanol intoxication.

In the present study we found differential changes in GABAAR α1 subunit expression in

several brain regions including the cerebellum, prefrontal cortex, and midbrain of P2X4R

KO mice, when compared with expression in WT controls. We focused on the GABAA

receptor α1 subunit because it is ubiquitously expressed across multiple brain regions, and it

has been demonstrated to play a role in several ethanol-induced behavioral effects [53–55],

so we can draw some tentative conclusions from the present results. With regard to a

measure of ethanol intoxication, increased α1 subunit expression in the cerebellum in the

KO was not associated with a change in CNS sensitivity to a hypnotic ethanol dose. The

remaining brain regions examined are important in the neurocircuitry of ethanol reward [56],

but we did not observe a consistent pattern of changes in GABAAR α1 subunit expression in

KO versus WT mice. This is not entirely surprising, when one considers that the potential

impact of these changes in expression in the KO was a transient increase in ethanol intake.

Nonetheless, the fact that α1 subunit expression in the KO was increased in the prefrontal

cortex, decreased in the midbrain (which includes the VTA), and unchanged in the

amygdala, hippocampus, and dorsal and ventral striatum indicated that deletion of the p2rx4

gene did not produce an overall compensatory increase in GABAAR α1 subunit expression

in the brain.

The current findings, coupled with our recently published changes in NMDA and AMPA

expression [85] illustrate how developmental compensations inherent in a KO model can

alter the expression levels of many different receptor subtypes and receptor families. For

example, in the prefrontal cortex, we found significant decrease in expression of GluN2A

and GluN2B subunits in P2X4R KO mice as compared with WT mice. On the other hand,

GluN1 subunit expression did not significantly differ. On the other hand, GluN1 subunit

expression was significantly reduced in the hippocampus and in the cerebellum of P2X4KO

mice, whereas hippocampal GluN2A and GluN2B subunit expression was similar between
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the KO and WT mice [85]. Further, the changes in GABAAR α1 subunit expression levels

in the P2X4KO mice observed in the current study were consistent with reports by others

indicating that P2X4Rs can modulate the function of major ionotropic targets, including

GABAARs [45] and NMDARs [23]. This would suggest that there is some degree of

communication between P2X4Rs and other LGICs in WT mice and that by eliminating the

expression of the P2X4Rs, we have disrupted the normal cross-talk between signaling

cascades that results in altered subunit expression.

CONCLUSION

The present findings using P2X4R KO mice add to the evidence that P2X4Rs contribute to

ethanol intake. Thus, understanding the basic underlying neurobiological processes for

ethanol intake in relation to P2X4R expression could provide key information regarding the

development of new therapeutics for AUDs targeting this relatively new and unexplored

family of LGICs.
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Figure 1. Western blot analysis of P2X4R protein expression in P2X4R KO and WT mice
Confirmation of the presence of P2X4R protein in WT mice and absence in P2X4R KO

mice in the (a) brain and (b) liver. 50 μg protein/lane.
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Figure 2. Western blot analysis of GABAAR α1 subunit expression in P2X4R KO and WT mice
Expression of the GABAAR α1 subunit was significantly increased in the prefrontal cortex

and cerebellum and was significantly decreased in the midbrain of P2X4R KO mice (black

bars) compared to WT controls (white bars). There were no genotype differences in

expression of the GABAAR α1 subunit in the amygdala, hippocampus, dorsal and ventral

striata. Values represent the mean ± SEM for 3–5 mice per genotype. Protein expression is

normalized to beta-actin levels and is depicted as arbitrary units (AU); 50 μg protein/lane.

*p<0.05; **p<0.01 compared to WT.
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Figure 3. P2X4R genotype increases the early acquisition phase of 24-hr, two-bottle choice
ethanol intake in male mice
(a) P2X4R KO increases 10% ethanol (10E) intake compared to WT controls. (b) There was

no significant effect of genotype on ethanol preference or (c) water intake, but there was (d)
a trend for total fluid intake to be higher in P2X4R KO versus WT mice. The insets

represent the average over the four consecutive days for WT (white bars) and P2X4R KO

(black bars) mice. Values represent mean ± SEM for 12 WT and 10 KO mice. *p<0.05

compared to WT.
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Figure 4. P2X4R genotype does not alter 24-hr, two-bottle choice saccharin intake and
preference in male mice
WT (white bars) and P2X4R KO (black bars) mice did not differ in their (a) intake and (b)
preference for a 0.033% and 0.066% saccharin solution. Values represent mean ± SEM

averages across 4 consecutive days of intake at each concentration for 6 WT and 12 KO

mice.
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Figure 5. P2X4R genotype produces a transient increase in intermittent, limited access ethanol
intake
Ethanol intake was measured for 6 drinking sessions at each concentration (10% ethanol,

10E and 20% ethanol, 20E). P2X4R KO mice drank more 10E on their first exposure

(drinking session 1), when compared to WT controls. Values represent mean ± SEM for 12

WT and 10 KO mice. *p<0.05 compared to WT.
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Figure 6.
Drinking-in-the-dark reveals transient higher intakes of 20% ethanol (20E) and 5% ethanol
(5E) in P2X4R KO versus WT mice. (a) During Week 2, 20E intake was significantly

higher in P2X4R KO mice versus WT controls on days 1 and 3; (b) During Week 3, there

was a trend for 20E intake to remain higher in P2X4R KO versus WT mice; (c) During

Week 5, consumption of 5E was significantly higher in P2X4R KO versus WT mice; (d)

During Week 7, mice received a saline injection prior to 5E access, and there was a trend for

5E intake to remain higher in P2X4R KO versus WT mice. Values represent mean ± SEM

for 12 P2X4R KO mice and 6 WT mice for weeks 1–5 and 6 P2X4R KO mice and 9 WT

mice for week 6–7. +p<0.10; *p<0.05; **p<0.01. P2X4R KO mice are represented by black

solid line; WT mice are represented by dotted line.
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Figure 7. IVM produces a 2 fold greater reduction of 24-hr, two-bottle choice ethanol drinking
and preference in WT mice, when compared to P2X4R KO mice
(a) Baseline 10% ethanol (10E) intake (averaged over 3 days) was significantly higher
in P2X4R KO versus WT mice. (b) Following a 5 mg/kg dose of IVM, the percent reduction

of 10E intake (versus baseline) was significantly greater in WT compared to KO mice. (c)
IVM (5 mg/kg) also produced a greater percent reduction in 10E preference (versus

baseline) in WT mice compared to P2X4R KO mice. Values represent mean ± SEM for 7

WT mice and 10 P2X4R KO mice. **p<0.01; ***p<0.001.
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Figure 8. P2X4R genotype does not influence sensitivity to the hypnotic effect of 3.6 g/kg ethanol
(a) There was no difference in latency to loss of righting reflex (LORR) in KO compared to

WT controls. (b) LORR duration was increased in KO, when compared to WT mice. (c)
Blood ethanol concentration at return of righting reflex (BECRR) did not differ in a

subset of KO and WT mice that were tested for LORR duration. Values represent mean ±

SEM for 24 WT and 25 KO mice (LORR) and 11 WT and 12 KO mice (BECRR). *p<0.05

compared to WT.
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