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Abstract  

Neuroadaptive responses to chronic ethanol, such as behavioral sensitization, are associated 

with NMDA receptor (NMDAR) recruitment. Ethanol enhances GluN2B-containing NMDAR 

function and phosphorylation (Tyr-1472) of the GluN2B-NMDAR subunit in the dorsal medial 

striatum (DMS) through a protein kinase A (PKA)-dependent pathway. Ethanol-induced 

phosphorylation of PKA substrates is partially mediated by calcium-stimulated adenylyl cyclase 1 

(AC1), which is enriched in the dorsal striatum. As such, AC1 is poised as an upstream modulator 

of ethanol-induced DMS neuroadaptations that promote drug responding and, thus, represents a 

therapeutic target. Our hypothesis is that loss of AC1 activity will prevent ethanol-induced 

locomotor sensitization and associated DMS GluN2B-NMDAR adaptations. We evaluated AC1’s 

contribution to ethanol-evoked locomotor responses and DMS GluN2B-NMDAR phosphorylation 

and function using AC1 knockout mice (AC1KO). Results were mechanistically validated with the 

AC1 inhibitor, NB001. Acute ethanol (2.0 g/kg) locomotor responses in AC1KO mice and wild-

type (WT) mice pre-treated with NB001 (10 mg/kg) were comparable to WT ethanol controls. 

However, repeated ethanol treatment (10 days, 2.5 g/kg) failed to produce sensitization in AC1KO 

or NB001 pre-treated mice, as observed in WT ethanol controls, following challenge exposure 

(2.0 g/kg).  Repeated exposure to ethanol in the sensitization procedure significantly increased 

pTyr-1472 GluN2B levels and GluN2B-containing NMDAR transmission in the DMS of WT mice. 

Loss of AC1 signaling impaired ethanol-induced increases in DMS pGluN2B levels and NMDAR-

mediated transmission. Together, these data support a critical and specific role for AC1 in striatal 

signaling that mediates ethanol-induced behavioral sensitization, and identify GluN2B-containing 

NMDARs as an important AC1 target.   
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Introduction 

Ethanol-induced locomotor sensitization is a manifestation of long-lasting neuroadaptations in 

striatal reward networks, which overlap with neural substrates contributing to ethanol self-

administration (Steketee and Kalivas, 2011). Clinical studies have similarly identified heightened 

reward sensitivity and accompanying striatal activation following ethanol exposure (Boileau et al., 

2003; Grodin et al., 2016), supporting the validity of sensitization as a pre-clinical model to 

recapitulate neural adaptations that promote drug responding (Lessov et al., 2001; Abrahao et 

al., 2013). Glutamatergic transmission through NMDARs is particularly implicated in the cellular 

mechanisms governing both ethanol-evoked drug reinstatement and behavioral sensitization 

(Kotlinska et al., 2006; Steketee and Kalivas, 2011; Abrahao et al., 2013). Chronic ethanol 

exposure potentiates transmission mediated by post-synaptic GluN2B-containing NMDARs in the 

dorsal medial striatum (DMS) (Wang et al., 2010). This increase in NMDAR-mediated 

transmission is associated with enhanced phosphorylation of Tyr-1472 on the GluN2B subunit 

that is indirectly mediated by PKA (Wang et al., 2010; Darcq et al., 2014). While inhibition of 

GluN2B-NMDARs specifically in the DMS decreases ethanol self-administration (Wang et al., 

2010), targeting NMDARs for treatment and prevention of alcoholism poses a challenge for 

designing safe, selective and efficacious drugs due to the biologically ubiquitous nature of 

NMDAR-mediated transmission (Holmes et al., 2013; Spanagel and Vengeliene, 2013). 

Therefore, upstream modulators of GluN2B-NMDARs in the DMS that are expressly associated 

with these ethanol neuroadaptations have become more attractive targets and should be 

investigated.  

Ethanol-mediated induction of cAMP-PKA signaling (Ron and Messing, 2013) occurs through a 

calcium-dependent process in the striatum (Balino et al., 2014). The only neuronal adenylyl 

cyclase (AC) isoforms that catalyze cAMP upon calcium/calmodulin activation are AC1 and 8 

(Wang and Storm, 2003), which were selectively upregulated in the striatum of human alcoholic 
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brains (Yamamoto et al., 2001), underscoring a specific role for these ACs in alcoholism. Animal 

models support calcium-stimulated ACs in ethanol action, as genetic deletion of AC1 and 8 

increased sedation, decreased voluntary consumption, and reduced locomotor stimulation to 

ethanol (Maas et al., 2005; Conti et al., 2012). Although ethanol does not directly stimulate AC1 

or AC8 activity (Yoshimura and Tabakoff, 1995; Maas et al., 2005), the observed increase in 

ethanol-induced sedation in AC1/8-deficient mice was accompanied by impaired ethanol-induced 

phosphorylation of a subset of neuronal PKA targets, driven specifically by loss of AC1 (Conti et 

al., 2009). As AC1 expression is enriched in the dorsal, compared to the ventral, striatum (Olsen 

et al., 2008), its striatal localization and role as a calcium detector poises AC1 to modulate the 

activity-dependent neuroplastic events in the DMS evoked by repeated ethanol, such as the PKA-

dependent phosphorylation of GluN2B-NMDARs.  

This study tests the hypothesis that loss of AC1 activity will prevent ethanol-induced locomotor 

sensitization and associated molecular adaptations in DMS GluN2B-NMDAR transmission and 

phosphorylation. Locomotor sensitization and changes in DMS GluN2B-NMDAR Tyr-1472 

phosphorylation and NMDAR-mediated transmission were assessed in WT and AC1KO mice 

after repeated saline or ethanol exposure. A selective pharmacological AC1 inhibitor NB001 was 

used to mechanistically validate the effect of AC1 in ethanol-induced locomotor sensitization and 

corresponding increases in GluN2B phosphorylation. Together, these findings support an 

imperative role for AC1 in the sensitizing effects of ethanol, and associated upregulation in 

NMDAR function localized in the DMS.   

Materials and Methods 

Animals 

Age-matched progeny of AC1KO homozygous mutants and wildtype (WT, C57BL/6) mice (male, 

8-12 weeks old) were bred and raised in-house. Mice were maintained in standard microisolator 
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cages under controlled conditions (~24°C; lights on 0700-1900 h; 35-40% humidity) with constant 

free access to food and water. All efforts were made to minimize animal suffering, to reduce the 

number of animals used, and to research potential applicable alternatives to in vivo techniques. 

All procedures were approved by Wayne State University and University of Michigan Institutional 

Animal Care and Use Committees. Animal care and use followed NIH Animal Care guidelines 

and was overseen by AAALAC accredited facilities at Wayne State University and the University 

of Michigan. 

Ethanol-induced locomotor sensitization 

Locomotor activity was recorded using an Opto-M3 Activity Meter (Columbus Instruments, 

Columbus, OH). Sequential horizontal beam breaks (1 min intervals) of parallel infra-red emitter 

pairs were measured in novel static chambers containing standard microisolator cages. C57Bl/6 

mice are known to display enhanced novelty responding (Cabib et al., 2002; Rose et al., 2013) 

and brief, transient elevations in activity to low dose ethanol administration (Crabbe et al., 1982; 

Lessov et al., 2001; Hefner and Holmes, 2007; Melon and Boehm, 2011; Conti et al., 2012), which 

impedes the ability to detect excitatory locomotor responses to ethanol in this strain. To augment 

habituation to the testing environment and injection procedure, mice were brought to the room 1 

h prior to daily testing and exposed to at least 3 daily acclimation sessions preceding ethanol 

administration. During each acclimation session, mice received a single intraperitoneal (i.p.) 

sterile saline injection (0.9% NaCl solution, volume equivalent to that of a 2.0 g/kg ethanol dose), 

which also served as a measurement of baseline activity. The general sensitization procedure 

and a 10 min recording session were used to capture the temporal pattern of ethanol-induced 

ambulatory changes in C57BL/6 mice based on literature (Crabbe et al., 1982; Lessov et al., 

2001; Hefner and Holmes, 2007; Melon and Boehm, 2011; Conti et al., 2012). Ethanol (200 proof, 

Fisher Scientific, Waltham, MA) and NB001 (SML0060, Sigma-Aldrich, St. Louis, MO) were 

diluted in sterile saline for injection to 20% (v/v) and 1 mg/mL solutions, respectively. Following 
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baseline assessment, mice were randomly assigned to a treatment group, which received either 

saline or 2.0 g/kg ethanol (i.p.) to measure acute locomotor activity. Mice received homecage 

injections of saline or 2.5 g/kg ethanol (i.p.), according to their initial randomized treatment group, 

for 10 consecutive days. Expression of locomotor sensitization was measured after a challenge 

dose of saline or 2.0 g/kg ethanol (i.p.). In the cohort that received NB001, mice were injected 

with saline or NB001 (10 mg/kg, i.p.) 30 min prior to daily saline or ethanol injections throughout 

testing (including baseline assessment) to yield 4 treatment groups (saline+saline, 

saline+ethanol, NB001+saline, and NB001+ethanol). Ambulatory activity was reported as percent 

change relative to respective saline-only controls. 

Tissue collection & immunoblotting 

Brains were removed either 20 min or 24 h after the last saline or ethanol injection, flash frozen 

in liquid nitrogen, and stored at -80°C. Frozen brains were partly thawed on ice, sectioned into 2 

mm coronal slices on an ice-cold brain matrix, and a 1 mm biopsy punch was used to isolate the 

DMS, dorsal lateral striatum (DLS) and nucleus accumbens (NAc) from the slice on a solid block 

of CO2. Dissections were guided by neuroanatomical landmarks (Paxinos and Franklin, 2001). 

Punches from one hemisphere were homogenized (buffer composition: 2 M thiourea, 7 M urea, 

30 mM Tris (pH 8.5), 4% (w/v) 3-[(3-cholamido-propyl)dimethylammonio]-1-propanesulfonate, 

and protease and phosphatase inhibitors), centrifuged (8,000 x g) for 10 min (4°C), and the 

supernatant stored at -80°C until analyzed. Equal amounts of protein (10 g) were separated 

using SDS-PAGE (4-12% Bis-Tris NuPAGE gel), transferred to a nitrocellulose membrane, and 

probed with primary antibodies against pTyr-1472-GluN2B-NMDAR (1:2000, 4208, Cell Signaling 

Technology, Danvers, MA), GluN2B-NMDAR (1:2000, 4212, Cell Signaling), and actin (1:5000, 

A5060, Sigma, St. Louis, MO). Primary antibodies were detected using HRP-conjugated goat 

anti-rabbit secondary antibodies and signals visualized using chemiluminescence. Densitometric 

analysis was performed using Image J Software. pTyr-1472-GluN2B-NMDAR signals were 
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normalized to corresponding total GluN2B-NMDAR bands and total GluN2B-NMDAR signals 

were normalized to corresponding actin bands. Normalized signal intensity for each was averaged 

within groups.  

Slice preparation & electrophysiology 

Whole cell patch clamp recordings of DMS medium spiny neurons were made in slices obtained 

20-26 hours following the last saline or ethanol injection. Mice were anesthetized with isoflurane, 

brains were rapidly removed, and placed in ice-cold oxygenated (95% O2-5% CO2) aCSF 

containing (in mM): 125 NaCl, 25 NaHCO3, 12.5 glucose, 1.25 NaH2PO4, 3.5 KCl, 1 L-ascorbic 

acid, 0.5 CaCl2, 3 MgCl2, 305 mOsm, pH 7.4. Coronal sections containing DMS (250 µm) were 

cut with a vibratome (Leica Biosystems, Wetzlar, Germany) and allowed to recover in oxygenated 

aCSF (37°C, 40 min) prior to recordings. For the recording aCSF (2 ml/min), CaCl2 was increased 

to 2.5 mM and MgCl2 was decreased to 1 mM. The GABA receptor antagonist picrotoxin (50 µM) 

and the tyrosine phosphatase inhibitor sodium orthovanadate (200 µM) were included in the bath. 

Patch pipettes were pulled from 1.5 mm borosilicate glass capillaries (WPI, Sarasota, FL) to a 

resistance of 3–7 MΩ with a horizontal puller (Model P97, Sutter Instruments, Novato, CA) and 

filled with a solution containing (in mM): 140 CsCl, 10 HEPES, 2 MgCl2, 5 Na+-ATP, 0.6 Na+-ATP, 

2 QX314, pH 7.3, 285 mOsm. Evoked EPSCs (eEPSCs) were elicited by local stimulation (20 to 

40 V square pulses, 0.3 ms, delivered every 20 s) using a bipolar electrode placed <300 μm lateral 

to recorded neurons. The minimum amount of stimulation needed to elicit a synaptic response 

with <15% variability in amplitude was used and only neurons with an access resistance of <30 

MΩ were included. AMPAR-mediated eEPSCs were recorded at -70 mV (Kreitzer and Malenka, 

2008). NMDAR-mediated eEPSCs were recorded at +40 mV in the presence of the AMPAR 

antagonist DNQX (20 µM). To confirm that eEPSCs were NMDAR-mediated, the NMDAR 

antagonist APV (50 µM) was bath applied at the end of the recording. The contribution of GluN2B-
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containing NMDARs to the total NMDAR-mediated eEPSC in WT mice was determined using the 

GluN2B antagonist Ro 25-6981 (0.5 µM, 1594, Tocris, Bristol, UK).  

Data analysis & statistics 

Data and statistical analyses were performed using Excel, GraphPad Prism 6 (San Diego, CA) 

and Statistica 6.0 software. Electrophysiological data were acquired using pClamp 10.0 

(Molecular Devices, Sunnyvale, CA), sampled at 20 kHz, filtered at 10 kHz, and analyzed in 

Clampfit 10.4 and Prism 6. All values are reported as mean ± SEM and the criterion for statistical 

significance was p ≤ 0.05. For comparison of three or more factors (between subject’s factors: 

genotype/treatment; within subject’s factor: time), repeated measure (RM) ANOVAs were used 

followed by Sidak’s post-hoc multiple comparisons test when appropriate. 

Results 

AC1 is required for ethanol-induced locomotor sensitization 

Increases in ambulatory activity (Fig. 1A,D) and the timecourse of locomotor responding following 

acute (day 3; Fig. 1B,E) and challenge (day 14; Fig. 1C,F) ethanol exposure were assessed in 

WT and AC1KO mice (Fig. 1A-C) and WT mice pre-treated with saline or the AC1 inhibitor NB001 

(Fig. 1D-F, 10 mg/kg, i.p.) relative to saline-only controls. Average ambulatory counts on the first 

saline acclimation day prior to ethanol administration were similar across WT (132.4 ± 12.0, n = 

14) and AC1KO (126.4 ± 7.7, n = 13) cohorts and saline (84.7 ± 8.5, n = 18) and NB001 (107.4 ± 

6.4, n = 17) pre-treated WT cohorts. Similarly, statistically equivalent reductions in average 

ambulations across repeated saline acclimation sessions (data not shown) were observed within 

WT vs. AC1KO (two-way RM ANOVA significant effect of time (F(2,50) = 43.64, p < 0.001); no 

genotype effect (F(1,25) = 0.344, p = 0.563) or interaction (F(2,50) = 2.760, p = 0.073)) and WT 

saline vs. WT NB001 groups (two-way RM ANOVA significant effect of time (F(3,99) = 23.99, p < 

0.001); no treatment effect (F(1,33) = 3.418, p = 0.0735) or interaction (F(3,99) = 1.876, p = 
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0.1386)). These data indicate the absence of AC1 does not influence the locomotor response to 

novelty or induce general motor impairments, consistent with observations following global AC1 

gene deficiency (Arakawa et al., 2014) and NB001 treatment (Wang et al., 2011).  

Two-way ANOVA comparison of locomotor responses in WT and AC1KO mice (n = 6-7/group) 

following acute and challenge ethanol exposure revealed a significant treatment x genotype 

interaction (Fig. 1A; F(1,23) = 6.509, p = 0.017). WT mice exhibited a transient increase in 

locomotor activity following acute ethanol (2.0 g/kg, i.p.) relative to saline controls (Fig. 1A; WT 

saline vs. WT acute, p < 0.05), that peaked within the first 3 min of testing (Fig. 1B). AC1KO mice 

displayed a comparable acute locomotor response to ethanol (AC1KO saline vs. AC1KO acute, 

p < 0.05) as observed in WT mice. Repeated ethanol (2.5 g/kg, i.p., day 4-13) induced locomotor 

sensitization in WT mice, as evidenced by an increased ambulatory response to a challenge 

injection of ethanol at the same dose administered at the acute timepoint (2.0 g/kg) (Fig. 1A; WT 

acute vs. WT challenge, p < 0.05). In contrast, the locomotor stimulation elicited by ethanol 

challenge in AC1KO mice (AC1KO saline vs. AC1KO challenge, p < 0.05) was similar to the acute 

ethanol response in WT (p = 0.999) and AC1KO mice (p = 0.979) and was significantly attenuated 

relative to ethanol-sensitized WT mice (WT challenge vs. AC1KO challenge, p < 0.05).  

Pharmacologic inhibition of AC1 activity with NB001 in WT mice resulted in comparable effects 

on ethanol locomotor responses (Fig. 1D, significant NB001 x ethanol treatment interaction 

(F(1,30) = 7.424, p = 0.0106), n = 8-9/group) to those observed in AC1KO mice. Mice pre-treated 

with NB001 displayed an acute ethanol locomotor response relative to saline-only controls, which 

was similar to that observed in saline pre-treated WT mice (saline + saline vs. saline + acute, p < 

0.05; saline + saline vs. NB001 + saline, p < 0.05). However, the locomotor response to ethanol 

challenge in NB001 pre-treated mice was comparable to that observed with acute ethanol in 

saline (p = 0.946) and NB001 pre-treated mice (p = 0.909) and was significantly reduced relative 

to the challenge response in saline pre-treated mice (saline + challenge vs. NB001 + challenge, 
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p < 0.01). Further, mice with impaired AC1 signaling (AC1KO and NB001-treated) demonstrated 

a differential pattern of locomotor activity to ethanol challenge (Fig. 1C,F; two-way RM ANOVA 

significant time x genotype interaction (F(9,54) = 2.116, p = 0.044) and significant time x treatment 

interaction (F(9,135) = 3.620, p = 0.0005)), in that, repeated ethanol exposure increased and 

prolonged peak locomotor responses in WT ethanol controls, but not AC1KO or NB001-treated 

mice.    

Ethanol-induced potentiation of GluN2B phosphorylation in the DMS is absent in AC1KO mice 

As AC1 may promote ethanol-induced behavioral sensitization through recruitment of GluN2B-

containing NMDARs, levels of pTyr-1472-GluN2B-NMDAR in DMS lysates were measured 

following repeated saline or ethanol injections in AC1 KO mice and WT mice pre-treated with 

NB001 (Fig. 2A). Two-way ANOVA analysis of pTyr-1472-GluN2B levels measured 24 h following 

the last saline or ethanol injection revealed a significant AC1 status x treatment interaction (Fig. 

2A; F(2,18) = 7.522, p = 0.004; n = 3-5/group). An increase in pTyr-1472-GluN2B levels within 

the DMS was detected in WT mice 24 h following ethanol-induced sensitization (WT saline vs. 

WT ethanol, p < 0.05). However, this effect was not observed in AC1KO mice (AC1KO saline vs. 

AC1KO ethanol, p = 0.883) or WT mice pre-treated with NB001 during the entire sensitization 

procedure (NB001 + saline vs. NB001 + ethanol, p > 0.999), reflecting their lack of a locomotor 

sensitization response. Rather, pTyr-1472-GluN2B levels in the DMS following repeated ethanol 

were significantly attenuated in AC1KO and NB001-treated mice compared to that observed in 

WT mice (both p < 0.05). A similar pattern of changes was observed in the DMS at a more 

immediate time point (20 min) following the sensitization procedure (two-way ANOVA significant 

AC1 status X treatment interaction (F(1,18) = 7.385, p = 0.014); n = 5-6/group; data not shown). 

Here, levels of pTyr-1472-GluN2B were also significantly augmented in WT mice repeatedly 

treated with ethanol (WT saline vs. WT ethanol, 29.0 ± 6.2% increase, p > 0.05), consistent with 

prior observations of ethanol-induced increases in pTyr-1472-GluN2B-NMDAR in this region at 
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similar immediate and protracted time points (Wang et al., 2010). Importantly, this effect was 

absent in ethanol-treated AC1KO mice (AC1KO saline vs. AC1KO ethanol, 14.3 ± 8.3% decrease, 

p = 0.361). No changes in total GluN2B-NMDARs levels in the DMS were identified at either time 

point relative to actin.  

As ethanol regulation of GluN2B activity was postulated to be specific for the DMS (Wang et al., 

2010), the present study assessed for possible changes in pTyr-1472-GluN2B and total GluN2B 

levels 24 h following ethanol sensitization in proximal sub-regions of the DLS (Fig. 2B) and NAc 

(Fig. 2C). In the DLS, repeated treatment with ethanol reduced pTyr-1472-GluN2B levels similarly 

across all groups (Fig. 2B; two-way ANOVA significant effect of ethanol treatment (F(1,17) = 

47.68, p < 0.0001), no effect of AC1 inhibition (F(2,17) = 3.369, p = 0.059) or interaction (F(2,17) 

= 0.474, p = 0.630)). Post-hoc analysis confirmed that levels of pTyr-1472-GluN2B were 

significantly attenuated in ethanol-treated WT, AC1KO and NB001-treated mice, relative to saline-

treated controls (all p < 0.05). Conversely, no changes in pTyr-1472-GluN2B levels were detected 

in the NAc (Fig. 2C; two-way ANOVA no effect of ethanol treatment (F(1,18) = 0.008, p = 0.928), 

AC1 inhibition (F(2,18) = 1.608, p = 0.228) or interaction (F(2,18) = 0.101, p = 0.904)). Also, no 

significant changes in total GluN2B levels normalized to actin were identified in the DLS or NAc, 

irrespective of ethanol treatment or AC1 activity status.   

Ethanol increases NMDAR-mediated transmission in the DMS of WT, but not AC1KO, mice 

Phosphorylation of Tyr-1472 is known to increase the synaptic localization and transmission of 

GluN2B-NMDARs (Prybylowski et al., 2005; Wang et al., 2010). To determine whether loss of 

AC1 also prevented ethanol-induced increases in NMDAR-mediated transmission, whole-cell 

patch clamp recordings in the DMS were performed 20-26 hours following the last ethanol 

treatment (Fig. 3A-D). Stimulation intensities needed to elicit a response did not differ between 

groups and access resistance was similar between groups. Consistent with previous reports 
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(Wang et al., 2010), ethanol increased NMDAR-mediated transmission in WT mice (Fig. 3A,B; 

two-way ANOVA significant group x treatment interaction (F(1,40) = 4.842, p = 0.034); WT saline 

vs. WT ethanol, p < 0.05; WT saline N = 15 cells from 9 mice; WT ethanol N = 13 cells from 7 

mice). In contrast, NMDAR-mediated transmission did not differ between saline- and ethanol-

treated AC1KO mice (Fig. 3B; AC1KO saline vs. AC1KO ethanol, p > 0.05; AC1KO saline N = 8 

cells from 6 mice; AC1KO ethanol N = 8 cells from 5 mice). In addition, NMDAR-mediated 

transmission was similar between saline-treated WT and AC1KO mice (Fig. 3B).  

The contribution of GluN2B-containing receptors was determined in WT mice treated with saline 

and ethanol by bath application of Ro 25-6981 (0.5 µM). In saline-treated WT mice, a ~20% 

inhibition of GluN2B-containing NMDAR-mediated transmission was observed with Ro 25-6981 

compared to a ~40% reduction in ethanol-treated mice (Fig. 3C), similar to that previously 

reported (Wang et al., 2010). ANOVA analysis confirmed a potentiated inhibition of NMDAR-

mediated transmission with Ro 25-6981 in ethanol-treated mice (two-way RM ANOVA significant 

group x treatment interaction (F(1,11) = 11.33, p = 0.0063); WT ethanol: baseline vs. + Ro 25-

6981, p < 0.05; WT saline: baseline vs. + Ro 25-6981, p > 0.05; WT ethanol baseline N = 7 cells 

from 4 mice; WT saline baseline N = 6 cells from 4 mice). Furthermore, addition of Ro 25-6981 

reduced NMDAR-mediated transmission in ethanol-treated WT mice to levels comparable to 

saline controls, supporting the idea that the ethanol-induced increase in NMDAR transmission 

was due almost entirely to GluN2B-containing NMDARs. Together, these data show that ethanol 

enhances NMDAR-mediated transmission by increasing the contribution of GluN2B-containing 

receptors. These data are consistent with the immunoblot results and a previous report (Wang et 

al., 2010). In addition, our biochemical and electrophysiological data demonstrate that AC1KO 

prevents ethanol-induced increases in NMDAR-mediated transmission and phosphorylation, 

corresponding with impaired locomotor sensitization responding.   
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Discussion 

The present study reveals a pivotal role for the calcium/calmodulin-stimulated cyclase enzyme 

AC1 in the sensitized behavioral effects and GluN2B-NMDAR neuroadaptations in the DMS 

induced by repeated ethanol exposure. Loss of AC1 signaling, by genetic deletion or 

pharmacological inhibition, resulted in a specific impairment of ethanol-induced locomotor 

sensitization, while baseline and acute ethanol locomotor responses were unaffected. Repeated 

exposure to ethanol in the sensitization procedure enhanced striatal GluN2B-NMDAR tyrosine 

phosphorylation and promoted an upregulation in NMDAR-transmission in WT mice in the DMS. 

Loss of AC1 signaling impaired both ethanol-induced GluN2B-NMDAR modifications in the DMS, 

but did not alter the reduction in pTyr-1472-GluN2B observed in the DLS with ethanol treatment. 

Thus, our data establish AC1 as a critical facilitator of NMDAR signaling that may underlie 

neuroplastic responses induced in DMS pathways by repeated ethanol exposure. 

Striatal NMDARs are critical for the neural plasticity underlying ethanol-induced responses, such 

as behavioral sensitization (Kotlinska et al., 2006; Abrahao et al., 2013). In the present study, the 

sensitized locomotor response to repeated ethanol in WT mice was accompanied by an 

immediate (20 min) and protracted (24 h) increase in tyrosine phosphorylation of GluN2B-

containing NMDARs specifically in the DMS. This lasting biochemical modification corresponded 

with an upregulation in DMS GluN2B-NMDAR activity measured 20-26 hours following the last 

administration of ethanol. Our findings are consistent with the previously reported increase in 

NMDAR phosphorylation and transmission following acute (30 min) and extended withdrawal (16 

to 40 h) from ethanol in this region (Wang et al., 2010).  

Further, our present observations reveal that the potentiation of GluN2B phosphorylation induced 

during protracted stages of early withdrawal from in vivo, chronic ethanol was only evident in the 

DMS, but not the DLS or NAc, in which either a significant decrease or no change in GluN2B 
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phosphorylation was observed, respectively. The stimulant and sensitizing properties of drugs of 

abuse are largely thought to rely on signaling in the NAc, yet, behavioral sensitization is also 

associated with enhanced stimulus-response (habit) learning (Nelson and Killcross, 2006; 

Nordquist et al., 2007), a function primarily attributed to dorsal regions of the striatum (Belin et al., 

2009; Volkow et al., 2011). Our findings support and extend previous evidence demonstrating the 

importance of dorsal striatal glutamatergic transmission in drug-induced behavioral sensitization 

(Parikh et al., 2014), by indicating a specific role for NMDAR neuroadaptations in the DMS in this 

process. Interestingly, studies in the NAc indicate measures of NMDAR expression and function 

were significantly reduced in ethanol-sensitized mice after a prolonged withdrawal period (11-20 

d) (Abrahao et al., 2013), which in light of our data indicates regional and temporal differences 

among sensitization-related alterations in NMDAR function.  

The biological significance of the novel finding for an inverse effect of ethanol on GluN2B 

phosphorylation in the DLS requires further investigation; however, this response was equivalent 

across all cohorts, supporting the region-specificity of AC1 in ethanol regulation of NMDAR 

signaling in the DMS. As recruitment of the DLS has been implicated in habit formation, our 

findings are in line with the suggestion that passive drug administration does not activate habit 

systems to the same extent as self-administration (Jacobs et al., 2003; Fanelli et al., 2013). 

Overall, the correspondence among ethanol-induced NMDAR adaptations in the DMS shown to 

contribute to compulsive ethanol-seeking behavior (Wang et al., 2010) and those presently 

observed to accompany sensitization support a fundamental role for glutamatergic circuits in the 

overlapping neurochemical mechanisms underlying behavioral sensitization and drug 

dependence (Hunt and Lands, 1992; Steketee and Kalivas, 2011), thus representing a 

mechanistic correlate associated with alcoholism vulnerability. 

The neuronal response to ethanol is mediated, in part, through calcium-dependent PKA activation 

(Ron and Messing, 2013; Balino et al., 2014). The observations that calcium-stimulated ACs are 
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selectively elevated in striatal limbic areas of brains from human alcoholics (Yamamoto et al., 

2001) and are imperative for ethanol-mediated PKA phosphorylation of synaptic targets (Conti et 

al., 2009) are consistent with a scenario in which ethanol recruitment of these enzymes mediates 

the maladaptive striatal signaling response to ethanol. While other AC isoforms were shown to 

participate in the neurobehavioral response to ethanol, including AC7 (Cruz et al., 2011), only 

AC1 and 8 have the distinct regulatory characteristics to modulate ethanol-induced PKA signaling 

that is dependent on intracellular calcium (Balino et al., 2014). Our finding that mice lacking AC1 

failed to develop a sensitized locomotor response to ethanol supports our hypothesis that AC1 is 

recruited as part of the neuroadaptations associated with drug-dependence, consistent with its 

upregulation in striatal tissue from human alcoholics (Yamamoto et al., 2001). The involvement 

of AC1 in ethanol-induced locomotor sensitization was mechanistically validated in the present 

study by pharmacological inhibition with NB001, which blocks AC1-stimulated cAMP production 

in mouse brain slices and human neurons with greater than 10-fold AC isoform selectivity relative 

to AC5-8 (Wang et al., 2011). In support of its selectivity, Wang et al. (2011) reported that the 

dose of NB001 used in the present study (10 mg/kg) failed to influence anxiety or general motor 

behavior, which has been largely attributed to the other AC isoforms (AC5-8) (Iwamoto et al., 

2003; Kim et al., 2008; Razzoli et al., 2010; Cruz et al., 2011). While a subsequent study 

suggested NB001 does not directly inhibit AC1 activity (Brand et al., 2013), the authors reported 

that NB001-mediated inhibition of cAMP accumulation still occurred in an AC1-dependent 

manner, thereby, not precluding its utility to dissect pathways specifically activated by AC1. 

Further, the absence of basal and acute ethanol locomotor effects in AC1KO and NB001-treated 

mice indicates the loss of AC1 does not impair ethanol sensitization responding through a general 

suppression of behavior or increased sensitivity to the sedative effects of ethanol. Greater 

ambulatory responses to stimulants than presently observed with acute ethanol have been 

reported in mice lacking calcium-stimulated ACs (DiRocco et al., 2009; Bosse et al., 2015), further 
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indicating that the absence of an ethanol sensitization response in AC1KO mice is not likely due 

to a ceiling effect on locomotor stimulation. 

Our finding of impaired ethanol-induced sensitization in AC1KO mice in the absence of acute 

locomotor changes suggests AC1 predominately facilitates the neuroplastic processes evoked by 

repeated ethanol. In line with this, genetic deletion and pharmacologic inhibition of AC1 prevented 

the ethanol-induced increases in GluN2B phosphorylation observed during protracted stages of 

early withdrawal (24 h) within the DMS in WT mice. This effect coincided with reduced DMS 

NMDAR-mediated transmission in the absence of AC1 at the same time point following ethanol 

administration. Phosphorylation of GluN2B at Tyr-1472 increases NMDAR synaptic expression 

(Prybylowski et al., 2005), which likely contributes to the long-lasting potentiation of GluN2B-

NMDAR transmission in response to repeated ethanol exposure. Striatal pTyr-1472-GluN2B 

levels are dynamically regulated by Fyn kinase and Striatal-Enriched protein tyrosine 

Phosphatase 61 (STEP61). Enhanced PKA-mediated inhibition of STEP61 phosphatase activity 

following repeated ethanol exposure was shown to be sufficient for ethanol activation of Fyn 

kinase and GluN2B phosphorylation (Darcq et al., 2014). As calcium was shown to be a cellular 

mediator of ethanol activation of PKA (Balino et al., 2014), we propose that ethanol initiation of 

PKA signaling in this pathway represents a mechanistic target for AC1 regulation in the 

neuroadaptive response to repeated ethanol. 

In conclusion, our findings identify AC1 as a key modulator of sensitization-related alterations in 

DMS GluN2B-NMDARs induced by repeated ethanol exposure. Drug sensitization and 

associated striatal neuroadaptations have also been observed in humans (Boileau et al., 2003; 

O'Daly et al., 2014; Grodin et al., 2016), which support the validity of this pre-clinical model to 

recapitulate signaling adaptations that promote drug responding. As AC1 activity is stimulated by 

synaptic-specific increases in calcium, our evidence would support its unique role in translating 

activity-dependent signals into aberrant neuronal and behavioral responses to ethanol. While 
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NMDAR-based pharmacotherapies for alcoholism have shown promise clinically, side effects 

associated with the ubiquitous expression and physiologic importance of NMDARs limits their 

therapeutic potential (Holmes et al., 2013; Spanagel and Vengeliene, 2013). Targets that modify 

these processes under conditions conducive for plasticity (e.g. activity-dependent calcium 

increase) may offer sufficient specificity for therapy development. Future pharmacologic studies 

targeting AC1 in models of ethanol consumption would further support its translational relevance 

in rehabilitative strategies designed for the affected population.  
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Figure Legends  

Figure 1. Intact acute, but absence of sensitized ethanol (EtOH) locomotor response in AC1KO 

mice (A-C, n = 6-7/group) and WT mice pre-treated with the selective inhibitor NB001 (D-F, 10 

mg/kg, n = 8-9/group). Average locomotor activity (A,D) and timecourse following acute (B,E) or 

challenge (C,F) EtOH (2.0 g/kg) after repeated homecage EtOH administration (2.5 g/kg, 10 

injections). Data reported as percent change relative to respective saline-only controls. WT EtOH-

treated mice displayed an acute locomotor response relative to saline-only WT controls, which 

was significantly enhanced following sensitization. AC1KO and NB001-treated WT mice 

demonstrated a comparable acute locomotor response to WT EtOH controls, but failed to display 

a further potentiation in this response following sensitization. Locomotor activity on the acute and 

challenge day was unaltered by pre-treatment with NB001 alone (NB001 + saline). Significance 

determined by two-way repeated measures ANOVA and Sidak’s post-hoc, *p ≤ 0.05, compared 

to respective saline-treated controls; ¥p < 0.05, compared to WT + acute EtOH or saline + acute 

EtOH group; #p < 0.05, compared to WT + challenge EtOH or saline + challenge EtOH group.  

Figure 2. Repeated ethanol (EtOH) selectively enhanced GluN2B-NMDAR phosphorylation in the 

DMS in WT, but not AC1KO (KO) mice or mice pre-treated with NB001 (n = 3-5/group). Averaged 

data (left) and representative immunoblots compiled from groups of images from different parts 

of the same gel (right) are depicted for DMS (A), DLS (B), or NAc (C) lysates prepared following 

repeated saline (sal) or EtOH treatment and probed for total and pTyr-1472-GluN2B. A, A 

significant increase in pGluN2B levels in the DMS of WT mice was observed following repeated 

EtOH treatment relative to saline-treated controls, which was absent in AC1KO and NB001 pre-

treated mice. B, Repeated ethanol treatment decreased levels of pGluN2B in the DLS 

equivalently across WT, AC1KO and NB001-treated mice. C, No changes in pGluN2B levels in 

the NAc were observed in response to ethanol or absence of AC1 signaling. Total GluN2B levels 

were unaffected by AC1 status or ethanol treatment in all three regions. Significance determined 
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by two-way ANOVA and Sidak’s post-hoc, *p < 0.05, compared to WT sal; #p < 0.05, compared 

to WT EtOH. 

Figure 3. Ethanol (EtOH) upregulation of NMDAR-mediated transmission is absent in AC1KO 

(KO) mice. A, Representative traces of NMDAR-mediated eEPSCs and B, average NMDAR-

mediated eEPSC amplitude (± SEM) in WT and AC1KO mice repeatedly treated with saline (sal) 

or EtOH. EtOH produced an increase in NMDAR-mediated eEPSC amplitude only in WT mice 

(two-way ANOVA and Sidak’s post-hoc, **p < 0.01). C, Average NMDAR-mediated eEPSC 

amplitude before (BL) and after (+Ro) bath application of the GluN2B selective antagonist Ro 25-

6981 (0.5 µM) in WT mice. EtOH-induced upregulation of NMDAR-mediated transmission 

involved an increased contribution of GluN2B-containing NMDARs (two-way repeated measures 

ANOVA and Sidak’s post-hoc, *p < 0.05). D, Average central location of medium spiny neuron 

recordings was 1.10 mm from bregma (± 0.5 mm). 
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