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Abstract

An interaction exists between stress and alcohol in the etiology and chronicity of alcohol use 

disorders; yet a knowledge gap exists regarding the neurobiological underpinnings of this 

interaction. In this regard, we employed an 11-day unpredictable, chronic, mild stress (UCMS) 

procedure to examine for stress-alcohol cross-sensitization of motor activity, as well as alcohol 

consumption/preference and intoxication. We also employed immunoblotting to relate the 

expression of glutamate receptor-related proteins within subregions of the nucleus accumbens 

(NAC) to the manifestation of behavioral cross-sensitization. UCMS mice exhibited a greater 

locomotor response to an acute injection of 2 g/kg alcohol than unstressed controls and this cross-

sensitization extended to alcohol intake (0–20%), as well as to the intoxicating and sedative 

properties of 3 and 5 g/kg alcohol, respectively. Regardless of prior alcohol injection (2 g/kg), 

UCMS mice exhibited elevated NAC shell levels of mGlu1α, GluN2b and Homer2, as well as 

lower PLCβ within this subregion. GluN2b levels were also lower within the NAC core of UCMS 

mice. The expression of stress-alcohol locomotor cross-sensitization was associated with lower 

mGlu1α within the NAC core and lower ERK activity within both NAC subregions. As Homer2 

regulates alcohol sensitization, we assayed also for locomotor cross-sensitization in Homer2 wild-

type (WT) and knock-out (KO) mice. WT mice exhibited a very robust cross-sensitization, that 
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was absent in KO animals. These results indicate that a history of mild stress renders an animal 

more sensitive to the psychomotor and rewarding properties of alcohol, which may depend upon 

neuroplasticity within NAC glutamate transmission.
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alcoholism; glutamate; Homer proteins; intoxication; nucleus accumbens; unpredictable chronic 
mild stress

INTRODUCTION

Globally, alcohol use is the leading risk factor for premature death & disability among 

people between the ages of 15–49 (Lim et al., 2012). Alcohol use disorders (AUDs) exhibit 

a very high degree of co-morbidity with all affective disorders (e.g., bipolar disorder, major 

depression, generalized anxiety disorder, post-traumatic stress disorder); with the life-time 

co-prevalence rates ranging from 20–47% (e.g., Hasin and Grant 2004; Hasin et al. 2005, 

2007; Kessler et al. 2005; Presley et al. 1994; SAMHSA 2010). It is unclear from 

epidemiological data which disorder preceded the other in comorbid individuals. However, 

the median age of onset for comorbid AUD-affective disorder is estimated to be 10 years 

younger than that for a substance abuse disorder alone; alcoholics are 2–3 times more likely 

than non-alcoholics to be diagnosed with an affective disorder (e.g., Grant et al. 2005; Hasin 

and Grant 2004; Kessler et al. 2005). Moreover, individuals suffering from affective 

disorders are more likely to develop AUDs than the general population (e.g., Blanco et al. 

2013; Grant et al. 2005; Hasin and Grant 2004; Jacobsen et al. 2001; Kessler et al. 2005) and 

report affective symptom relief as a motivating factor for their problematic drinking (e.g., 

Annis et al. 1998; Brown et al. 1995; Dawson et al. 2005; Heilig et al. 2010; Nishith et al., 

2001; Noone et al. 1999; Sinha 2009; Sinha et al. 2009; Uhart and Wand 2009). Although 

such reports implicate affective disorders as antecedents of problem drinking in humans, a 

large number of confounding variables (incl. other drug abuse or therapeutic drug treatment, 

trauma &/or frequent aversive life events, frequency/amount of alcohol consumption, 

duration of drug/alcohol abstinence) render it difficult to disentangle cause-effect relations 

between life histories of adverse events or excessive alcohol intake and behavioral anomalies 

in human subjects.

In this regard, the use of partial animal models have proven indispensable tools with which 

to parse apart the role for subject factors (e.g., a life history of adversity/stress) as 

underpinning excessive alcohol consumption and to determine the impact of these subject 

factors upon the brain. In this regard, stress increases alcohol intake and potentiates the 

effects of alcohol upon the brain’s reward system in animal models of AUDs (e.g., Breese et 

al., 2005; Delis et al., 2013; Heilig & Koob, 2007; Koob, 2013; Richardson et al., 2008). 

Stress is also a well-known trigger for alcohol craving and relapse to alcohol drinking in 

both humans with AUDs and in animal models of this disorder (c.f., Becker et al. 2011; 

Logrip et al. 2012). Moreover, the locomotor hyper-activating phenotype produced by the 

repeated exposure to stressors can cross-sensitize with that of alcohol in both adolescent and 

adult mice (Camarini 2012; Roberts et al., 1995; Rocha et al., 2012), suggesting that stress 
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and alcohol activate common neural circuits that impact behavioral sensitivity to alcohol. 

These later findings have relevance for the neurobiology of AUDs, affective disorders and 

their comorbidity as studies in both humans (Newlin and Thomson, 1990; Schuckit, 1985; 

Schuckit and Gold, 1988; Schuckit et al., 2001; Wilhelmsen et al., 2003) and laboratory 

animals (e.g., Becker et al. 2011; Brabant et al. 2014; Crabbe et al., 2005), indicate a relation 

between sensitivity to alcohol’s psychomotor effects and the propensity to consume alcohol. 

Thus, the present study employed a technically facile unpredictable chronic mild stress 

(UCMS) model to examine the cause-effect relation between a history of adversity and 

behavioral sensitivity to the psychomotor-activating and intoxicating properties of alcohol, 

as well as the preference for, and consumption of, alcohol versus a palatable sweet solution.

It is very difficult to determine cause-effect relations between a history of adverse life events 

and cellular/molecular perturbations in the brain of humans as it is impossible to study these 

relations in any systematic, experimentally-controlled, fashion. Group1 metabotropic 

glutamate receptors (mGluRs), NMDA receptors, and their major scaffolding proteins 

Homers, are highly implicated in regulating behavioral sensitivity to alcohol, including 

alcohol-induced psychomotor sensitization (c.f., Bird and Lawrence 2009; Chandrasekar 

2013; Cui et al. 2013; Gass and Olive 2008; Holmes et al. 2013; Szumlinski et al. 2008a; 

Woodward and Szumlinski 2014). The protein expression of these molecules, as well as the 

major intracellular effector phospholipase Cβ (PLCβ), is changed markedly within 

mesocorticolimbic structures, most notably within the nucleus accumbens (NAC), as a 

consequence of either early life stress (Ary et al. 2007) or repeated alcohol experience (c.f., 

Cui et al. 2013; Woodward and Szumlinski 2014; see also Lum et al. 2014). Moreover, these 

glutamate-related proteins are important for the locomotor cross-sensitization between stress 

and other drugs of abuse (e.g., Tolliver et al., 1996; Wedzony and Czyrak, 1994). Thus, 

herein, we determined the impact of our UCMS procedures upon the protein expression of 

Group1 mGluRs, NMDA receptor subunits, Homer proteins, and PLCβ within NAC 

subregions of adult mice. We also included an analysis of the relative expression of 

phosphorylated to total extracellular signal-regulated kinase (ERK) as an index of neuronal 

activity within NAC subregions (e.g., Koya et al. 2009). Finally, as the results of our 

immunoblotting studies indicated an up-regulation in the expression of Homer2 proteins by 

our UCMS procedures, we determined the functional relevance of Homer2 for the stress-

alcohol cross-sensitization by studying the behavioral responsiveness to alcohol of Homer2 
knock-out (KO) mice and their wild-type (WT) counter-parts following a history of 

unpredictable stressor exposure. Based on prior work indicating that Homer2 is necessary 

for the development of alcohol-induced behavioral sensitization (Szumlinski et al. 2005) and 

other work demonstrating an active and necessary role for Homer2 within the NAC shell in 

regulating alcohol intake (c.f., Cui et al. 2013), it was hypothesized that Homer2 is 

necessary for stress-alcohol cross-sensitization.

MATERIALS AND METHODS

Subjects

The majority of the subjects in this report were adult (8 weeks old), male Swiss Webster 

(SW) mice (Charles River Laboratories, Hollister, CA). For studies examining the role for 
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Homer2 in mediating alcohol-stress cross-sensitization, we employed wild-type (WT) and 

Homer2 gene knock-out (KO) mice on a mixed C57BL/6J X 129Xi/SvJ background (see 

Shin et al. 2003 for details). These latter mice were bred in-house at the University of 

California Santa Barbara from heterozygous breeders originally provided by the laboratory 

of Dr. Paul F. Worley (Johns Hopkins University). All studies employing mutant mice 

examined mice from a minimum of 3 different litters for each replicate of study to avoid 

litter confounds and mice were tested between 10 and 15 weeks of age. SW mice were 

housed in groups of 4, while WT/KO mice were housed in groups of 2–5, on ventilated 

racks, under a regular 12-h light:dark cycle (lights off at 19:00 hrs), with food and water 

available ad libitum, unless mandated by the UCMS procedures (see below). One exception 

was the SW mice involved in the study of UCMS effects upon alcohol/saccharin intake. 

These UCMS mice were routinely housed in groups of 4 under a reverse light cycle (lights 

off at 11:00 h), unless mandated by the UCMS procedures. During UCMS procedures, the 

control mice in the drinking study were group-housed and then housed singly to assess 

individual fluid intake. All experimental protocols were consistent with the guidelines put 

forth by the NIH and were approved by the Institutional Animal Care and Use Committee of 

the University of California Santa Barbara.

Unpredictable Chronic Mild Stress (UCMS) Procedures

Following a minimum of 5 days acclimation to the vivarium conditions in the Psychology 

building, mice were subjected to our UCMS procedures (see Table 1), which were adapted 

from those employed in previous studies of SW mice (e.g., Camarini 2012; Rocha et al., 

2012), as well as murine models of depression (e.g., Nollet et al. 2012), Post-Traumatic 

Stress Disorder (e.g., Harvey et al. 2003) and prenatal stress (e.g., Campbell et al. 2009). 

UCMS procedures occurred over an 11-day period, with morning (AM) stressors occurring 

between 09:00–11:00 h, afternoon (PM) procedures occurring between 14:00–17:00 h. 

Over-night (O/N) procedures commenced at 17:00 h and were terminated between 08:30–

09:30 h the next day. With the exception of O/N procedures or changes to the animal’s light 

cycle, all UCMS procedures were conducted in the laboratory. For damp bedding exposure, 

approximately 300 ml of water was added to the absorbent home cage bedding. For restraint 

stress, mice were placed in a 50 ml plastic tube with breathing holes for 1 h (e.g., Campbell 

et al., 2009). For isoflurane inhalation, mice were placed in an induction chamber for 15 

min, in which 2% isoflurane was delivered with oxygen as the carrier gas (e.g. Harvey et al., 

2003). For exposure to soiled rat bedding, mice were placed with cage-mates into a Plexiglas 

cage (40 cm W X 32 cm L X 19 cm H), formerly inhabited by a rat for 1 h. For forced swim, 

mice were placed into a pool (30 cm in diameter; 45 cm high) filled with room-temperature 

water up to 35 cm (e.g., Ary et al. 2013) and allowed to swim, under experimenter 

supervision, for 15 min. For exposure to a brightly light arena, mice were placed in groups 

of 8–12 in a large open field with white Plexiglas walls and a clear Plexiglas floor (100 cm L 

X 100 cm W X 50 cm H) where they were allowed to freely locomote for 1 h in a procedural 

room illuminated by standard overhead fluorescent light bulbs. For cage tilt, the home cages 

were removed from the ventilated rack, placed on a table in the colony room and a spacer 

(10 cm W X 10 cm L X 4 cm H) was placed under one corner of the cage O/N (e.g., Nollet 

et al. 2012). For housing with bedding from strange males, the mice were transferred to a 

novel cage that was formerly inhabited by non-cage-mate males who were involved in the 
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study. For housing under a shifted light cycle, mice were transferred, in their home cages, to 

a different colony room under an opposite day-light cycle and placed on the ventilated rack 

therein. For exposure to bobcat urine, mice were placed with their cage-mates into a 

standard rat cage, the walls of which were wiped with 100% bobcat urine (The PeeMart, 

Sandy Point, ME) and remained in the cage for 1 h. For isolation housing, mice were single-

housed in a new cage with fresh bedding O/N. For all O/N procedures, the mice were 

returned either to their original home cage (following single-housing) or a fresh home-cage 

(following damp bedding or bedding from strange males) the next morning between 08:30 

and 09:30 h. As a control for the UCMS procedures, mice received once daily 

intraperitoneal (IP) injections of saline (0.01 ml/kg) for 11 days. This control procedure was 

employed to habituate the mice to the handling and injection procedures administered on the 

test for locomotor cross-sensitization (see below).

Monitoring of Health Outcomes

The body weight of all mice subjected to the UCMS and control procedures was recorded 

prior to any experimental manipulation and every day during the experimental procedures. 

No mouse exhibited any significant reduction in body weight (i.e., >10%) over the course of 

the study. In addition to recording body weight daily, we examined also the coat condition of 

the animals at the start of each day. This involved visual inspection of the face, top of head, 

abdomen, shoulders, back, as well as left and right flanks for signs of dishevelment/lack of 

self-care. A score was assigned to each body part as follows: 0 = well-groomed, 0.5 = 

moderate degradation, 1 = unkempt. A high score indicated that the coat is in poor 

condition, implying a low level of grooming/self-care, and this index of anxiety/stress has 

been pharmacologically validated (Santarelli et al., 2003; Surget et al., 2008; Tanti et al. 

2012).

Locomotor Test for Cross-sensitization

Following the 11-day UCMS or control procedures, groups of SW, WT and Homer2 KO 

mice were assayed for alcohol-stress cross-sensitization in a test for locomotor hyperactivity. 

For this, mice from the UCMS and control conditions were randomly assigned to receive an 

IP injection of either 2 g/kg alcohol or an equivalent volume of saline vehicle (vol = 0.02 

ml/g). This dose of alcohol was selected as it typically elicits locomotor activity when 

administered acutely to SW mice (e.g., Faria et al. 2008; Miquel et al. 1999; Quoilin et al. 

2010) and is sufficient to reveal alcohol-stress cross-sensitization in both adult and 

adolescent SW mice subjected to similar UCMS procedures as those employed in the current 

study (Camarini 2012; Rocha et al., 2012). Immediately following injection, mice were 

placed into Plexiglas activity chambers (20 W cm X 37 cm L X 25 cm H) for 15 min. The 

total distance traveled was recorded using digital video-tracking and ANYMaze software 

(Stoelting Company, Wood Dale, IL).

Alcohol Consumption

To determine whether or not the potentiation of alcohol-induced locomotion observed in 

UCMS animals extended to alcohol preference and/or intake, a group of UCMS and control 

SW mice were first tested in the morning for alcohol-induced locomotor activity (2 g/kg) to 

verify the efficacy of our UCMS procedures to augment alcohol-induced locomotion. The 
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afternoon following this test (14:00 h), mice were presented simultaneously with 4 identical 

sipper tubes, containing 0, 5, 10 and 20% alcohol (v/v) and given continuous access to these 

alcohol concentrations for 5 consecutive days (e.g., Lominac et al. 2006; Szumlinski et al. 

2005). As unpublished data indicate that the cross-sensitizing effects of UCMS procedures 

persist for at least 2 weeks in SW mice (Camarini and Szumlinski laboratories, unpublished 

data), we also determined whether or not the potentiation of alcohol intake exhibited by 

UCMS mice generalized to a non-caloric, sweet solution by continuing to test these same 

mice for saccharin intake/preference under 3 bottle-choice procedures. For this, mice had 

continuous access to 0, 0.0125 and 0.025% saccharin (w/v) for a total of 3 days (e.g., 

Cozzoli et al. 2014). During both phases of the study, bottles were weighed once daily and 

the amount of fluid consumed over the 24-h period was determined by subtracting the 

recorded weight from the weight recorded the previous day. Spillage from each 

concentration was determined by conducting the 4-bottle or 3-bottle procedures on 2 empty 

cages in the colony room and the average spillage from each concentration was subtracted 

from the volume consumed for each animal daily. The amount of alcohol/saccharin intake 

was then expressed in g/kg body weight and the preference for the different concentrations 

determined daily from the total volume consumed as an index of sensitivity to the rewarding 

properties of alcohol/saccharin (e.g., Cozzoli et al. 2014; Lominac et al. 2006; Szumlinski et 

al. 2005).

Rotarod Performance

To relate UCMS effects upon the psychomotor-activating and rewarding properties of 

alcohol to influences upon alcohol-induced behavioral intoxication, a group of UCMS and 

control mice were trained to walk on a fixed speed (10 rpm) rotarod (IIT Life Science, 

Woodland Hills, CA), using procedures akin to those described in Cronise et al. (2005). The 

rotarod apparatus consisted of 5 rotating rods (10 cm long; 3.3 cm in diameter; covered in 

sand paper to prevent slippage) that were individually encased to prevent socialization and 

escape of the animals. The floor beneath each rod was equipped with sensors that detected 

the fall of an animal from each individual rod and recorded the time of the fall. Initially, 

mice were habituated to walking on the rotating rod during a 2-min session. If a mouse fell 

from the rod during this 2-min session, the fall was noted and the mouse was immediately 

placed back onto rod until the completion of the 2-min session. After all the mice were 

exposed to the apparatus, the animals then underwent proper training on the apparatus. For 

this, mice underwent a series of 3-min training trials, with 30-sec rests in between. An 

animal was considered “trained” once it successfully remained on the rotating rod for a total 

of 3 training trials. During each of these 3-min training trials, if an animal fell from the rod, 

the time of the fall was recorded and the animal was left on the floor of the apparatus until 

the start of the next 3-min training trial. The total number of trials required to train the 

animal was used to index for group differences in basal motor coordination. The next day, all 

mice were injected with 3 g/kg alcohol and locomotor activity assessed for 15 min, as 

described above. Fifteen minutes following the cross-sensitization test (i.e., 30 min post-

injection), mice were subjected to three 3-min rotarod test trials. As during the 3-min test 

trials, if an animal fell from the rod, the fall was noted, the time of the fall recorded and the 

animal remained on the floor of the apparatus until the start of the next test trial. Again, a 

30-sec rest period was allowed between trials. The average time spent on the rod under the 
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influence of alcohol was then compared to that obtained during the 3-min baseline training 

trials to index alcohol intoxication.

Regain of Righting Reflex

As an additional index of alcohol sensitivity, mice from the rotarod study were tested also 

for their ability to regain their righting reflex following IP administration of a heavily 

sedating dose of alcohol (5 g/kg). Righting reflex testing occurred the day following rotarod 

testing (i.e., on the 3rd day following the end of the UCMS procedures). The procedures 

employed were similar to those used previously to examine for genotypic differences in the 

sedative properties of alcohol (Szumlinski et al. 2005). Mice were injected with alcohol and 

upon loss of muscle tone, were placed in a supine position in an empty cage. The time taken 

to right themselves (i.e., place all 4 paws on the floor of the cage) was recorded on a 

stopwatch by an experiment blind to the prior treatment of the animals. For practical 

reasons, a maximum of 180 min was allowed for an animal to regain its righting reflex at 

which point the experiment was terminated.

Blood Alcohol Concentrations

At the end of the regain of righting reflex study (i.e., 180 min post-injection with 5 g/kg 

alcohol, IP), blood was sampled from all mice and samples were analyzed with an Analox 

Analyzer (model GL5, Analox Instruments USA, Lunenburg, MA, USA) to relate the 

differential sensitivity of the groups to the sedative properties of alcohol to alcohol levels.

Immunoblotting

Immunoblotting studies were conducted on whole tissue homogenates from the NAC core 

and shell subregions to examine for biochemical correlates of alcohol-stress cross-

sensitization, with a focus on Group1 mGluRs, NMDA glutamate receptor subunits, Homer 

scaffolding proteins, PLCβ and the relative expression of total ERK to phosphorylated ERK 

(tERK:pERK), as these molecules have been highly implicated in regulating behavioral 

sensitivity to alcohol, including alcohol-induced locomotor hyperactivity, sedation and 

intake/preference (c.f., Bird and Lawrence 2009; Chandrasekar 2013; Gass and Olive 2008; 

Woodward and Szumlinski, 2014). Tissue was dissected from SW mice in 1 mm-thick 

coronal sections, using an 18-gauge tissue punch, over ice, at 3 h following the test for 

alcohol-stress cross-sensitization (see above). The procedures employed for this study were 

very similar to those recently described by our group (e.g., Ary et al. 2013; Cozzoli et al. 

2014; Goulding et al. 2011; Lum et al. 2014). The samples were homogenized in a medium 

consisting of 0.32 M sucrose, 2 mM EDTA, 1% w/v sodium dodecyl sulfate, 50 µM phenyl 

methyl sulfonyl fluoride and 1 µg/ml leupeptin (pH=7.2) and 50 mM sodium fluoride, 50 

mM sodium pyrophosphate, 20 mM 2-glycerol phosphate, 1 mM p-nitrophenyl phosphate, 

and 2 µM microcystin LR were included to inhibit phosphatases. All samples were stored at 

−80°C until assay. Samples were subjected to a SDS-polyacrylamide gel electrophoresis 

using 3–8% Tris-Acetate gels or 4–12% Bis-Tris gels (Invitrogen). Proteins were transferred 

to PVDF membranes and pre-blocked with phosphate-buffered saline containing 0.1% (v/v) 

Tween-20 and 5% (w/v) nonfat dried milk powder for a minimum of one hour prior to 

overnight incubation with a primary antibody. Anti-Homer2a/b (Cosmo Bio USA Inc, 

Carlsbad, CA; 1:1000 dilution), anti-Homer1b/c (GeneTex Inc, Irvine, CA; 1:1000 dilution), 
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anti-mGlu5 (Millipore, Billerica, MA; 1:1000 dilution), anti-NR2a and anti-NR2b 

(Calbiochem, San Diego, CA; 1:1000 dilution), as well as anti-PLCβ3 and anti-ERK1/2 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:2000 dilution) rabbit polyclonal 

antibodies were used. Mouse polyclonal anti-mGlu1α antibody (BD Transduction 

Laboratories, Sparks, MD; 1:1000 dilution) and anti-p(Tyr204)ERK1/2 (Santa Cruz 

Biotechnology; 1:1000 dilution) were also used. Membranes were then washed and 

incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody 

(Upstate, Charlottesville, VA; 1:40,000–1:80,000 dilution) or anti-mouse secondary antibody 

(Millipore; 1:40,000–1:80,000) for 90 min. Membranes were washed again and 

immunoreactive bands were detected by enhanced chemiluminescence using either ECL 

Plus (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) or Pierce SuperSignal West Femto 

(Thermo Fisher Scientific, Rockford, IL). A rabbit anti-calnexin polyclonal primary 

antibody (Stressgen, Victoria, BC) was used to standardize protein loading across samples. 

Membranes were stripped between assays for proteins of similar molecular weight (ReStore 

Plus, Thermo Fisher Scientific). Immunoreactivity of each protein was quantified using 

Image J (NIH, Betheseda, MD). Protein/calnexin ratios were utilized to normalize 

immunoreactivity of each protein with its respective calnexin value and for group 

comparisons, these data for experimental animals were expressed as a percent of the 4 

saline-injected control animals on each gel to normalize across membranes.

Statistical Analyses

The health outcome data were analyzed using a Stress (UCMS vs. Control) X Day or Stress 

X Genotype (Homer2 WT vs. KO) X Day analysis of variance (ANOVA), with repeated 

measures on the Day factor (11 days). The locomotor data from the cross-sensitization 

studies were analyzed using Stress X Injection (Alcohol vs. Saline) or a Stress X Genotype 

X Injection ANOVA, while the drinking data were analyzed using a Stress X Concentration 

ANOVA, with repeated measures on the Concentration factor (2–4 levels, depending upon 

the dependent variable). Pearson correlational analyses were also performed to determine 

whether or not alcohol-induced locomotor activity could predict total alcohol consumption. 

The rotarod data were analyzed using a Stress X Test ANOVA, with repeated measures on 

the Test factor (Baseline vs. Alcohol) and the righting reflex, as well as the BAC, data were 

analyzed using t-tests for independent samples. Significant interactions were deconstructed 

for an examination of simple effects, followed by LSD post-hoc tests or t-tests, as 

appropriate. α=0.05 for all analyses.

RESULTS

Health outcomes

Table 2 provides a summary of the average change in body weight of the SW mice within 

each of the 3 experiments, as well as that of Homer2 WT and KO mice in the cross-

sensitization study. As indicated in Table 2, our UCMS procedures either did not affect 

(cross-sensitization and intoxication studies) or reduced (drinking study) body weight in SW 

mice over the course of study. UCMS procedures also significantly reduced body weight in 

both Homer2 WT and KO mice (Table 2). Despite negatively impacting body weight gain in 

some experiments, none of the SW mice studied exhibited any signs of poor self-care, with 
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all animals in both the UCMS and the control groups receiving a total coat condition score 

of 0 (i.e., the animals never exhibited dishevelment on any body part during the course of 

study) and thus, statistics were not performed on these data. In Homer2 WT and KO mice, 

there was also very little evidence for a negative effect of the UCMS procedures upon self-

care, with groups exhibiting no or very few, minor, signs of dishevelment (Table 2) and no 

genotypic differences were noted in this regard.

Locomotor activity in Swiss-Webster mice

Fig. 1A summarizes the total distance traveled by the first cohort of UCMS and control SW 

mice during a 15-min cross-sensitization test (n=11–12/group). As illustrated, an acute 

injection with 2 g/kg alcohol stimulated locomotor activity in both UCMS and control SW 

mice above that exhibited by their saline-injected counterparts [Injection effect: 

F(1,42)=34.59, p<0.0001]. Moreover, UCMS procedures promoted locomotor hyperactivity 

overall [Stress effect: F(1,42)=14.92, p<0.0001]. While the results of the statistical analysis 

did not indicate a significant Stress X Injection interaction [p=0.39], it is obvious from an 

inspection of Fig. 1A that the UCMS-alcohol group exhibited the greatest locomotor activity 

of all the groups tested, indicative of cross-sensitization and t-tests conducted between the 

UCMS-alcohol and UCMS-SAL [t(21)=3.63, p=0.002], as well as between the UCMS-

alcohol and the Control-alcohol groups [t(19)=3.59, p=0.002] confirmed the presence of a 

potentiation of alcohol-induced locomotor activity in UCMS animals.

Alcohol and saccharin intake by Swiss-Webster mice

The alcohol-induced locomotor activity exhibited by the cohort of SW mice slated for the 

alcohol/saccharin drinking study was overall greater than that exhibited by mice in the 

locomotor activity study, presumably reflecting the fact that mice were assayed for 

locomotor activity during the dark phase of the circadian cycle (Fig. 1B vs. 1A). Regardless 

of this, the SW mice slated for the alcohol/saccharin drinking study also exhibited a greater 

locomotor response to 2 g/kg alcohol following our UCMS procedures than did their 

corresponding controls (Fig.1B) [t(22)=2.66, p=0.01]. Thus, the UCMS procedures were 

sufficient to augment psychomotor sensitivity to alcohol prior to the commencement of 

drinking procedures.

We first examined for UCMS effects upon initial alcohol preference and intake through 

analyses of the data from the first 24-h drinking session. As illustrated in Fig.2, group 

differences were noted with respect to the total volume consumed by the mice on this first 

session (Fig. 2A) [t(22)=3.03, p=0.006) and UCMS animals exhibited higher water intake 

than controls (Fig.2B) [t(22)=2.83=0.01]. Although the UCMS procedures did not influence 

the dose-response function for alcohol preference on the first day of drinking (Fig.2C) 

[Concentration effect: F(3,66)=87.06, p<0.0001; Stress effect: p=1.0; interaction, p=0.36], 

there were significant group differences with respect to the dose-response function for 

alcohol intake (Fig.2D) [Concentration effect: F(2,44)=37.22, p<0.0001; Stress effect: 

F(1,22)=8.26, p=0.009; Stress X Concentration: F(2,44)=10.51, p<0.0001], with UCMS 

animals exhibiting significantly higher intakes of 10% [t(22)=2.69, p=0.03] and 20% alcohol 

[t(22)=3.90, p=0.001], compared to controls.
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A similar, but not identical, pattern of group differences were noted when the data for intake 

and preference were averaged across the 5 days of drinking (Fig.2E–H). Again, we observed 

a statistically significant group difference in total fluid consumption (Fig.2E) [t(22)=3.46 

p=0.002]. However, the group difference in average total fluid intake did not reflect an effect 

of UCMS on the average water intake (Fig.2F; t-test, p=0.06). However, group differences 

emerged for the dose-response functions for both average alcohol preference (Fig.2G) 

[Stress X Concentration: F(3,66)=3.98, p=0.01] and average alcohol intake (Fig.2H) [Stress 

X Concentration: F(2,44)=9.15, p<0.0001]. The significant interactions for both variables 

reflected higher preference for, and intake of, the 20% concentration in UCMS versus 

control mice [20% preference: t(22)=3.46, p=0.002; 20% intake: t(22)=3.24, p=0.004; p’s 

for comparisons at other concentrations > 0.10]. In support of a predictive relation between 

greater sensitivity to alcohol’s psychomotor effects and alcohol intake, a significant 

correlation was observed between the total distance traveled in response to 2 g/kg alcohol 

(from Fig.1B) and total alcohol intake of the mice over the 5-day drinking period (Fig.3) 

[r2=0.36, p=0.04].

In contrast to alcohol intake (Fig.2), we observed no group differences in fluid consumption 

whatsoever when animals were assayed for saccharin preference and intake (Fig.4). 

Regardless of whether we examined initial intake (data not shown) or the average intake 

across the saccharin drinking days, UCMS did not impact: the total volume consumed 

(Control: 15.30 ± 1.15 ml vs. UCMS: 15.30 ± 1.12 ml; t-tests, p>0.25), preference for 

saccharin (Fig.4A) [Concentration effect: F(2,44)=30.55, p<0.001; no main Stress effect or 

interaction, p’s>0.40], water intake (Fig.4B; t-tests, p’s>0.60) or saccharin intake at either 

concentration (Fig.4B) [Concentration effect: F(1,22)=65.02, p<0.0001; no main Stress 

effect or interaction, p’s>0.75]. Together, the above data indicate that our UCMS procedures 

augmented high-dose alcohol intake, , without impacting consumption of a palatable sweet 

reinforcer.

Alcohol Intoxication

As observed in the drinking study (Fig.1B), the UCMS mice slated for testing on the rotarod 

exhibited greater locomotor activity than controls when challenged with a 2 g/kg alcohol 

injection (Fig.1B) [t(17)=2.19, p=0.04] prior to assays for alcohol intoxication. In the 

rotarod assay, UCMS mice exhibited a shorter latency to fall when injected with 3 g/kg, 

compared to controls (Fig.5A) [t(17)=2.21 ,p=0.04], indicative of greater alcohol 

intoxication. Consistent with this, these same UCMS mice exhibited a longer latency to right 

than controls when injected with 5 g/kg (Fig.5B) [t(17)=2.13, p=0.04]. In fact, 4/10 UCMS 

failed to regain their righting reflex at the end of the 3-h testing period, while all 9 of the 

control mice righted themselves before the end of the testing period. Although BACs 

determined from collection of trunk blood were marginally lower in UCMS mice versus 

controls at the end of the 3-h testing period (Fig.5C), the difference did not approach 

statistical significance (t-test, p=0.20). Thus, our UCMS procedures not only increase 

sensitivity to the psychomotor-activating properties of moderate alcohol doses, they increase 

sensitivity to the sedative-hypnotic effects of higher alcohol doses and this effect is not 

obviously related to effects of repeated stress upon an index of alcohol metabolism.
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Immunoblotting for Glutamate Receptor Proteins

As illustrated in Fig.6, our UCMS procedures and their interactions with an acute injection 

of alcohol affected selectively the expression of mGlu1α and GluN2b subunits within NAC 

subregions and did so in an opposing manner. In the NAC shell, mGlu1α and GluN2b levels 

were higher in UCMS mice, relative to controls, but these effects were not influenced by 

alcohol injection (Fig.6A) [for mGlu1α, Stress effect: F(1,48)=7.43, p=0.009; no Injection 

effect or interaction, p’s>0.05; for GluN2b: [Stress effect: F(1,47)=4.67, p=0.04; other 

p’s>0.05]. In contrast, a stress-alcohol interaction was observed for mGlu1α within the NAC 

core (Fig.6B) [Stress X Injection: F(1,47)=5.71, p=0.02], with UCMS-alcohol mice 

exhibiting significantly lower mGlu1α levels than both their unstressed [t(22)=4.20, 

p<0.0001] and their saline-injected [t(22)=2.40, p=0.03] counterparts. Moreover, UCMS 

procedures reduced GluN2b levels overall within the NAC core, but in a manner 

independent of alcohol injection (Fig.6B) [Stress effect: F(1,46)=4.93, p=0.03; other 

p’s>0.05]. Although UCMS procedures appeared to lower mGlu5 levels within the NAC 

core (Fig.6B), this effect failed to reach statistical significance (Stress effect: p=0.06) and no 

group differences were apparent for mGlu5 levels within the NAC shell (Fig.6A; all 

p’s>0.10). Lastly, no significant group differences were noted for the NAC shell expression 

of GluN1 (all p’s>0.35) or GluN2a (all p’s>0.20) or for the expression of these NMDA 

receptor subunits within the NAC core (for GluN1, all p’s>0.25; for NR2A, all p’s>0.10).

Immunoblotting for CC-Homer Proteins

Analysis of the data for Homer2a/b within the NAC shell (Fig.7A) indicated an elevation in 

protein expression by both our UCMS procedures [Stress effect: F(1,45)=6.86, p=0.01] and 

an acute alcohol injection [Injection effect: F(1,45)=6.75, p=0.01], but no interaction 

between these two factors (p=0.16). However, visual inspection of the data strongly suggests 

that both main effects are driven by the high level of protein expression in UCMS-EtOH 

mice, relative to the other groups tested. Indeed, orthogonal comparisons indicated an effect 

of acute alcohol in UCMS animals [t(21)=2.52, p=0.02], but not in controls (t-test p=0.35) 

and a UCMS effect in alcohol-injected animals [t(21)=2.44, p=0.02], but not in saline-

injected mice (t-test, p=0.27). In contrast, no group differences were noted for Homer1b/c 

within the NAC shell (Fig.7A; all p’s>0.1) and neither Homer isoform was influenced by our 

procedures within the NAC core (Fig.7B; for Homer1/c, all p’s>0.35; for Homer2a/b, all 

p’s>0.10).

Immunoblotting for PLCβ and ERK

As illustrated in Fig.8, UCMS procedures reduced PLCβ levels overall within the NAC shell 

[Stress effect: F(1,48)=7.79, p=0.008; other p’s>0.55], without influencing enzyme levels 

within the core (all p’s>0.15). Neither our UCMS procedures nor the alcohol injection 

affected t-ERK levels in the NAC shell or core (Stress X Injection ANOVAs, all p’s>0.4); 

however, in both subregions, we observed a stress-alcohol interaction for p-ERK expression 

as assessed by an analysis of either p-ERK levels [for NAC shell, F(1,45)=30.25, p<0.0001; 

for NAC core: F(1,43)=6.60, p=0.01] or the relative expression of the phosphorylated form 

of the kinase [for NAC shell, F(1,43)=12.96, p=0.001; for NAC core: F(1,43)=8.35, 

p=0.006]. In the NAC shell (Fig.8A), the interaction reflected opposing responsiveness of p-
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ERK to the acute alcohol injection in control versus UCMS mice; alcohol elevated both the 

total and relative levels of p-ERK within the NAC shell in controls [p-ERK: t(21)=3.56, 

p=0.002; ratio: t(21)=2.46, p=0.02], while lowering both of these measures in UCMS mice 

[p-ERK: t(21)=4.25, p<0.0001; ratio: t(21)=2.65, p=0.02]. The interaction also reflected 

differential effects of our UCMS procedures upon p-ERK expression, as no control-UCMS 

differences were observed in saline-injected animals for either the total or relative expression 

of p-ERK (t-tests, p’s>0.30), while p-ERK levels were significantly lower in alcohol-

injected UCMS mice versus alcohol-injected controls [p-ERK: t(21)=7.30, p<0.0001; ratio: 

t(21)=4.00, p=0.001]. A very similar pattern of group differences in p-ERK expression were 

noted for the NAC core (Fig.8B), with the acute alcohol injection significantly elevating 

total p-ERK expression in control mice [t(20)=2.56, p=0.02], but not in UCMS animals (t-

test: p=0.25). When the relative expression of p-ERK was examined post-hoc, the alcohol-

induced increase in relative p-ERK expression exhibited by control animals was more 

modest [t(20)=2.01, p=0.06], but a significant difference emerged between saline- and 

alcohol-injected UCMS animals [t(20)=2.09, p=0.05]. As observed for the NAC shell, the 

UCMS procedures did not significantly alter total or relative p-ERK levels in saline-injected 

mice (t-tests: p’s>0.25), but lowered p-ERK expression in alcohol-injected animals [p-ERK: 

t(21)=5.35, p<0.0001; ratio: t(21)=4.41, p<0.00001].

Locomotor Cross-sensitization in Homer2 WT and KO Mice

Fig.9 summarizes the effects of our UCMS procedures upon the locomotor activity induced 

by a challenge injection of 2 g/kg alcohol in Homer2 WT and KO mice. As illustrated, the 

capacity of alcohol and UCMS to cross-sensitize depended upon intact Homer2 gene 

products [Injection X Stress X Genotype: F(1,92)=5.44, p=0.02]. Deconstruction of the 

significant 3-way interaction along the Genotype factor confirmed that WT mice exhibited 

UCMS-alcohol cross-sensitization [Injection X Stress: F(1,44)=9.99, p=0.003], with UCMS 

WT mice exhibiting greater alcohol-stimulated locomotor activity than either control WT 

mice injected with alcohol [t(18)=3.58, p=0.002] or UCMS WT mice injected with saline 

[t(18)=2.72, p=0.01]. In contrast, no group differences were observed in KO mice [2-way 

ANOVA, all p’s>0.05].

DISCUSSION

Clinical evidence supports a life history of adverse events as an antecedent for problematic 

drinking (e.g., Annis et al. 1998; Blanco et al. 2013; Brown et al. 2012; Dawson et al. 2005; 

Heilig et al. 2010; Nishith et al., 2001; Noone et al. 1999; Sinha et al. 2009; Uhart and Wand 

2009) and stress-alcohol cross-sensitization has been theorized, in part, to contribute to this 

relation (c.f., Burke and Miczek 2014; Hopf et al 2011). It has long been recognized that the 

ability to predict a stressor is a major factor determining an individual’s biobehavioral 

response to the stressor (c.f., Koolhaus et al. 2005) and that chronic exposure to 

unpredictable stressors produces a robust, depressive-like, phenotype in laboratory rodents 

that is associated with perturbations within the biochemistry of neural circuits subserving 

motivation (c.f., Willner, 2005). However, relatively few preclinical reports exist that focus 

on understanding the impact of unpredictable chronic mild stress (UCMS) upon behavioral 

sensitivity to alcohol, particularly alcohol intake (D’Aquila et al. 1994; Camarini et al. 2012; 
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Rocha et al. 2012; Smith et al., 1996) of relevance to understanding the etiology of 

alcoholism and the high prevalence of comorbidity between alcohol use and affective 

disorders (e.g., Grant et al. 2005; Hasin and Grant 2004; Jacobsen et al. 2001; Kessler et al. 

2005).

As reported for chronic, intermittent, stressor exposure (Roberts et al., 1995), an 11-day 

history of UCMS increased behavioral sensitivity to the psychomotor properties of alcohol 

as evidenced not only by increased alcohol-induced locomotor hyperactivity (2 g/kg), but 

also increased motor incoordination and sedation elicited by higher alcohol concentrations 

(3 and 5 g/kg, respectively). As the alcohol dose-motor response function is inverted U-

shaped, the observation that UCMS mice exhibited a shorter latency to fall from the rotarod 

and longer latencies to regain their righting reflex (Fig. 5) at the higher alcohol doses tested 

argues a shift to the left in the dose-response function for alcohol’s psychomotor effects by 

UCMS. Notably, the potentiation of alcohol-induced locomotor activity by UCMS was 

reliable across distinct cohorts of SW mice and under different experimenters (e.g., Fig.1). 

Moreover, the potentiation of alcohol-induced locomotion was observed in SW mice 

subjected to our UCMS procedures during either the light or the dark phase of the circadian 

cycle (Fig.1A,C vs. Fig.1B). These observations demonstrate the reproducibility of the 

UCMS effect upon psychomotor responsiveness to alcohol of importance to an animal 

model of stress-alcohol interactions. Marked strain differences exist regarding behavioral 

and physiological responsiveness to stressors, with SW mice exhibiting higher stressor 

responsiveness than other mouse strains (e.g., van Bogaert et al., 2006a,b). Consistent with 

this, our UCMS procedures augmented the locomotion exhibited by saline-injected SW mice 

when placed in a novel environment (Fig.1A), while these same procedures did not influence 

novelty-induced locomotion in mice on a mixed C57BL/6J X 129SvJ/Xi background (Fig.

9). The development of alcohol-induced behavioral sensitization can be strain-dependent 

(c.f., Phillips et al. 1997; but see Szumlinski et al. 2008b). Despite this and despite the 

apparent strain differences in susceptibility to UCMS effects upon spontaneous locomotor 

activity, a history of repeated stressor exposure potentiated alcohol-induced locomotion in 

both SW and hybrid mice (Fig. 1 vs. Fig.9). Such findings suggest that our procedurally 

facile, 11-day, UCMS procedure may be applied across different strains of mice in order to 

further our understanding of the underlying mechanisms through which a life history of 

adversity potentiates sensitivity to alcohol’s psychomotor, and other behavioral, effects.

The motivational valence of many drugs of abuse, including alcohol, is typically inversely 

related to sensitivity to the drug’s psychomotor properties; in the case of alcohol, intake and 

reinforcement tends to be negatively related to individual sensitivity to the drug’s sedative-

hypnotic properties (e.g., Fergusson et al. 2003; Petrakis et al. 2004; Schuckit et al. 1997; 

Shabani et al. 2011; Szumlinski et al. 2005). However, despite exhibiting greater sensitivity 

to alcohol’s motor-impairing and sedative effects (Fig.5), UCMS animals exhibited greater, 

not lower, alcohol intake under a continuous-access voluntary alcohol drinking paradigm 

(Fig.2). Interestingly, the UCMS-induced increase in alcohol drinking was apparent only at 

the higher alcohol concentrations tested; relative to unstressed controls, UCMS mice 

consumed a greater amount of both 10% and 20% alcohol (v/v) during the very first 24-h 

drinking session (Fig.2D), and more alcohol from the 20% solution on average across the 5 

days of drinking (Fig.2H). Thus, our 11-day UCMS procedures not only heightened initial 
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alcohol intake, but also exerted more protracted effects upon the voluntary consumption of 

high-dose alcohol. Although UCMS SW mice did not differ from unstressed controls with 

respect to their initial preference for each alcohol solution (Fig.2C), their average preference 

for 20% alcohol was greater than that of control mice (Fig.2G). Such findings suggest that 

with drinking experience, the motivational valence of high-dose alcohol may sensitize at a 

faster rate in individuals with a prior life history of unpredictable stress, compared to those 

without. Studies employing operant self-administration and place-conditioning procedures 

should be conducted in order to vet this possibility more thoroughly. Nevertheless, the 

heightened intake of, and preference for, high-dose alcohol observed in UCMS animals are 

consistent with the results of prior work employing repeated stressor paradigms of various 

types and durations (for reviews, Becker et al. 2011; Breese et al., 2005; Burke and Miczek 

2014; Delis et al., 2013; Heilig & Koob, 2007; Koob, 2013; Logrip et al. 2012; Richardson 

et al., 2008) and further support a cause-effect relation between a life history of 

unpredictable stress and excessive alcohol consumption. Moreover, as a stress-induced 

potentiation of alcohol’s psychomotor effects was first confirmed in mice prior to 

commencing drinking procedures(Fig.1B) and alcohol-induced psychomotor activity 

predicted subsequent alcohol intake under continuous access procedures (Fig.3), our data 

provide evidence for greater sensitivity to alcohol-induced psychomotor activation as an 

encouragement, rather than a deterrent, for high-dose alcohol drinking. This observation is 

consistent with earlier theories stemming from the alcohol sensitization literature arguing 

that sensitization might increase the probability of uncontrolled alcohol intake (Hunt and 

Lands, 1992) and/or heighten the reward value of the drug (Newlin and Thomson, 1990).

UCMS mice exhibited significantly greater water intake on day 1 of alcohol presentation, 

compared to control animals (Fig. 2B). As mice had ad libitum access to water for 64 h prior 

to commencing the alcohol drinking procedures (i.e., water restriction ended on the morning 

of day 10 of UCMS procedures; see Table 1), it is not likely that the elevated water intake 

exhibited by UCMS mice reflected greater thirst in these animals. Notably, UCMS mice in 

the drinking study did exhibit a significant drop in body weight over the 11-day course of 

procedures that was not apparent in control animals (Table 2). Thus, the elevated water 

intake exhibited on day 1 of alcohol presentation might be commensurate with an increase in 

food intake during recovery from the UCMS procedures; unfortunately, food intake was not 

monitored during the course of study to determine whether or not a correlative relation exists 

between food and water intake in early recovery. Nevertheless, the heightened water intake 

exhibited initially by UCMS mice was short-lived; no group differences were apparent for 

the average water intake of the mice during either the alcohol drinking study (Fig. 2F) or the 

saccharin drinking study (Fig. 4B). Such observations argue against some protracted effect 

of our UCMS procedures upon water homeostasis or, importantly, upon general reward 

processes.

Furthering this latter point, UCMS mice did not differ from controls with respect to their 

preference for, or intake of, palatable saccharin solutions (Fig. 4). In contrast to the alcohol 

phase of the study (Fig. 2), SW mice consumed the majority (~60%) of their daily fluid 

intake from the 0.025% (w/v) saccharin solution and did so in a manner indistinguishable 

from control animals (Fig.4A). The negative results for saccharin intake/preference are 

consistent with the very moderate to negligible effects of our UCMS procedures upon our 
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health outcome measures (Table 2), but contrast starkly with the marked reduction in sweet 

solution reward, as well as body weight and self-care, reported to occur under more 

prolonged (3–10 week) UCMS paradigms more frequently used to model major depression 

in rodents (see Willner, 2005). Indeed, the majority of studies that have employed prolonged 

UCMS procedures have reported also reduced indices of drug reward, including blunted 

alcohol preference and intake (e.g., D’Acquila et al. 1994; Papp et al. 1991; Smith et al. 

1996) and the cooccurrence of low preference for both non-drug and drug rewards has been 

interpreted to reflect UCMS-induced anhedonia (c.f., Willner 2005). However, the rate of 

comorbidity between alcohol use disorders and affective disorders, including major 

depression, is remarkably high (e.g., Hasin and Grant 2004; Hasin et al. 2005, 2007; Kessler 

et al. 2005; Presley et al. 1994; SAMHSA 2010). As such, higher, not lower, alcohol intake 

is predicted of an animal model of affective disorder and/or alcoholism-affective disorder 

comorbidity. Indeed, our 11-day UCMS procedures promoted alcohol intake, without 

consistently affecting water intake and without impacting saccharin reward; this collection 

of findings argues the predictive validity of our model for the neurobiological study of 

stress-alcohol interactions of relevance to the etiology of alcohol use disorder and its 

comorbity with affective disorders. This all being said, we would like to acknowledge that 

we assayed for saccharin intake 8 days following cessation of our UCMS procedures. Thus, 

while our negative results for saccharin drinking most certainly argue against any protracted 
effect of our UCMS procedures upon general reward processes, it is possible that any UCMS 

effects upon general reward processes may have waned prior to the presentation of the 

saccharin solutions. Humans who suffered psychological trauma exhibit problematic 

drinking for years following the event(s) (e.g., Blanco et al. 2013; Grant et al. 2004; Hasin et 

al. 2007; Jacobson et al. 2001; Nishith et al. 2001). Now that we have established initial 

predictive validity for our 11-day UCMS procedures for alcohol preference/intake in the 

short-term, it is important to extend these observations and more thoroughly vet the 

longevity of stress-alcohol interactions of relevance to health outcomes during protracted 

recovery from psychophysiological trauma. Studies are currently on-going in our 

laboratories to address this important issue.

The fact that UCMS mice exhibited higher baseline psychomotor activity, as well as greater 

sensitivity to both the acute psychomotor effects and the rewarding properties of alcohol 

suggests that our UCMS procedures were sufficient to elicit plasticity within neural circuits 

governing both the psychomotor and incentive motivational properties of this drug. While 

there exists a considerable amount of work related to stress-alcohol interactions vis-à-vis 

both hypothalamic and extra-hypothalamic stress pathways, as well as mesocorticolimbic 

dopamine transmission (c.f., Becker et al. 2011; Brabant et al. 2014; Breese et al., 2005; 

Koob, 2013; Lee et al. 2013; Lu and Richardson 2014), we have reported lasting effects of 

developmental exposure to repeated stressors upon indices of basal and drug-stimulated 

changes in glutamate transmission within the NAC and/or interconnected structures (Ary et 

al. 2007; Kippin et al. 2008). Indeed, glutamate transmission, particularly within the NAC, 

has been long-implicated in the development of drug-induced motor sensitization, including 

that to alcohol (e.g., Carrara-Nascimento et al. 2011; Cornish and Kalivas, 2001; Di Franza 

and Wellman 2007; Schmidt and Pierce 2010; Szumlinski et al. 2005, 2008a) and NAC 

glutamate is well-established to contribute critically to alcohol’s rewarding/reinforcing 
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properties (for recent reviews, Chandrasekar, 2013; Griffin 2014; Holmes et al. 2013; 

Woodward and Szumlinski, 2014). Compared to controls, UCMS mice exhibited elevated 

expression of mGlu1α, and GluN2b within the NAC shell irrespective of whether or not the 

animals were challenged with a 2 g/kg alcohol injection and UCMS animals exhibited a rise 

in Homer2 expression in response to an acute alcohol injection (Figs.6 and 7). The protein 

profile of the NAC shell of UCMS mice is particularly interesting as it is very similar to that 

observed in rodents with chronic alcohol experience (Cozzoli et al. 2009, 2012; Goulding et 

al. 2011; Lum et al. 2014; Obara et al. 2009; Szumlinski et al. 2008b). Moreover, an increase 

mGlu1α, GluN2b and/or Homer2a/b is also observed within the NAC shell of inbred and 

selectively bred mouse strains that exhibit excessive alcohol drinking phenotypes (Cozzoli et 

al. 2009, 2012; Goulding et al. 2011) and considerable neuropharmacological and 

neurogenetics evidence points to a cause-effect relation between elevated NAC (shell) 

expression of Group1 mGluRs, GluN2b and Homer2a/b in promoting or maintaining a “pro-

alcoholic” phenotype (c.f., Bird and Lawrence, 2009; Cui et al., 2013; Gass and Olive, 2008; 

Holmes et al., 2013, Woodward and Szumlinski, 2014). Furthermore, NAC Homer2 actively 

regulates the development of motor sensitization elicited by repeated alcohol injections 

(Szumlinski et al., 2004; 2008b). Although the mechanism(s) through which a history of 

UCMS elevates NAC shell levels of mGlu1α, GluN2b and Homer2a/b remain to be 

elucidated, we theorize that this neuroadaptation might underpin the psychomotor/emotional 

hyper-reactivity of UCMS mice, which is posited to increase the negative reinforcing 

properties of alcohol and drive high-dose alcohol consumption (Fig.10A–C). Consistent with 

this notion, Homer2 KO mice exhibit an alcohol-avoiding and intolerant phenotype 

(Szumlinski et al. 2005) and fail to exhibit UCMS-alcohol cross-sensitization (Fig. 9).

Despite the above, the UCMS protein profile of the NAC shell is not identical to that 

produced by repeated alcohol as binge drinking history augments PLCβ levels within the 

NAC shell (Lum et al. 2014), whereas enzyme levels were lowered within this subregion 

following UCMS (Fig.8A). Whether or not the reduction in PLCβ observed in UCMS mice 

reflects some compensatory response to increased mGlu1α function cannot be discerned 

from the present study. Although the present immunoblotting data are correlative in nature, 

the opposing effects of UCMS upon the NAC shell expression of mGlu1α (up-regulation) 

and PLCβ (down-regulation) suggests that a history of stressor exposure may uncouple 

Group1 mGluRs from their canonical signaling pathway. By extension then, increased 

mGlu1α or mGlu5 signaling through PLCβ does not likely underpin the “alcohol pre-

sensitized” phenotype of UCMS mice-an argument supported by our prior work 

demonstrating that pharmacological inhibition of mGlu1, mGlu5 or PLCβ within the NAC 

shell reduces, not potentiates, alcohol intake (Cozzoli et al. 2009, 2012; Lum et al., 2014).

As reported previously in alcohol-experienced animals (e.g., Cozzoli et al. 2009, 2012; 

Goulding et al. 2011; Obara et al. 2009; Szumlinski et al., 2008b), distinctions exist with 

respect to the protein profile elicited by UCMS between NAC shell and core subregions 

(Figs. 6–8). However, in contrast to repeated alcohol, which either does not change (Cozzoli 

et al. 2009, 2012) or increases (Goulding et al. 2011; Obara et al., 2009) GluN2b levels 

within the NAC core, UCMS mice exhibited lowered GluN2b expression within this 

subregion and a reduction in NAC core mGlu1α levels was observed only in alcohol-injected 

UCMS mice, corresponding to their cross-sensitized state (Fig. 6). While we have yet to 
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detect a reduction in Group1 mGluR or GluN2 expression within the NAC core of alcohol-

experienced animals, similar receptor changes are observed in cocaine-sensitized rodents 

(Ary and Szumlinski, 2007). Indeed, the psychomotor-activating effects of stress have been 

long-known to cross-sensitize with those of stimulant drugs, including cocaine (c.f., Burke 

and Miczek, 2014; Kalivas and Stewart, 1991; Robinson and Becker, 1986). GluN2b-

containing NMDA receptors exhibit higher affinity for glutamate and slower desensitization 

kinetics than other NMDA receptor subtypes (c.f., Woodward and Szumlinski, 2014). Thus, 

reduced basal expression of GluN2b subunits within the NAC core is predicted to result in 

less efficient NMDA receptor signaling in alcohol-naïve UCMS animals. NMDA receptor 

blockade by alcohol contributes, in part, to the sedative-hypnotic effects of this drug [REF]. 

By extension then, UCMS-induced reduction in GluN2b expression within the NAC core 

might underpin the hyper-sensitivity of UCMS animals to alcohol’s intoxicating effects (Fig.

10D–F). Indeed, compromised NMDA and mGlu1/5 receptor function has been theorized to 

account for the hyper-sensitivity of Homer2 KO mice to the sedative-hypnotic properties of 

alcohol (Szumlinski et al. 2005) and systemic pretreatment with the mGu1 antagonist 

CPCCOEt augments alcohol-induced behavioral intoxication in C57BL/6J mice (Lominac et 

al. 2006). Thus, reduced glutamatergic signaling through GluN2b-containing NMDA 

receptors and/or mGlu1α within the NAC core might also contribute to UCMS-alcohol 

cross-sensitization of the drug’s psychomotor effects.

Interestingly, although the effects of UCMS upon glutamate receptor-related protein 

expression were more or less opposite between the NAC shell and core subregions (Fig. 6), 

we observed a nearly identical UCMS-alcohol interaction for p-ERK levels within both 

subregions (Fig. 8). As reported by others (Ibba et al., 2009; Thorsell et al., 2013), an acute 

alcohol injection potentiated p-ERK levels in unstressed controls and this effect was 

observed at 3 hrs post-injection (Fig.8). While a history of UCMS did not produce any 

detectable change in basal NAC p-ERK expression, p-ERK levels dropped below baseline in 

response to the alcohol challenge in UCMS animals (Fig. 8) – an effect reported to occur in 

response to the acute administration of alcohol doses greater than 2.5 g/kg (Anderson et al., 

2010; Torres et al., 2013; Zhu et al., 2013) or in alcohol-dependent animals (Sanna et al., 

2002). Thus, a history of UCMS sensitizes mice to alcohol-induced changes in NAC ERK 

activation. Supporting a functional link between UCMS-alcohol interactions in NAC p-ERK 

levels and stress-alcohol behavioral cross-sensitization, systemic administration of an ERK 

inhibitor augments operant responding for alcohol (Faccidomo et al., 2009). To the best of 

our knowledge, no study has yet to assess the effects of local ERK inhibition with NAC 

subregions upon behavioral sensitivity to alcohol, although ERK inhibition within other 

extended amygdala structures is reported to augment alcohol’s discriminative stimulus and 

rewarding/reinforcing properties (Campbell et al., 2014; Besheer et al., 2012; Pandey et al., 

2006). Such findings argue that a deficiency in the alcohol responsiveness of ERK within 

NAC subregions might play a critical role in regulating stressor-induced potentiation of 

alcohol drinking behavior. Indeed, recent evidence indicates that the capacity of mGlu5, and 

perhaps also mGlu1, to potentiate slow inward calcium currents through NMDA receptors is 

regulated by ERK phosphorylation of the receptor near the Homer interacting domain. 

Furthermore, the expression of long-form Homers, incl. Homer2 isoforms, occludes this 

subtle cross-talk between mGluRs and NMDA receptors and mutation of the ERK 
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phosphorylation sites eliminates the potentiation of NMDA current by mGlu5 upon receptor 

stimulation, while leaving the canonical αq signaling pathway through mGlu5 receptors 

intact (Park et al. 2013). While our understanding of the behavioral relevance of this recently 

characterized interaction between ERK, Group1 mGluRs, Homers and NMDA receptors is 

relatively poor, mice with a mutation of the ERK phosphorylation sites on mGlu5 exhibit 

hypersensitivity to the acute psychomotor-activating properties of cocaine (Park et al. 2013). 

Such data suggest that ERK-mGluR interactions are important negative regulators of 

sensitivity to the acute psychomotor properties of drugs of abuse and perhaps normally curb 

alcohol intake (Campbell et al., 2014; Faccidomo et al., 2009; Pandey et al., 2006) and a 

hypothetical model to account for how changes in ERK activation within the NAC shell and 

core might be sufficient to augment behavioral sensitivity to alcohol via interactions with 

glutamate receptors is provided in Fig. 10.

In conclusion, an 11-day history of UCMS renders an animal more sensitive to both the 

psychomotor and rewarding properties of alcohol, providing predictive validity of our 

procedures for the study of the psychobiological underpinnings of stress-alcohol interactions 

of relevance to the etiology of alcoholism and its comorbidity with affective disorders. To 

this end, the potentiation of behavioral responsiveness to alcohol by UCMS history was 

associated with increased indices of post-synaptic glutamate transmission within the NAC 

shell, lowered indices of post-synaptic glutamate transmission within the NAC core and 

impaired alcohol responsiveness of ERK within both NAC subregions. All of these 

molecular adaptations have been implicated previously in greater behavioral sensitivity to 

alcohol and/or other drugs of abuse, rendering them attractive as targets to understand how a 

life history of adversity predisposes individuals to alcoholism and the neurobiological 

underpinnings of alcoholism-affective disorder comorbidity.
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Figure 1. 
Summary of the effects of our unpredictable chronic mild stress (UCMS) procedures upon 

alcohol-induced locomotion in 3 different cohorts of Swiss-Webster mice. (A) In the cross-

sensitization study (n=12/group), an acute injection with 2 g/kg alcohol (EtOH; solid bars) 

elevated locomotor activity during a 15-min test, relative to an equivalent volume injection 

of saline (SAL; open bars). Mice subjected to our UCMS procedures (UCMS) exhibited 

higher locomotor activity versus controls, regardless of alcohol administration. However, the 

greatest locomotor activity was observed in UCMS-EtOH mice. In both the studies of stress 

interactions with alcohol drinking (n=12/group) (B) and alcohol intoxication (n=9 for 

Control; n=10 for UCMS) (C), mice subjected to our UCMS procedures also exhibited a 

greater locomotor response to 2 g/kg alcohol during a 15-min test than did animals subjected 

to our control procedures. *p<0.05 vs. SAL; +p<0.05 vs. Control (t-tests).
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Figure 2. 
Summary of the effects of unpredictable chronic mild stress (UCMS) upon alcohol intake 

and preference. During the first 24 h of alcohol availability, mice subjected to our UCMS 

procedures consumed a marginally higher total volume of fluid (A) and a significantly larger 

volume of water (B), compared to mice subjected to our control procedures (Control). (C) 
During this time, group differences were not observed in the dose-response function for 

alcohol preference, however (D) UCMS mice consumed a greater amount of both 10% and 

20% alcohol, relative to controls. When averaged across the 5 days of alcohol availability, 

there was no group difference in the total volume consumed (E) or in water intake (F). In 

contrast, UCMS mice exhibited a greater average preference for (G), and intake of (H), 20% 

alcohol. n=12/group. +p<0.05 vs. Control (t-tests).
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Figure 3. 
Best-fit regression line of the relationship between locomotor activity expressed by saline- 

and alcohol-injected SW mice during a 15-min test (from Fig. 1A) of the effects of UCMS 

(closed symbols) or control procedures (open symbols) and the average total alcohol intake 

exhibited by the mice during subsequent assessment of drinking (from Fig.2H). n=12/group

Quadir et al. Page 27

Addict Biol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Summary of the effects of our unpredictable chronic mild stress (UCMS) procedures upon 

saccharin preference and intake. (A) UCMS mice did not differ from mice subjected to our 

control procedures (Control) with respect to the dose-response for average saccharin 

preference across 3 consecutive days of drinking. (B) Group differences were also not noted 

for the average intake of water or either of the 2 saccharin concentrations. n=12/group.
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Figure 5. 
Summary of the effects of our unpredictable chronic mild stress (UCMS) procedures upon 

alcohol intoxication and sedation. (A) When assessed on a fixed speed rotarod, UCMS mice 

(n=10) exhibited a shorter latency to fall when injected with 3 g/kg alcohol, compared to 

mice subjected to our control procedures (Control; n=9). (B) When injected with 5 g/kg, 

UCMS mice exhibited a longer latency to right in a regain of righting reflex study than did 

Controls. (C) The group differences in the sedative properties of 5 g/kg alcohol were not 

obviously related to an effect of UCMS upon BACs determined at 180 min post-injection 

(n=9/group). +p<0.05 vs. Control (t-tests).
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Figure 6. 
Summary of the interactions between our unpredictable chronic mild stress (UCMS) 

procedures and an acute injection of alcohol (EtOH) or saline (SAL) upon the total protein 

expression of Group1 mGluRs and NMDA receptor subunits within the nucleus accumbens 

(NAC) shell (A) and the NAC core (B). Representative immunoblots for each protein of 

interest are also included. The data are expressed as a percent change in optical density of 

non-stressed controls mice (Control) injected with SAL. The data represent the means ± 

SEMs of 12 mice/group. *p<0.05 vs. respective SAL group; +p<0.05 vs. respective Control 

(unstressed) group (LSD post-hoc tests).
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Figure 7. 
Summary of the interactions between our unpredictable chronic mild stress (UCMS) 

procedures and an acute injection of alcohol (EtOH) or saline (SAL) upon the total protein 

expression of constitutively expressed Homer proteins within the nucleus accumbens (NAC) 

shell (A) and the NAC core (B). Representative immunoblots for each protein of interest are 

also included. The data are expressed as a percent change in optical density of non-stressed 

controls mice (Control) injected with SAL. The data represent the means ± SEMs of 12 

mice/group. *p<0.05 vs. respective SAL group; +p<0.05 vs. respective Control (unstressed) 

group (LSD post-hoc tests).
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Figure 8. 
Summary of the interactions between our unpredictable chronic mild stress (UCMS) 

procedures and an acute injection of alcohol (EtOH) or saline (SAL) upon the total protein 

expression of PLCβ, total ERK1/2 (t-ERK) and phospho(Tyr204)-ERK1/2 (p-ERK), as well 

as the relative expression of the phosphorylated and unphosphorylated forms of ERK 

(pERK:tERK) within the nucleus accumbens (NAC) shell (A) and the NAC core (B). 
Representative immunoblots for each protein of interest are also included. The data are 

expressed as a percent change in optical density of non-stressed controls mice (Control) 

injected with SAL. The data represent the means ± SEMs of 12 mice/group. *p<0.05 vs. 

respective SAL group; +p<0.05 vs. respective Control (unstressed) group (LSD post-hoc 

tests).
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Figure 9. 
Summary of the effects of our unpredictable chronic mild stress (UCMS) procedures upon 

saline (SAL)- and alcohol (EtOH; 2 g/kg)-induced locomotion in Homer2 wild-type (WT) 

and knock-out (KO) mice during a 15-min test. Sample sizes are indicated in parentheses. 

*p<0.05 vs. SAL; +p<0.05 vs. Control (t-tests).
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Figure 10. 
Hypothetical models of how interactions between Group1 mGluRs, Homer2, NMDA 

receptors (NMDA-Rs) and ERK that may account, in part, for (A–C) the hyper-emotional 

state and excessive alcohol-drinking phenotype, as well as (D–F) the hypersensitivity of 

UCMS animals to the intoxicating properties of alcohol. (A&D) In naïve individuals, 

Homers scaffold mGlu1/5 receptors to NMDA-Rs via interactions with a chain of other 

scaffolding molecules, including Shank and PSD-95. Amongst the many functional 

consequences of Homer interactions with glutamate receptors, Homer scaffolding to 

mGlu1/5 negatively regulates the ability of ERKs and other proline-directed kinases to 

phosphorylate these receptors and this attenuates their ability to facilitate slow inward 

currents through NMDA-Rs upon their activation (Park et al. 2013). (B) In the NAC shell, 

UCMS upregulates mGlu1 (arrow) and GluN2b (dark subunits in NMDA-R) and this 

adaptation should increase calcium (Ca2+)-dependent signaling by either or both receptor(s). 

It is this heightened glutamate signaling within the NAC shell that may account for the 

emotional hyper-reactivity of UCMS animals. (C) Alcohol inhibits mGluRs and NMDA-Rs 

(e.g., Lovinger et al. 1989; Minami et al. 1998) and higher GluN2b content [as observed 

within the NAC shell of UCMS animals (Fig.6A)], increases the alcohol sensitivity of 

NMDA-Rs (c.f., Woodward and Szumlinski 2014). Alcohol inhibition of glutamate receptor 

function is theorized to contribute, in part, to the anxiolytic properties of the drug (e.g., 

Koob 2003). Thus, the excessive alcohol intake of UCMS animals might reflect an attempt 

to overcome the glutamate hyper-activity induced within the NAC shell by their history of 

repeated stress. Acute alcohol administration also elevates NAC shell levels of Homer2 (Fig.

7A) of UCMS mice and this molecular response is predicted to restrict mGluR scaffolding to 
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the perisynaptic region, away from NMDA-Rs (c.f., Szumlinski et al. 2008a), as well as 

physically occlude the ERK-dependent phosphorylation of mGluRs required for the 

potentiation of NMDA-R current (Park et al. 2013). Thus, an alternate/additional mechanism 

through which alcohol may exert its negative reinforcing properties might relate to a 

disruption of ERK-mGluR-NMDA-R signaling via increased Homer2 expression. (E) In the 

NAC core, a history of UCMS down-regulates (arrow) GluN2b expression (Fig.6B) and this 

effect is predicted to reduce the signaling efficiency of NMDA-Rs, as well as their ability to 

scaffold to PSD-95/Shank/Homer2 complexes (c.f., Szumlinski et al 2008a). This 

compromised glutamate signaling through NMDA-Rs within the NAC core of UCMS 

animals is posited to increase sensitivity to alcohol’s motor effects (c.f., Nona et al. 2014). 

(F) Consequently, when administered alcohol acutely, UCMS animals exhibit greater 

sensitivity to the drug’s motor effects, as manifested by heightened psychomotor-activation 

in response to moderate alcohol doses and greater intoxication/sedation in response to higher 

alcohol doses. This increased sensitivity to the motor effects of alcohol is predicted to be 

potentiated by the alcohol-induced reduction in mGlu1 observed in UCMS animals (Fig.7B), 

which is predicted to blunt the capacity of mGlu1 to facilitate calcium current through 

NMDA-Rs.
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Table 1

Summary of the UCMS procedures employed in this study.

Day Time Procedure

1 O/N Exposure to damp bedding

2 AM 1-h immobilization in restraint tube

3 PM
O/N

5-min exposure to 2% isoflurane anesthesia
Cage tilt

4 AM
PM

1-h exposure to soiled rat bedding
5-min forced swim

5 All day
O/N

Exposure to damp bedding
Food and water deprivation

6 AM
PM

5-min forced swim
12-h housing under shifted light cycle

7 PM
O/N

1-h immobilization in restraint tube
Individual/isolation housing

8 AM
PM
O/N

5-min exposure to 2% isoflurane anesthesia
1-h exposure to brightly lit inescapable arena
Housing with bedding from strange males

9 AM
PM
O/N

1-h immobilization in restraint tube
1-h exposure to soiled rat bedding
Food and water deprivation

10 PM
O/N

15-min forced swim
Cage tilt

11 AM
PM
O/N

1-h exposure to bobcat urine
3-h housing under shifted light cycle
Housing with bedding from strange males

12
(Test)

AM 15-min locomotor cross-sensitization test +
2-h 4-bottle-choice drinking session or
Rotarod
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Table 2

Summary of the health outcomes of the mice following UCMS procedures. The average change in body 

weight of UCMS and control Swiss-Webster (SW), Homer2 wild-type (WT) and knock-out (KO) mice from 

Day 1 to 11 of UCMS procedures is presented, in addition to a summary of the total coat condition score of 

Homer2 WT and KO mice. Swiss-Webster mice did not receive any score for coat condition and thus, their 

data are not presented herein. Data were analyzed by either t-tests or ANOVAs and the results of these 

analyses are presented below. Sample sizes are indicated in parentheses.

Study Control UCMS Statistic

Change in Body Weight (g)

SW Cross-sensitization 1.50 ± 0.22 (24) 1.18 ± 0.21 (24) t(46)=1.05, p=0.30

SW Drinking 0.31 ± 1.03 (12) −2.17 ± 0.57 (12) t(22)=2.11, p=0.05

SW Intoxication 1.24 ± 0.32 (10) 0.85 ± 0.47 (10) t(18)=0.69, p=0.50

Homer2 WT 0.88 ± 0.35 (13) −0.35 ± 0.31 (14) UCMS effect: F(1,54)=8.80, p=0.005
Genotype effect: p=0.51
UCMS X Genotype: p=0.57Homer2 KO 0.45 ± 0.29 (12) −0.38 ± 0.39 (16)

Total Coat Score

Homer2 WT 0.12 ± 0.06 (13) 0.00 ± 0.00 (14) UCMS effect: F(1,54)=0.99, p=0.33
Genotype effect: p=0.23
UCMS X Genotype: p=0.20Homer2 KO 0.08 ± 0.05 (12) 0.94 ± 0.63 (16)
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