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Abstract

The neural and genetic factors underlying chronic tolerance to alcohol are currently unclear. The 

GluN2A NMDAR subunit and the NMDAR-anchoring protein PSD-95 mediate acute alcohol 

intoxication and represent putative mechanisms mediating tolerance. We found chronic 

intermittent ethanol exposure (CIE) did not produce tolerance (loss of righting reflex/LORR) or 

withdrawal-anxiety in C57BL/6J, GluN2A or PSD-95 knockout mice assayed 2–3 days later. 

However, significant tolerance to LORR was evident 1 day after CIE in C57BL/6J and PSD-95 

knockouts, but absent in GluN2A knockouts. These data suggest a role for GluN2A in tolerance, 

extending evidence that human GluN2A gene variation is involved in alcohol dependence.

Alcoholism is associated with the development of tolerance (DSM-5, 2013) to the effects of 

alcohol, but the neural and genetic mechanisms underlying chronic tolerance are still not 

well understood. Glutamate signaling via N-methyl-D-aspartate receptors (NMDAR) is a 

putative mechanism mediating tolerance and withdrawal (Krystal et al., 2003). Two 

glutamate signaling molecules, the GluN2A NMDAR subunit and the NMDAR-anchoring 

protein PSD-95, have previously been shown to have a role in regulating acute alcohol 

intoxication (Boyce-Rustay and Holmes, 2005; Boyce-Rustay and Holmes, 2006; Camp et 

al., 2011). Variation of the GluN2A gene is associated with alcohol dependence in humans 

(Domart et al., 2012; Schumann et al., 2008). Here, we investigated the development of 

tolerance and withdrawal-associated anxiety-like behavior following chronic intermittent 

EtOH exposure (CIE) via vapor inhalation as to determine the contribution of GluN2A and 

PSD-95 to these effects.

C57BL/6J-background knockout (KO) mice lacking either GluN2A (Boyce-Rustay and 

Holmes, 2006) or PSD-95 (Camp et al., 2011), together with their respective wild-type (WT) 

*Correspondence to: Andrew Holmes, 5625 Fishers Lane Room 2N09, Rockville, MD, USA 20852-9411, Andrew.Holmes@nih.gov, 
Telephone: 301-402-3519, Fax: 301-480-1952. 

NIH Public Access
Author Manuscript
Addict Biol. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Addict Biol. 2015 March ; 20(2): 259–262. doi:10.1111/adb.12110.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



littermate controls, were tested for evidence of withdrawal-anxiety and tolerance after CIE 

for a total of 16 × 16-hour exposures over a 4 week period (for full methods, see 

Supplementary Information). This CIE procedure has previously been shown to cause 

tolerance to EtOH conditioned taste aversion in C57BL/6J mice (Lopez et al., 2012). Each 

cohort of mice received only one regimen of CIE.

As compared to yoked controls exposed to vaporized air, CIE-exposed GluN2A KO and WT 

showed no increase in anxiety-related behavior (light/dark exploration) 2 days after CIE 

(Figure 1A, S1A). CIE mice did, however, exhibit lesser ataxia responses to 2 g/kg EtOH 

challenge in the rotarod test 3 days post-CIE, relative to air controls, indicating tolerance to 

this effect. This was statistically significant in WT and trended in the same direction in KO 

(CIE effect: F1,61=11.10, P<.01, followed by planned post hoc comparisons by genotype, 

n=16–17) (Figure 1B, S2A). However, there was no indication of lesser LORR duration in 

either genotype after challenge with 3.5 g/kg EtOH 4 days post-CIE. GluN2A KO generally 

had lower scores than WT (genotype effect: F1,53=10.17, P=.05, n=12–16) (Figure 1C).

PSD-95 KO showed increased baseline anxiety-like behavior (as seen previously (Feyder et 

al., 2010) but, as in the GluN2A KO experiment, CIE did not alter this behavior (genotype 

effect: %light time: F1,35=18.58, P<.01, light entries: F1,35=21.71, P<.01, n=8–11) (Figure 

1D, S1B). EtOH-induced ataxia scores were diminished after CIE due to a tolerance effect 

in PSD-95 KO only (CIE effect: F1,36=4.00, P=.05, n=8–11) (Figure 1E, S2B). CIE had no 

effect on LORR duration and, as previously reported (Camp et al., 2011), PSD-95 KO had 

higher LORR scores than WT, irrespective of CIE (F1,36=48.55, P<.01, n=8–11) (Figure 

1F).

These results indicate that 16 × 16-hour CIE exposure did not produce anxiety-like 

withdrawal or LORR tolerance and did not produce significant tolerance to ataxia tolerance 

across experiments. These negative data could reflect the relative resistance of the C57BL/6 

background strain to these specific assays for tolerance and withdrawal (Metten et al., 2010). 

Indeed, in commercially obtained C57BL/6Tac mice exposed to the same CIE procedure, 

there was also no evidence of CIE-induced tolerance or withdrawal-anxiety (all P<.05, n=8–

10) (Figure S3A-E).

Next, we tested for parametric variables that could potentially reveal CIE-induced tolerance 

in C57BL/6J mice. Based on the observation that rats exposed to prolonged CIE (7 weeks) 

can show tolerance to EtOH-induced LORR (Rimondini et al., 2008), C57BL/6J mice were 

given 32 × 16-hour CIE exposures over 8 weeks and tested for tolerance. Although EtOH-

induced ataxia scores (assayed 3 days post-CIE) only tended to be lower in CIE mice than 

air controls (Air=71.4 ±22.3, CIE=52.2 ±19.2, P>.05, n=9–10), LORR duration (assayed 4 

days post-CIE) was significantly reduced after this prolonged CIE regimen (t(14)=3.01, P<.

01, n=7–9) (Figure 2A).

We also determined whether LORR tolerance could be revealed if CIE was less extensive 

(i.e., standard 16 × 16-hour exposures) but there was a lesser interval between CIE and 

tolerance testing. CIE mice tested at an interval of 1 day post-CIE had significantly lesser 

LORR duration than air controls (t(15)=3.70, P<.01, n=8–9) (Figure 2B). The reliability of 
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this effect was confirmed in a separate cohort of mice (t(8)=3.44, P<.01, n=4–6) (Figure 

2C). In fact, in a third cohort, LORR tolerance was still evident at a 3-day post-CIE interval 

(CIE effect: F1,39=14.72, P<.01, n=7–8) and was reversible by pharmacological blockade 

of the NMDAR with MK-801 (drug effect: F2,39=14.33, P<.01) (Figure S4) (Debrouse et 

al., 2013).

On the basis of these results in the C57BL/6J strain, we tested naïve cohorts of GluN2A and 

PSD-95 KO using the procedure where tolerance was tested 1-day after 16 × 16-hour CIE 

exposures. LORR duration was significantly lesser after CIE in WT but not GluN2A KO 

(genotype × CIE interaction: F1,34=5.01, P<.01, n=7–12) (Figure 2D). By contrast, CIE 

exposure produced LORR tolerance regardless of PSD-95 genotype (CIE effect: 

F1,28=16.29, P<.01, n=7–9) (Figure 2E). LORR duration was significantly higher in 

PSD-95 KO than WT, irrespective of CIE (genotype effect: F1,28=6.04, P<.05). This CIE 

effect difference was evidence despite relatively high LORR values in air controls, which 

may reflect mixed genetic background of this mutant line (Feyder et al., 2010) and the 

greater contribution of longer sleeping ‘129’ inbred mouse strain genes (Chen and Holmes, 

2009).

Collectively, these data indicate loss of tolerance to the sedative/hypnotic effects of alcohol 

following constitutive deletion of GluN2A. Tolerance to these effects was unaltered in mice 

lacking PSD-95, although these mice did show some evidence of greater chronic tolerance 

to EtOH-induced ataxia. These genetic effects do not appear to be explained by abnormal 

EtOH pharmacokinetics, given previous evidence that neither GluN2A or PSD-95 deletion 

(Boyce-Rustay and Holmes, 2006; Camp et al., 2011) nor CIE (Holmes et al., 2012) alters 

EtOH metabolism. Further studies are needed to determine whether this function of GluN2A 

extends to other measures of EtOH tolerance, as well as withdrawal anxiety. 

Notwithstanding, the current study demonstrates a contribution of GluN2A-containing 

NMDARs to long-term adaptations to chronic EtOH exposure, and extends the recent 

finding that human GluN2A gene variation is associated with risk for alcohol dependence 

(Domart et al., 2012; Schumann et al., 2008).
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Figure 1. Effects of CIE on withdrawal-anxiety and tolerance in GluN2A KO and PSD-95 KO
(A) Effect of CIE and GluN2A genotype on light/dark exploration time in light. (B) Effect 

of CIE and GluN2A genotype on EtOH-induced rotarod ataxia. (C) Effect of CIE and 

GluN2A genotype on EtOH-induced LORR. (D) Effect of CIE and PSD-95 genotype on 

light/dark exploration time in light. (E) Effect of CIE and PSD-95 genotype on EtOH-

induced rotarod ataxia. (F) Effect of CIE and PSD-95 genotype on EtOH-induced LORR. 

Data are Means ±SEM. *P<.05
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Figure 2. Effects of CIE on tolerance in C57BL/6J mice, GluN2A KO and PSD-95 KO
(A) Effect of prolonged CIE on EtOH-induced LORR in C57BL/6J. (B) Effect of CIE on 

EtOH-induced LORR 1 day post-CIE in C57BL/6J. (C) Effect of CIE on EtOH-induced 

LORR 1 day post-CIE in a replicate C57BL/6J sample. (D) Effect of CIE and GluN2A 

genotype on EtOH-induced LORR 1 day post-CIE. (E) Effect of CIE and PSD-95 genotype 

on EtOH-induced LORR 1 day post-CIE. Data are Means ±SEM. *P<.05
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