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Abstract

Adolescence has been identified as a vulnerable developmental time period during which exposure 

to drugs can have long-lasting, detrimental effects. Although adolescent binge-like ethanol (EtOH) 

exposure leads to a significant reduction of forebrain cholinergic neurons, EtOH’s functional 

effect on acetylcholine (ACh) release during behavior has yet to be examined. Using an adolescent 

intermittent ethanol exposure model (AIE), rats were exposed to binge-like levels of EtOH from 

postnatal day (PD) 25–55. Three weeks following the final EtOH exposure, cholinergic 

functioning was assessed during a spontaneous alternation protocol. During maze testing, ACh 

levels increased in both the hippocampus and prefrontal cortex. However, selectively in the 

prefrontal cortex, AIE rats displayed reduced levels of behaviorally-relevant ACh efflux. We found 

no treatment differences in spatial exploration, spatial learning, spatial reversal, or novel object 

recognition. In contrast, AIE rats were impaired during the first attentional set shift on an operant 

set-shifting task, indicative of an EtOH-mediated deficit in cognitive flexibility. A unique pattern 

of cholinergic cell loss was observed in the basal forebrain following AIE: Within the medial 

septum/diagonal band there was a selective loss (30%) of choline acetyltransferase (ChAT) 

positive neurons that were nestin negative (ChAT+/ nestin−); whereas in the Nucleus basalis of 

Meynert (NbM) there was a selective reduction (50%) in ChAT+/ nestin+. These results indicate 

that early adolescent binge EtOH exposure leads to a long-lasting frontocortical functional 

cholinergic deficit, driven by a loss of ChAT+/ nestin+ neurons in the NbM, which was associated 

with impaired cognitive flexibility during adulthood.

Introduction

In 2015, approximately 5.1 million adolescents (12– 18 years old) reported binge alcohol 

use and 1.4 million adolescents reported heavy alcohol use within the past month (CBHSQ 

2016). Alcohol exposure during adolescence has been tied to drug abuse vulnerability, as 

well as disruptions in cognitive functioning (DeWit et al., 2000; Jacobus and Tapert, 2013; 
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Lisdahl et al., 2013). In rodents, exposure to ethanol (EtOH) during early adolescence has 

been linked to decreased behavioral inhibition and impairments in behavioral flexibility that 

are sustained into adulthood (Coleman et al., 2014; Gass et al., 2014; Doremus-Fitzwater 

and Spear, 2016). This distinctive behavioral phenotype results from sustained neural 

changes in critical brain regions such as the prefrontal cortex (Floresco et al., 2008; 

Fernandez et al., 2016; Vargas et al., 2014; Liu and Crews, 2015). Thus, early adolescent 

EtOH exposure produces an altered neural state that is associated with cognitive and 

memory impairments.

Adolescent intermittent ethanol (AIE) exposure models binge-like patterns of alcohol 

consumption (4 drinks for women/5 for men within 2 hours, resulting in blood alcohol 

concentrations above 0.08 g/dL) during adolescence (12– 18 years of age; (Spear and 

Swartzwelder, 2014). AIE has been associated with dysfunction in key learning and memory 

structures in adult rodents. Although AIE leads to decreased neurogenesis within the 

hippocampus (Geil et al., 2014; Vetreno and Crews, 2015; Sakharkar et al., 2016), AIE’s 

detrimental effects on spatial memory are inconclusive (Risher et al., 2013; Swartzwelder et 

al., 2015; Beaudet et al., 2016). Following AIE, there is also a significant loss in the number 

of cholinergic neurons within the medial septum/diagonal band (MS/DB), which projects to 

the hippocampus, and the Nucleus basalis of Meynert (NbM) that projects to the cortex 

(Ehlers et al., 2011; Vetreno et al., 2014; Boutros et al., 2015). These effects are age-

specific; there is no difference in cholinergic populations following adult binge exposure 

models (Vetreno et al., 2014).

AIE also impacts the typical development of the prefrontal cortex (PFC), as there are 

persistent alterations in frontal cortical volume, myelination, neuroinflammation and, 

neurodegeneration (Crews and Nixon, 2009; Vetreno and Crews, 2012; Coleman et al., 

2014; Vargas et al., 2014; Liu and Crews, 2015). These changes are proposed to contribute 

to deficits in behavioral flexibility, which result in an inability to readily adapt to changes in 

the environment (Dalley et al., 2004; Crews et al., 2016). Since adolescents typically 

demonstrate increased impulsivity and decreased behavioral inhibition compared to adults, 

AIE solidifies an adolescent phenotype into adulthood (Spear and Swartzwelder, 2014).

Although the neural correlates associated with AIE-mediated cognitive dysfunction have yet 

to be determined, the loss of forebrain acetylcholine (ACh) neurons is a key candidate. 

Within the rodent and human basal forebrain, there are two populations of cholinergic 

neurons (Hendrickson et al., 2011): All express choline acetyltransferase (ChAT), but about 

35% of ChAT-expressing neurons also co-express nestin. Within the basal forebrain, nestin 

only co-localizes with ChAT, not with other neural populations (Hall & Savage, 2016; 

Hendrickson et al., 2011; Wang et al., 2006). As an intermediate filament protein, nestin is 

involved in the stabilization of the cell structure and remodeling (Michalczyk and Ziman, 

2005; Gilyarov, 2008). The ChAT+/nestin+ neuronal subpopulation has unique 

electrophysiological properties: These neurons have higher excitability and receive stronger 

spontaneous excitatory inputs (Zhu et al., 2011). The role of nestin in cell structure, survival 

and plasticity has led to the hypothesis that the ChAT+/nestin+ phenotype may be 

neuroprotective for cholinergic neurons (Guo et al., 2010). ChAT+/nestin+ positive neurons 

also express nerve growth factor receptors at a high rate (95%; Guo et al., 2010), and 
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typically have larger soma sizes within the MS/DB (Hendrickson et al., 2011). Indeed, the 

ChAT+/ nestin+ subpopulation within the MS/DB recovers following exercise-induced 

rescue from alcohol-related brain damage (Hall and Savage, 2016). Interestingly, the role of 

the ChAT+/ nestin+ subpopulation on AIE related dysfunction has not been explored.

Early adolescent exposure to high, binge-like levels of EtOH may cause cognitive 

impairment via alterations in cholinergic circuitry within the hippocampus and/or PFC. The 

current project examines AIE’s effects on spatial memory and cognitive flexibility, as well 

as its detrimental effects on cholinergic cell phenotypes and functionality. Peri-adolescent 

rats were exposed to binge-like levels of ethanol throughout the adolescent period and tested 

for behavioral deficits as adults. AIE selectively decreased PFC ACh levels during 

spontaneous alternation. Furthermore, AIE led to impairment in cognitive flexibility in an 

operant attentional set shifting task, as well as regional, unique cholinergic cell loss. ChAT+/ 

nestin+ cell estimates were decreased in the NbM, whereas ChAT+/ nestin− cell estimates 

were significantly decreased in the MS/DB. These results suggest the selective loss of the 

ChAT+/ nestin+ phenotype in the NbM contributes to deficits in PFC neurotransmitter 

release and associated cognitive deficit.

Experimental Procedures

Subjects

Young adolescent, male Sprague-Dawley rats were obtained from litters (postnatal day [PD] 

10) shipped with dams (Envigo, Indianapolis, IN). Rats were randomly assigned into AIE 

(n=10) or control (n=13) groups. No more than one rat from each litter was randomly 

assigned within each treatment condition.

Rats were pair housed in a temperature (20°C) and humidity controlled colony under a 12-

hour light/dark cycle (onset at 7:00 am). All experimental procedures were in compliance 

with the National Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals 

and approved by the Institutional Animal Care and Use Committee (IACUC) at the State 

University of New York at Binghamton.

Adolescent Intermittent Ethanol Exposure

Young adolescent rats (PD 25) were subject to 16 intragastric gavages of either 20% EtOH 

(v/v) or water, administered at a dose of 5 g/kg. The dosing schedule followed a 2-day on/off 

cycle, where rats were dosed once per day for 2 days, followed by a 2-day recovery period. 

This AIE schedule is a reproduction of previous protocols that have shown adolescent 

specific, EtOH mediated deficits on learning and memory (Liu and Crews, 2015; Vetreno et 

al., 2014; Vetreno and Crews, 2012, 2015) Blood samples were collected an hour following 

the first and eighth gavage and blood ethanol content (BEC) levels were determined using an 

AM1 Alcohol Analyzer (Analox Instruments). All animals gained weight during AIE 

treatment, and there were no significant differences in weight gain between treatment groups 

(F[1,21]=1.65, p>.20; data not shown).

After AIE, rats underwent cannula implantation surgery and recovery for a 3-week period. 

Figure 1 illustrates the AIE dosing and behavioral schedule. The sequence of behavioral 
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testing was: Spontaneous alternation testing (with ACh microdialysis), novel object 

recognition, Barnes maze acquisition and reversal, and lastly, operant set shifting.

Cannula Implantation Surgery

Hippocampal and PFC cannulations were performed on all rats 1.5 weeks following the 

cessation of AIE treatment. Prior to surgery, administration of a ketamine (10 mL)/xylazine 

(1.43 mL) mixture at a dosage of 50 mg/kg was administered (intraperitoneal) as anesthesia. 

Rodents were placed into a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). 

Guide cannula (HPC: 8 mm; PFC: 5 mm; Synaptech Technology Inc., Marquette, MI) were 

placed into the coordinates relative to Bregma: PFC: AP = + 2.7, ML = + 0.7, and DV = 

− 3.0 mm (Figure 3-A); HPC: AP = − 5.3 mm, ML = − 5.1 mm, and DV = − 4.2 mm (Figure 

3-B). Dental acrylic cement with anchor bone screws secured guide cannula to the skull. 

Carprofen (5 g/kg; Zoetis, Kalamazoo, MI) was administered prior to surgery, as well as 24-

hours and 48- hours post surgery as an analgesic. Rats recovered for 1.5 weeks before 

behavioral testing.

Spontaneous Alternation with in-vivo ACh microdialysis

Each rat was food restricted to 95% of his free feeding weight and was tested on a single 

spontaneous alternation session. Both ethanol and water pretreated animals were at similar 

weighs prior to food restriction, and all animals lost weight at similar rates. In-vivo 

microdialysis protocols were followed as previously described (Savage et al., 2003). On the 

day of testing, microdialysis probes (hippocampus: S-8020, 3 mm; PFC: S-5020, 2mm; 

Synaptech Technology Inc.) were inserted into the HPC and PFC guide cannula, 

respectively, and the rat was placed into an opaque habituation chamber to acclimate for a 

period of 60-min prior to maze testing. The probe was connected to a CMA microinfusion 

pump (CMA/400 pump) and an artificial cerebrospinal fluid solution (7.4 pH solution: 127.6 

mM NaCl, 0.9 mM NaH2PO4, 2 mM Na2HPO4, 4 mM KCl, 1.3 mM CaCl2 dihydrate, 1.0 

mM glucose, and 0.9 mM MgCl2) with 500 nM neostigmine hydrobromide (Sigma-Aldrich 

Corp.) was perfused continuously at a rate of 2.0 µL/min. Baseline dialysate collection 

began after the 60-minute acclimation period, and samples were collected for three 6-minute 

intervals.

Spontaneous alteration was conducted in a plus maze (105.5 cm × 14.4 cm × 15 cm). The rat 

was placed into the center of the apparatus, and allowed to explore the maze for 18-minutes 

of testing, during which arm entries (all four paws within an arm) were recorded. Dialysate 

was continuously collected during maze behavior. An alternation was defined as entry into 

four different arms in overlapping successive sequences of 4 arm entries (for example, in the 

successive arm entries of B, A, D, C, A, D, C, A, D, B, C, D, B, A; the first sequence of 

BADC was an alternation, but the next 4-arm sequence ADCA was not). The percent 

alternation score is equal to the ratio of actual alternations to possible alternations (total 

alternations/[trial number-3] × 100). In the example data set, the alternation score would be 

computed as follows: [4/(14-3)] × 100 = 36.4%. This criterion was adapted from previous 

experiments conducted in our lab (Fernandez et al., 2016; Hall and Savage, 2016). Following 

maze testing, the rat was returned to the opaque habituation chamber for an 18-minute 

collection of post maze dialysate.
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High Performance Liquid Chromatography

Dialysate samples were assayed for ACh using high performance liquid chromatography 

(HPLC) with electrochemical detection (Eicom USA). ACh peaks were quantified by 

comparison to peak heights of standard solutions (100 nm, 20 nm, and 5 nm standards). 

Chromatographs obtained every 18 minute/sample were analyzed using the software 

program Envision (provided by Eicom, USA). Minimal detection was 5 femtomoles of ACh. 

Due to a blockage in one hippocampal probe, dialysate was collected from 9 EtOH pre- 

treated animals. The final n’s for collection in the PFC and hippocampus are noted on Figure 

2-C and 2-D.

Novel Object Recognition

Testing parameters were adapted from Bevins and Besheer (2006). A black, apparatus, made 

in-house from high-density polyethylene, served as the arena (90 cm × 90 cm × 51 cm). The 

week following spontaneous alternation testing, rats were habituated to the arena for 10-

minutes across a 3-day period. On the final day of habituation, a camera (Fujinon, 

YV5x2.7R4B-2) mounted to the ceiling recorded activity onto an automated tracking 

program system (Any-maze, Stoelting Company). Afterwards, during the familiarization 

phase, two identical objects (object A1 and A2) were placed into the left and right corners of 

a square testing apparatus equidistant from the walls and from each other. The rat was 

allowed to explore the objects for 5-minutes. The day following the familiarization phase 

(testing phase at 24-hours), one object used during familiarization was exchanged for a 

novel object the rat had not previously encountered (Object A1 and B). The rat was allowed 

to explore both objects for 5 minutes. We repeated the testing phase 7-days later with a 

different novel object (Object A2 and C). Object exploration was defined as having the rat’s 

head within 3 cm of the object. A discrimination index was computed for each rat and 

retention interval as follows: (seconds exploring the novel minus familiar object) /(seconds 

exploring the novel plus familiar object).

Barnes Maze

Testing parameters were adapted from (Vetreno and Crews, 2012). A black, circular table 

was made from high-density polyethylene (radius= 56 cm; 90 cm elevation). The table had 

20 holes drilled alongside the circumference of the table at a 20° angle distance from each 

other (distance from border= 3 cm; radius= 5 cm). At any hole location, a rectangular goal 

box (10 cm × 37 cm × 14 cm) could be slid underneath as an escape hatch for the rat. Static 

noise from a radio filled the room, and floodlights illuminated the tabletop (lux>500). A 

camera (Fujinon, YV5x2.7R4B-2) mounted to the ceiling recorded activity onto an 

automated tracking program system (Any-maze, Stoelting Company, Wood Dale, IL), and 

the room was rich in extra-visual cues.

Testing consisted of three phases: training, reversal A and reversal B. Rats were placed 

inside an opaque box (25 cm × 34 cm × 12 cm) that was placed on a randomized quadrant of 

the maze. After 10 seconds, the rat was removed from the box and placed on the maze 

quadrant. During training, rats had 5-minutes to find the location of the goal box. If a rat 

failed to find the goal box, it was guided to the escape location by the experimenter. Latency 

to reach the goal box was recorded for each rat. The criterion for completion of the training 
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phase was an average group latency of 30-seconds. After both treatment groups met 

criterion, the location of the goal box was switched 180° during reversal A. Each rat had up 

to 5-minutes to find the goal box, and training continued until criterion (group latency 

average <30-seconds) was met. After each rat met criterion, the goal box location was once 

again switched 180° for reversal B.

Operant Set Shifting

Testing parameters were adapted from (Brady and Floresco, 2015), with 11 operant 

chambers (30 cm × 33 cm × 23 cm; Med Associates Inc., St. Albans, VT) located inside 

sound-attenuating boxes (59 cm × 55 cm × 36 cm). Each box was outfitted with a fan in 

order to provide white noise. Each chamber had two retractable levers, one on each side of a 

magazine where a single food pellet (Rodent Purified Dustless Precision Pellet; Bio-Serve, 

Flemington, NJ) was delivered. There was a stimulus light positioned above each lever, and 

a house light was positioned in the top right corner of the wall opposite of the levers. Each 

chamber was interfaced to a computer program that integrated each testing session (MED-

PC IV, Med Associates Inc.). Rats were food restricted to 85% of their free feeding body 

weight throughout the protocol. AIE and control rats did not have significant weight 

differences prior to food restriction, and all rats lost weight at similar rates (data not shown). 

The initial food restriction to 85% of free feeding weight occurred over 2 weeks.

The operant set shifting task consisted of five phases: a training phase during which each rat 

learned to lever press and its spatial (side) preference for a particular lever was determined; a 

response task during which the rat learned to lever press opposite of its side preference while 

a random light cue was to be ignored; a cue task (set shift 1) that required each rat to no 

longer use the spatial location (side preference) of the lever as the primary cue, but instead 

respond to the lever underneath the illuminated cue light. This was followed by a second 

response task (set shift 2) where the rat learned to ignore the cue light, and lever press 

opposite of its original side preference; and lastly a response reversal task, where the rat 

learned to respond to the opposite lever from the previous response task.

During the training phase, each rat was shaped to lever press on a fixed ratio 1 (FR1) 

schedule of reinforcement. At the beginning of the first training session, either the left or 

right lever was extended, with both the house and stimulus lights illuminated. Each lever 

press delivered a single food pellet. All rats underwent daily 30-minute training sessions 

until a stability criterion was met, defined as receiving at least 50 reinforced lever presses 

during a single session. Once stability was met, each rat was shaped on the opposite lever 

until stability criterion was met.

Retractable lever training followed shaping, where a single lever was presented per trial. The 

rat had to respond to the extended lever within 10-seconds of lever presentation, otherwise 

the lever retracted and an omission was counted. Presentation of the left versus right lever 

was pseudorandomized, with house and stimulus lights illuminated. The rat met stability 

criterion when it had less than 5 omissions per session over 2 consecutive sessions. The 

training phase ended with the determination of side bias. During side bias determination, 

each rat had to complete seven trials, and the lever that was responded to the most at the end 

of the session was assigned as the preferred lever/side preference.
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Following side bias determination, response task (set acquisition) began over a series of 

sessions until the rat reached criterion, which consisted of responding to the rewarded lever 

10 consecutive times. During the response task, the rat learned to respond to the lever 

opposite of its assigned side preference (spatial discrimination). The house light was 

illuminated during a trial, and a stimulus light (left or right, randomly determined to prevent 

association with a lever) was illuminated 3 seconds prior to lever presentation, which were 

presented for 10 seconds. Each rat had to perform a minimum of 30 trials, and there were a 

maximum of 200 trials per session. Each trial was presented every 20 seconds throughout 

the session.

After reaching criterion, a set shift was introduced (cue task) such that the rat had to learn to 

respond to the lever that is underneath the illuminated stimulus light. After the rat reached 

criterion on the cue task, a second set shift was introduced (response task), wherein the rat 

had to respond to the lever opposite its original side preference and no longer discriminate 

based on the stimulus light cue. After reaching criterion on the second set shift, a response 

task reversal was introduced. The rat had to switch its response to the lever opposite of what 

was previously rewarded (for example: left to right).

Trials required to reach criterion (10 consecutive rewarded lever presses), trial omissions, 

errors (pressing the non-rewarded lever) and total lever presses were analyzed for group 

differences.

Tissue Collection

A week following the final operant set shifting task, rats were euthanized (Fatal-Plus, 

Vortech Pharmaceuticals, Dearborn, MI) and perfused (Masterflex Easy- Load Console 

Drive; 7518-00; Cole-Parmer Instrument Co.) with cold phosphate buffered saline and cold 

4% paraformaldehyde (PFA; Electron Microscopy Services, Hatfield, PA), and post fixed for 

24-hours in 4% PFA, followed by a 30% sucrose solution in 0.1 M PBS at 4°C until slicing. 

Brains were coronally sliced at 40 µm using a sliding microtome (Sm2000r Leica 

Biosystems, Wetzler, Germany). Tissue slices were maintained in a cryoprotectant solution 

(62.8 mg NaH2PO4, 2.18 g Na2HPO4, 160 mL dH2O, 120 mL ethylene glycol and 120 mL 

glycerol) at −20°C until immunohistological processing.

Brightfield ChAT/Nestin Double Labeling

Every 6th (MS/DB) or 7th (NbM) section per rat was processed for ChAT+/ nestin− and 

ChAT+/ nestin+ expression. On day 1, free-floating sections were washed using a standard 

0.1 M Tris-buffered saline (TBS) solution (pH= 7.4). Next, sections were quenched using a 

0.3% hydrogen peroxide solution for 30-minutes, followed by another TBS wash. Slices 

were then blocked in a solution consisting of 3% rabbit serum and 0.3% Triton X-100 in a 

0.1 M TBS solution. Tissue was incubated overnight at 4 °C in ChAT primary antibody 

(AB144P; EMD Millipore; Billerica, MA; 1:200 dilution) made in blocking solution. On 

day 2, slices were washed in 0.1 M TBS and then incubated in a secondary antibody 

(biotinylated anti-goat IgG; BA-5000; Vector Laboratories; Burlingame, CA) with blocking 

solution. Tissue was washed in 0.1 M TBS and incubated in an avidin/biotin complex 

(VECTASTAIN Elite ABC HRP Kit, Vector Laboratories) for 1 hour in a solution of 0.1 M 

Fernandez and Savage Page 7

Neuroscience. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TBS and 0.3% Triton X-100. Tissue was then rinsed and developed using ImmPACT 

NovaRed Peroxidase solution (SK-4805; Vector Laboratories). Following the chromagen 

development, tissue was rinsed in 0.1 M TBS and blocked for 1-hour in a solution of 2.5% 

normal horse serum, 1% bovine serum albumin and 0.3% Triton X-100. Tissue was then 

incubated in the Nestin primary antibody (1:200 dilution; MAB353; EMD Millipore) in 

blocking solution overnight at 4 °C. On day 3, tissue was rinsed in 0.1 M TBS and incubated 

in a tagged secondary antibody solution (anti-mouse IgG polymer detection kit; MP-5402; 

Vector Laboratories) for 1-hour. Slices were washed in 0.1 M TBS and developed using 

Vector Blue Alkaline Phosphatase Substrate Kit (SK-5300; Vector Laboratories). After a 

final rinse in 0.1 M TBS, sections were mounted and cover slipped using VectaMount 

permanent mounting medium (H-5000; Vector Laboratories).

Cresyl Violet Staining

To determine the location of cannula implantation and probe insertion, PFC and HPC tissue 

was stained using a cresyl violet protocol (Paul et al., 2008). Briefly, sections were mounted 

onto slides and were rehydrated in a series of EtOH concentrations for 3 minutes (95%, 

95%, 70%, 70%). Tissue was stained in cresyl violet (FD Cresyl Violet Solution; PS102-2; 

FD Neurotechnologies; Columbia, MD) for 5 minutes, rinsed in distilled water, 

differentiated in a series of EtOH concentrations for 2 minutes (70%, 95%, 95%), 

dehydrated in 100% EtOH for 2 minutes, and cleared in Citrisolv (04–355-121; Fisher 

Scientific) for 5 minutes. Slides were cover slipped using Permount mounting medium 

(SP15-500; Fisher Scientific).

Unbiased Stereological Counts of MS/DB and NbM Cells

The parameters for cell quantification were based on previously published studies (Hall and 

Savage, 2016; Roland and Savage, 2009; Savage et al., 2007). A Zeiss Microscope 

(Axioscope 2-Plus, Thornwood, NY) with an attached digital camera (DVC-1310; DVC 

Company, Austin, TX) containing a motorized stage in the x, y and z planes was used in 

conjunction with StereoInvestigator software (MicroBrightField Bioscience, Williston, VT) 

on a computer containing a Windows XP operating system. Using 5 × magnification, 

contours were drawn around the specific regions of interest (ROIs: MS, horizontal and 

vertical limbs of DB, NbM). Counting was performed using the optical fractionator function 

at 40 × magnification. Soma size was determined using the nucleator software function 

(rays=5). The section-sampling fraction was set at 1/6 for MS/DB sections and 1/7 for NbM 

sections. The counting frame was set at 50 µm × 50 µm, the grid size was 100 µm × 100 µm, 

the optical dissector height was 20 µm and the top guard zone was 2 µm. The section 

thickness was calculated and included to estimate the total number of neurons in the 

population (35 µm/ MS/DB section; 34 µm/ NbM section). The Gunderson–Jensen estimator 

of the error coefficient was lower than the recommended value of 0.10 (smoothness factor = 

1.0; Gundersen and Jensen, 1987).

Within our ROIs, nestin is only expressed in ChAT+ neurons (Guo et al., 2010; Hendrickson 

et al., 2011), and the presence of nestin+/ ChAT- cells is undetectable with our current 

staining protocol. Therefore, immunopositive cells within the ROIs were coded as either 

ChAT+/ nestin− or ChAT+/ nestin+.
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Experimental Design and Statistics

Analyses were performed in SPSS (IBM Corporation, Version 22). A one-way (Treatment: 

AIE vs. Control) analysis of variance (ANOVA) assessed spontaneous alternation and novel 

object recognition measures. Immunohistological data was analyzed using a one-way 

(Treatment: AIE vs. Control) ANOVA for both the total estimated cell population and cells 

per mm2 Both cell numbers and cell/mm2 were analyzed in order to verify that significant 

changes in cell populations were not due to changes in the forebrain nuclei size as a result of 

treatment. Repeated-measures ANOVAs, with Treatment as the between subjects factor, 

were used to analyze BEC (across time), Barnes Maze training and reversals, operant set 

shifting behavior (across tasks) and microdialysis output (phase × sample). Error bars on 

graphs, and variance reported with means, indicate the standard error of the mean.

Results

AIE rats reached binge-like levels of intoxication

BEC levels during AIE treatment remained stable across the first and eighth intraoral gastric 

EtOH gavage treatments (F [1,21]<1, p>0.10). Figure 1 illustrates the average AIE BEC 

values (≅160 mg/dL), which well exceeded binge EtOH benchmarks of 80 mg/dL (Spear, 

2015).

AIE spared spatial memory assessed using a spontaneous alternation task

Analysis of percent alternation scores did not yield an effect of AIE (F[1,22]<1, p>0.10; 

Figure 2-A). Similarly, the number of arm entries during testing were not affected by prior 

AIE (F[1,22]<1, p>0.10; Figure 2-B).

AIE reduced ACh efflux in the prefrontal cortex, but not the hippocampus

Assessment of basal femtomole ACh levels in the hippocampus (AIE: x̅=36.6 ±4.7; Control: 

=48.6 ±6.2) and PFC (AIE: x ̅=55.7 ±9.5; Control: =69.4 ±11.7) were not significantly 

different between AIE and control rats (F’s<1, p>0.20). Analysis of ACh efflux in the 

hippocampus indicated a main effect of phase (F[2,40]=48.4, p<0.001; Figure 2-C). 

Contrasts indicated that ACh efflux was significantly higher during spontaneous alternation 

testing in the hippocampus compared to baseline (pre-test) and post maze levels 

(F[1,21]=52.94, p<0.001). There was no interaction between AIE treatment and ACh efflux 

in the hippocampus (F[2,40]<2, p>0.10).

Analysis of ACh efflux in the PFC indicated a main effect of phase (F[2,42]=46.29, 

p<0.001; Figure 2-D). ACh efflux was significantly higher during spontaneous alternation 

behavior in the PFC compared to baseline and post maze levels (F[1,22]=73.35, p<0.001). 

There was also a significant treatment × phase interaction on PFC ACh efflux (F[2,42]=3.45, 

p<0.05). Due to the significant interaction, individual ANOVAs were run at each phase to 

determine the effect of AIE on behaviorally dependent ACh efflux. Results indicated that 

during spontaneous alternation maze behavior, AIE blunted ACh efflux compared to control 

levels (F[1,22]=5.2, p<0.05). There was also a trend for AIE rats to have blunted ACh levels 

post maze compared to control levels (F[1,22]=3.3, p=0.09).

Fernandez and Savage Page 9

Neuroscience. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cannula Placement

Figure 3 illustrates the typical cannulation site for the PFC (Figure 3-A) and HPC (Figure 3-

B). PFC cannulation sites targeted and hit the prelimbic cortex, which receives cholinergic 

afferents from the NbM; hippocampal cannulation sites targeted the CA1-CA3 regions, areas 

that receive cholinergic afferents from the MS/DB (Bloem et al., 2014; Teles-Grilo Ruivo 

and Mellor, 2013).

Cell Counting Regions of Interest

Figure 4 illustrates the areas included in both the MS/DB (Figure 4-A) and NbM cell counts 

(Figure 4-B). MS/DB contours included regions of the medial septum, as well as the vertical 

and horizontal limbs of the diagonal band, beginning at about 1.6 mm relative to Bregma 

and continuing through about −0.4 mm relative to Bregma, as outlined in Paxinos and 

Watson (2013). NbM contours began at about −0.96 mm relative to Bregma and continued 

through about −2.64 mm relative to Bregma, as outlined in Paxinos and Watson (2013). 

Stereological assessment required a semi-random start point for each region (West, 2013).

AIE spares recognition memory assessed using a Novel Object Recognition Task

After microdialysis, three control rats lost their head-gear and were removed from the study 

(final n’s are shown in Figure 5-A). Memory retention 24-hours and 7-days following the 

familiarization phase did not differ between AIE and control rats (F’s [1,18]<1, p>0.10; 

Figure 5-A). However, all rats explored the novel object at a rate greater than chance 24-

hours after the familiarization phase (t(8)=2.56, p<0.05). This effect was not observed 7-

days later. Additionally, there was no significant difference between treatment groups in the 

total time spent exploring objects during the 24-hour (AIE x ̅=35.7 ±8.8 seconds, Control 

x̅=46.6 ± 7.3 seconds) and 7-day retention (AIE x ̅= 29.9 seconds ± 6.5, Control x̅=38.4 ± 6.5 

seconds) tests (F’s [1,19]<1, p>0.10).

AIE spared spatial and reversal memory assessed using a Barnes Maze

During training, both control and AIE rats learned the location of the goal box across 11 

training trials (F[10,160]=18.17, p<0.001). However, AIE did not lead to significant 

differences in learning compared to control rats, (F[10,160]<1, p>0.10). After training, all 

rats took significantly longer to reach the goal box following reversal A (F[1,16]=10.4, 

p<0.01). AIE did not significantly affect the latency to reach the new location of the goal 

box following reversal A (F[1,16]<2, p>0.10). Additionally, there were no differences in the 

latency to reach the goal box from the final reversal A trial to reversal B (F[1,16]<1, 

p>0.10). AIE did not affect latency times during reversal B (F[1,16]<1, p>0.10). Figure 5-B 

shows the latency to reach the goal box across training and reversal trials.

AIE increases the number of trials required to learn an attentional set shift

An additional control rat was removed from the study due to a loss of the microdialysis 

head-gear (final n’s are shown in Figure 6). Analysis of the trials required to reach criterion 

during operant set shifting indicated a main effect of set rule (F[3,48]=18.97, p<0.001; 

Figure 6-A) and an interaction between set rule and AIE treatment (F[3,48]=5.36, p<0.01). 

Follow-up analyses indicated that AIE rats took significantly longer to reach criterion on the 
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first attentional set shift, compared to controls (F[1,17]=5.21, p<0.05; Figure 6-A). 

Additionally, all rats required more trials to reach criterion on the reversal task compared to 

the previous set task (F[1,16]=109.61, p<0.001), but there was no effect of AIE treatment on 

reversal learning (F[1,16]=1.2, p>0.10).

Analysis of the number of errors performed during operant set shifting indicated a main 

effect of set rule (F[3,48]=12.43, p<0.001; Figure 6-B) and an interaction between set rule 

and AIE treatment (F[3,48]=5.13, p<0.01). Follow-up analyses indicated that AIE rats made 

significantly more errors during the first attentional set shift, from response to cue 

discrimination, compared to controls (F[1,17]=5.2, p<0.05). We also found that regardless of 

treatment, all rats required more trials to reach criterion on the reversal compared to the 

previous set task (F[3,48]=12.43, p<0.001). We found no effect of AIE treatment on the 

average number of lever presses across set tasks (F[1,16]<3, p>0.10; Figure 6-C).

AIE reduced ChAT+/ nestin− cell populations in the MS/DB and ChAT+/ nestin+ cell 
populations in the NbM

AIE caused a significant decrease in the estimated ChAT+/ nestin− cell population within 

the MS/DB (F[1,21]=9.11, p<0.01; Figure 7-A). AIE did not affect the ChAT+/ nestin+ 

estimated cell population within the MS/DB (F<1, p>0.10). AIE also led to a significant 

reduction in the total number of cholinergic cells/mm2 of MS/DB tissue (F[1,21]=8.43, 

p<0.05; Figure 7-B), and a significant reduction in the number of ChAT+/nestin− cells per 

mm2 of MS/DB tissue (F[1,21]=12.76, p<0.05). There was no change in the number of 

ChAT+/ nestin+ cells per mm2 of MS/DB tissue as a result of AIE (F<2, p>0.10). However, 

AIE decreased soma area for ChAT+/ nestin+ cells within the MS/DB (F[1,21]=4.38, 

p<0.05; Figure 7-C), whereas no change in soma area was detected for ChAT+/Nestin− cells 

(F<1, p>0.10). When comparing baseline differences in soma area between the two 

cholinergic cell populations, control values for ChAT+/ nestin+ soma area were significantly 

larger than control values for ChAT+/nestin− soma area (t[11]= 2.34, p< 0.05).

In the NbM, AIE caused a significant decrease in the estimated ChAT+/ nestin+ cell 

population (F[1,21]=8.21, p<0.01; Figure 8-A). There was a trend for an AIE mediated 

decrease in ChAT+/ nestin− cell population estimates (F[1,21]=3.4, p=0.08). AIE also led to 

a significant reduction in the total number of cholinergic cells/mm2 of NbM tissue 

(F[1,21]=5.27, p<0.05; Figure 8-B), and a significant reduction in the number of ChAT+/ 

nestin+ cells per mm2 of NbM tissue (F[1,21]=6.22, p<0.001). There was a trend in the 

reduction of ChAT+/ nestin− cells per mm2 of NbM tissue as a result of AIE treatment 

(F[1,21]=4.1, p=.06). Finally, in the NbM, there were no AIE-mediated differences in soma 

area for either ChAT+/ nestin− or ChAT+/ nestin+ cells (F’s<3, p>0.01; Figure 8-C).

Discussion

Our data revealed the novel finding that early adolescent binge-like EtOH exposure caused 

frontocortical cholinergic hypofunctionality as measured by ChAT+/ nestin+ cell loss in the 

NbM, blunted ACh efflux in the PFC. ACh efflux in the hippocampus during spontaneous 

alternation was not significantly altered by AIE, and this was paralleled by normal spatial 

learning and memory assessed by both spontaneous alternation and the Barnes maze. 
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Furthermore, reversal learning in the Barnes maze and the operant set shifting task was not 

affected by AIE. Additionally, we did not find an effect of AIE on novel object recognition 

memory. However, AIE rats displayed a significant impairment in operant attentional set 

shifting. We also found an AIE mediated region-specific and phenotype- specific loss of 

forebrain cholinergic cell numbers. Specifically, AIE caused a reduction in ChAT+/nestin− 

cells within the MS/DB. However, in the NbM, there was a reduction in nestin positive, 

cholinergic cells (ChAT+/nestin+). We hypothesize this region-specific effect leads to frontal 

cortical dependent cognitive flexibility deficits that are dependent on cholinergic input from 

the NbM. These results provide more definitive evidence that cholinergic dysfunction within 

the frontal cortex is a critical mediator of alcohol-induced cognitive dysfunction that is 

associated with adolescent binge alcohol exposure.

There is converging evidence that spatial learning and memory are not severely affected by 

AIE. Similar to the findings presented here, we previously found that intermittent ethanol 

exposure during early and mid adolescence, as well as adulthood, did not affect spatial 

memory assessed by performance on a spontaneous alternation task (Fernandez et al., 2017). 

Additionally, AIE does not yield acquisition impairments on the Morris water maze, radial 

arm maze or the Barnes maze (Van Skike et al., 2012; Risher et al., 2013; Swartzwelder et 

al., 2014). In the current study, we also found spatial learning to be unaffected by AIE when 

assessed using a Barnes maze. These behavioral results are not in conflict with a loss of 

hippocampal neurogenesis, which occurs in AIE: When neurogenesis is ablated, acquisition 

progresses normally on the water maze and the radial arm maze, and novel object 

recognition is spared (Clelland et al., 2009; Jessberger et al., 2009). However, when task 

parameters are made difficult by closer spatial proximity, such that pattern separation is 

needed, loss of hippocampal neurogenesis does lead to behavioral impairment (Becker et al., 

2017). Thus, intact neurogenesis is not required for all forms of hippocampal-dependent 

learning.

In contrast, it has been reported that reversal learning is negatively impacted by AIE, 

suggesting that behavioral inflexibility is a key behavioral deficit associated with alcohol-

related brain damage. Vetreno and Crews (2012) found that AIE led to reversal impairments, 

as well as perseverative behavior, when the goal location was altered in the Barnes maze. 

The lack of reversal deficits, in both the Barnes maze and operant set shifting, following AIE 

in the current study could be a result of several factors. First, previous behavioral experience 

has been shown to affect later behavioral outcomes, suggesting that training can alter the 

neural systems supporting reversal learning (Rosenzweig and Bennett, 1996; Gould et al., 

1999; Klintsova et al., 2002). Prior spatial testing, repeated reversal probes, and set shifting 

exposure in our current protocol may have served as the training necessary to circumvent 

orbitofrontal activation, thereby not yielding an AIE-induced reversal deficits. Although 

reversal learning is initially dependent on orbitofrontal activity (Bissonette et al., 2008; 

Ghods-Sharifi et al., 2008), performance on serial reversal tasks no longer requires intact 

orbitofrontal function (Boulougouris et al., 2007; Rich and Shapiro, 2007, 2009; Young and 

Shapiro, 2009).

It is important to note that our behavioral tasks were not counterbalanced. The sequence of 

behavioral testing was selected in order to accommodate cannula surgery and testing, as well 
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as the timing required for operant set shifting training and food restriction. It is possible that 

the null effects in both the Barnes Maze task and novel object recognition task could be due 

to prior learning experience modulating later learning. Carryover effects are seen in both 

spatial memory tasks and recognition tasks (McIlwain et al., 2001; Cook et al., 2002; Cross 

et al., 2012; Hånell and Marklund, 2014; Paylor et al., 2006).

Second, strain differences have been reported on several measures related to EtOH 

dependency and toxicity (Priddy et al. 2017; Zahr et al., 2014), which may alter the 

behavioral response. Although AIE-dependent impairments in novel object recognition 

memory have been reported using a 24-hour intersession interval (Vetreno and Crews, 2015), 

these experiments were conducted in Wistar rats. Novel object recognition studies that 

employ Sprague Dawley rats either do not find age-specific deficits following binge EtOH 

exposure (Swartzwelder et al., 2012), or only do so after 24-hour interval between exposure 

and testing (Silvestre de Ferron et al., 2015). It is possible that the Sprague Dawley strain is 

not as sensitive to binge-level EtOH mediated recognition memory deficits, following drug-

free recovery periods, compared to Wistar rats. Another issue could be the size of the testing 

arena and the spatial proximity between the objects, factors that influence whether the intact 

neurogenesis is critical for object recognition (Burke et al., 2010; Clelland et al., 2009; 

Antunes and Biala, 2012) . Interestingly, we did not see retention of recognition memory in 

either treatment condition after a 7-day intersession interval. It is possible that our 

parameters during the familiarization phase were not sufficient for long-term recognition 

memory induction in our rats (Vogel-Ciernia and Wood, 2014; Cohen and Stackman, 2015).

AIE did have a significant effect on performance during an operant attentional set shifting 

task, even after extended training. Attentional set shifting is an assessment of cognitive 

flexibility that requires the rat to alter the strategy or rule that governed a previous behavior 

across a task dimension, and inactivation or lesions to the PFC produce deficits in set 

switching (Birrell and Brown, 2000; Floresco et al., 2008; Rich and Shapiro, 2007, 2009). 

Our data complements previous research demonstrating that AIE leads to deficits in 

attentional set shifting (Gass et al., 2014). Both data sets indicate that AIE leads to deficits 

following a cognitive set shift from either visual to spatial cues (Gass et al., 2014) or from 

spatial to visual cues (current data). Previous research has indicated that a shift from spatial 

to visual task may be easier if a rat has no pre-exposure to the visual stimulus cue lights 

(Floresco et al., 2008). In our protocol, rats had pre-exposure to the stimulus cue lights 

during training, thereby circumventing the potential confound of novelty-induced approach 

(Brady and Floresco, 2015). Thus, the effect of AIE on cognitive set shifting is robust across 

cue shifts. Unlike reversal training, operant set shifting is less affected by prior reversal 

learning, suggesting that PFC and OFC are hierarchically organized to mediate different 

types of behavioral transitions (Young and Shapiro, 2009). In tandem with our data 

illustrating an AIE mediated blunting of prefrontal cholinergic responses during behavior, 

our results demonstrate that the early adolescent EtOH exposure specifically affects 

frontocortical functioning, while sparing hippocampal-dependent functioning.

The operant task used in the current experiment employed a rule change that required a shift 

in set from a location-based rule to a non-spatial rule in which the correct lever was 

indicated by a light cue. Our data complements previous research demonstrating that AIE 
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leads to deficits in attentional set shifting (Gass et al., 2014). Interestingly, both data sets 

indicate that AIE leads to deficits following a cognitive shift from visual to spatial cues 

(Gass et al., 2014) and from spatial to visual cues (current data). Previous research has 

indicated that a shift from spatial to visual task may be easier if a rat has no pre-exposure to 

the visual stimulus cue lights (Floresco et al., 2008). In our protocol, rats had pre-exposure 

to the stimulus cue lights during training, thereby circumventing the potential confound of 

novelty-induced approach (Brady and Floresco, 2015). Additionally, our data suggest an 

AIE induced impairment in the first set shift, rather than a deficit in stimulus discrimination, 

because animals were not impaired on the second set shift, from cued discrimination to 

spatial. The animals in the current study demonstrated an ability to discriminate between the 

levers and cue signal, and EtOH- pretreated animals were only were impaired when they 

were required to learn a new rule.

A common finding of alcohol-related brain damage is a significant decrease (≈30%) in the 

cholinergic population within the forebrain nuclei (Savage et al., 2012; Vetreno et al., 2014, 

2011; Swartzwelder et al., 2015). This reduction in basal forebrain cholinergic cell numbers 

is hypothesized to be a result of EtOH’s effects on neuroimmune activation that can lead to 

neural degeneration via oxidative stress or excitotoxicity (Crews et al., 2015). Interestingly, 

the decrease in cholinergic cell population within the MS/DB following AIE did not 

significantly alter ACh efflux within the hippocampus or impair spontaneous alternation and 

Barnes maze behaviors, which are ACh-dependent (Lalonde, 2002; Seeger et al., 2004; 

Anzalone et al., 2009). It is important to note that AIE only produces a decrease in the ChAT

+/ nestin− population in the MS/DB. While our current data cannot indicate the mechanisms 

through which a decrease in MS/DB cholinergic cells did not lead to a decrease in functional 

hippocampal ACh release, there is the potential that the spared ChAT+/ nestin+ population 

within the MS/DB maintained ACh function within the hippocampus. ChAT+/ nestin+ cells, 

as mentioned previously, have higher spontaneous synaptic activity, which could potentially 

enhance cholinergic transmission (Zhu et al., 2011; Hall and Savage, 2016) and thus 

compensate for the loss of the ChAT+/ nestin− phenotype.

Interestingly, AIE did significantly decrease the average soma size of ChAT+/ nestin+ cells, 

but not ChAT+/ nestin− cells, within the MS/DB. Prenatal EtOH has been shown to 

negatively affect nestin and other proteins involved in neural structure (Taléns-Visconti et al., 

2011; Veazey et al., 2013). These results indicate that early adolescent EtOH exposure may 

also affect the structure of this dynamic cholinergic cell population. In contrast, AIE’s 

effects on the ChAT+/ nestin+ phenotype in the NbM were more dramatic: Although 

alterations in soma size were spared, there was a dramatic reduction (50%) in the ChAT+/ 

nestin+ NbM cell population. Unlike the effects in the hippocampus, the AIE mediated 

ChAT+/ nestin+ cell population reduction in the NbM was concomitant with a decrease in 

frontocortical ACh efflux during maze testing. The hypofunctionality of ACh release in the 

PFC may be related to the deficits in cognitive set shifting seen in AIE treated rats, since 

cognitive flexibility is dependent on cholinergic functioning (Ragozzino, 2003; Logue and 

Gould, 2014; Prado et al., 2017).

However, the role of ACh in set-shifting is complex: Whereas NbM cholinergic lesions do 

not impair set shifting (McGaughy et al., 2008; Tait and Brown, 2008), modulation of 
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nicotinic acetylcholine receptors enhances set shifting (Allison & Shoaib, 2013; Nikiforuk et 

al., 2015), and muscarinic receptor antagonism impairs set shifting (Soffie and Lamberty, 

1987; Chen et al., 2004). Although the evidence from lesion studies suggest that ACh 

modulation of set-shifting behavior is extra-cortical (Allison and Shoaib, 2013), it likely that 

ACh interactions with multiple neurotransmitters across multiple cholinergic sites contribute 

to successful/unsuccessful cognitive flexibility (Prado et al., 2017). The AIE model does 

lead to loss of cholinergic neurons across the basal forebrain and brainstem projection 

systems, as well as a reduction of striatal cholinergic interneurons (Vetreno et al., 2014). The 

observed reduction of ACh efflux in the prefrontal cortex is likely one of several brain 

adaptions contributing to alcohol-induced cognitive impairment.

Previous studies have found that non- pharmacological treatments, such as exercise, can 

reverse both structural and functional deficits related to EtOH exposure (Thomas et al., 

2008; Leasure and Nixon, 2010; Maynard and Leasure, 2013; Gallego et al., 2015). 

Exercise, via the upregulation of neurotrophins, could serve as a protective measure against 

EtOH’s effects on cognition by re-establishing normal cholinergic/nestin populations, well 

into adulthood (Gomez-Pinilla and Hillman, 2013; Vivar et al., 2013; Hall et al., 2014). Our 

laboratory has previously demonstrated that voluntary exercise specifically rescues 

cholinergic nestin subpopulation following alcohol related brain damage within the MS/DB 

(Hall and Savage, 2016). Although data is not currently available regarding the effects of 

exercise on NbM cholinergic/nestin, it is possible that this vulnerable nestin subpopulation 

would uniquely respond to exercise induced, neurotrophin mediated tropomyosin- related 

kinase receptor activation, which could result in normalized acetylcholine efflux within the 

frontal cortex (Hennigan et al., 2007; Lynch et al., 2013).

Our data demonstrate that high intoxication levels during early adolescence leads to a 

selective, compromised cholinergic phenotype within the NbM that is associated with a 

blunted functional release of ACh in the PFC that may contribute to cognitive flexibility 

deficits. Our AIE model was based on the characterization of adolescence that begins in the 

rat at PD 28 (Spear, 2000). Although other researchers have suggested that adolescence 

begins at a later time point, for example PD35 (Semple et al., 2013), our AIE model is 

consistent with previous research that has demonstrated adolescent specific deficits 

following EtOH exposure during PD28-PD55 (Ehlers et al., 2011; Broadwater and Spear, 

2013; Vetreno et al., 2014; Vetreno and Crews, 2012). Additionally, our AIE model 

encompasses the peri-adolescent, early, mid and late adolescent periods that are in 

accordance with both Spear (2000) and Semple (2013). EtOH exposure throughout this early 

developmental time point, during which synaptic pruning, increasing myelination, and 

frontal cortical maturation occurs (Giedd et al., 1999; Tsujimoto, 2008; Tau and Peterson, 

2010), has long lasting effects on the cholinergic system, as well as cognition.

Additionally, although our model did not employ an adult comparison group, previous 

studies have indicated the structural and functional deficits following intermittent binge 

EtOH exposure are an adolescent- specific phenomenon (Spear, 2011; Vetreno et al., 2014; 

Vetreno and Crews, 2015; Crews et al., 2016; Doremus-Fitzwater and Spear, 2016). Previous 

studies have found that regardless of potential age- related declines in cognition, binge EtOH 

exposure during adulthood does not typically lead to cognitive flexibility deficits (Coleman 
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et al., 2014; Gass et al., 2014). Our findings demonstrate a mechanism by which the 

adolescent typical hypofunctionality of the PFC is maintained throughout development and 

into adulthood as a result of binge- like EtOH exposure (Spear and Swartzwelder, 2014).

Conclusion

Exposure to binge-like levels of EtOH that begins in peri-adolescence and extends through 

early adulthood leads to long-lasting frontocortical impairments. During spontaneous 

alternation behavior, PFC ACh levels were blunted following AIE. Our data suggest that this 

functional cholinergic deficit was driven by an AIE dependent decrease in NbM ChAT+/ 

nestin+ neuronal populations. Concomitant with hypofunctional cholinergic efflux in the 

PFC, we found cognitive flexibility deficits following AIE. Although we did not detect an 

effect of AIE on functional ACh efflux within the hippocampus, there was still an AIE 

dependent decrease in MS/DB ChAT+/nestin− cell numbers. This data suggest that the 

ChAT+/ nestin+ neuronal phenotype in the basal forebrain determines the functional 

cholinergic response to alcohol-related pathology.
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Abbreviation List

ACh Acetylcholine

AIE Adolescent intermittent ethanol

ChAT Choline acetyltransferase

EtOH Ethanol

MS/DB Medial septum/diagonal band

NbM Nucleus basalis of Meynert

PFC Prefrontal cortex
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Highlights

• Adolescent intermittent exposure leads to blunted acetylcholine release within 

the prefrontal cortex, but not hippocampus

• Adolescent intermittent exposure leads to impaired attentional shifting, but 

spared spatial learning and memory

• Adolescent intermittent exposure leads to a reduction of distinct in 

cholinergic populations within basal forebrain nuclei
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Fig. 1. Adolescent Intermittent Ethanol (AIE) Exposure protocol
Schematic outlining the age range, AIE exposure protocol, and the timeline for cannula 

implantation surgery, behavioral testing and tissue collection (IHC: immunohistochemistry). 

Blood ethanol concentrations (BECs) following the first (1) and eighth (8) intraoral gastric 

gavage are illustrated in the chart insert. BECs did not significantly differ between the first 

and eighth gavage during AIE treatment.
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Fig. 2. AIE leads to blunted acetylcholine (ACh) efflux in the prefrontal cortex (PFC) during 
spontaneous alternation, but does not impair alternation behavior
(A) Average percent alternation scores by AIE treatment. There was no effect of AIE on 

alternation behavior. (B) Arm entries during spontaneous alternation. There was no 

significant difference in activity between AIE and control groups. (C) Hippocampal ACh 

efflux before (baseline), during (maze) and after spontaneous alternation behavior (post 

maze). There was a main effect of phase, wherein ACh efflux significantly increased during 

maze behavior compared to baseline and post maze levels (p<0.05). AIE did not affect ACh 

efflux in the hippocampus. (D) Prefrontal cortical ACh efflux measured during baseline, 

maze behavior and post maze. There was a main effect of phase, with ACh levels increasing 
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during maze behavior (p<0.05). There was also a significant interaction between AIE 

treatment and phase: AIE blunted the rise in ACh efflux during maze behavior in the PFC 

(T; p<0.05).
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Fig. 3. Cannulae implant location
Schematic demonstrating the typical location of cannula implantation (left panels: cresyl 

violet stain) for the prefrontal cortex (A) and hippocampus (B). The black dot on the right 

panels illustrate the target location for the end of the cannula (the probes extended 2 mm for 

the frontal cortex and 3 mm in the hippocampus). Right panel diagrams are taken from 

(Paxinos and Watson, 2013).
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Fig. 4. Cell Counting Regions of Interest
Schematic demonstrating representative cell counting contours for the medial septum/

diagonal band (A), which began at 1.6 mm relative to Bregma and extended through −0.4 

mm relative to Bregma. The light grey contours outline the medial septum, the dark grey 

outline denote the vertical limb of the diagonal band and the grey countours outline the 

horizontal limb of the diagonal band. Panel (B) illustrates the contours made for cell counts 

in the Nucleus basalis of Mynert, which extended from −0.96 mm to −2.64 mm relative to 

Bregna. All diagrams are taken from (Paxinos and Watson, 2013).
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Fig. 5. AIE does not impair novel object recognition or Barnes maze behavior
(A) Discrimination index (novel-familiar/novel+familiar) for the 24-hour and 7- day 

retention test. AIE did not significantly impair recognition memory at either delay. At 24-

hours, both experimental groups spent more time exploring the novel object compared to the 

familiar object (*; p<0.05), an effect not seen at the 7-day retention test (with the 

discrimination index, a score of zero denotes no object preference). (B) Latency to reach the 

goal box during Barnes maze testing. Both experimental groups learned the spatial location 

of the goal box across 11 training trials. All rats took significantly longer to reach the new 

location of the goal box following the first reversal (*; p<0.05), an effect not seen following 
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the second reversal. AIE did not significantly alter latency results during training or 

reversals.
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Fig. 6. AIE leads to an impairment in attentional set shifting
(A) Average trials required to reach criterion (10 consecutive presses on the rewarded lever) 

during operant discriminations. AIE led to a significant increase in the number of trials 

required to reach criterion on the first set shift (response to cued discrimination; T; p<0.05). 

AIE did not affect rule learning, additional set shifts or a response reversal. All rats required 

significantly more trials to reach criterion after the response reversal (R; p<0.05). (B) 

Average errors (responding to the non- rewarded lever) committed during operant set 

shifting. AIE led to a significant increase in errors following the first set shift (response to 

cued discrimination; T; p<0.05). AIE did not affect rule learning, additional set shifts or a 
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response reversal. All rats committed significantly more errors following the response 

reversal (R; p<0.05). (C) Average lever presses during operant set shifting. There were no 

significant group differences in lever pressing activity.
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Fig. 7. AIE leads to decreased choline acetyltransferase positive and nestin negative (ChAT+/ 
nestin−) cell populations and smaller ChAT+/ nestin+ soma areas in the medial septum/diagonal 
band (MS/DB)
(A) Estimated total number of ChAT+/ nestin− and ChAT+/ nestin+ cells in the MS/DB. 

AIE lead to a significant reduction in the estimated ChAT+/ nestin− cell population and did 

not affect the ChAT+/ nestin+ cell population in the MS/DB (T; p<0.05). (B) Number of 

cells (per mm2) in the MS/DB. AIE leads to a significant reduction in the total number of 

immunoreactive cells in the MS/DB (T; p<0.05), and a significant reduction in the number 

of ChAT+/ nestin− cells (T; p<0.05). AIE did not affect the number of ChAT+/ nestin+ cells. 

(C) Average soma area of ChAT+/ nestin− and ChAT+/ nestin+ cells in the MS/DB. AIE 

leads to a significant reduction in the soma area of ChAT+/ nestin+ cells in the MS/DB (T; 

p<0.05). ChAT+/ nestin+ soma areas were significantly larger compared to ChAT+/ nestin− 

soma areas in control rats (*; p<0.05). (D) Image depicting ChAT and nestin 

immunohistological stain at 40x magnification in the MS/DB. Representative ChAT+/ nestin

− (^) cells are stained red and ChAT+/ nestin+ (*) cells are stained purple.
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Fig. 8. AIE leads to decreased ChAT+/ nestin+ cell populations in the Nucleus basalis of Meynert 
(NbM)
(A) Estimated total number of ChAT+/ nestin− and ChAT+/ nestin+ cells in the NbM. AIE 

significantly decreased the ChAT+/ nestin+ cell population in the NbM (T; p<0.05). There 

was a trend for AIE to decrease the estimated ChAT+/ nestin− cell population (t; p=0.08). 

(B) Number of cells (per mm2) in the NbM. AIE leads to a significant reduction in the total 

number of cholinergic cells in the NbM (T; p<0.05), and a significant reduction in the 

number of ChAT+/ nestin+ cells (T; p<0.05). There was a trend in the reduction of ChAT+/ 

nestin− cells per mm2 as a result of AIE (t; p=.06). (C) Average soma area of ChAT+/ nestin
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− and ChAT+/ nestin+ cells in the NbM. AIE did not +significantly affect soma area in 

either cell population.
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