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Abstract 

 

Ethanol is the most consumed drug among adolescents, which can cause long-term 

effects on memory and changes in gene and protein expression. While both adolescents and 

adults engage in binge drinking, the neurological and behavioral effects differ, with adolescents 

showing fewer adverse physiological effects but greater memory deficits than adults. Sex 

differences related to ethanol occur with women showing higher BEC than men and similar 

cognitive deficits despite fewer years of ethanol consumption. During adolescence the mPFC and 

dHPC undergo maturation development with both brain regions playing a role in spatial and 

recognition memory. Proteins critically involved in memory and transcription, CREB and CBP, 

are decreased following ethanol exposure with decreased protein expression resulting in memory 

deficits. This dissertation examines how binge ethanol may differentially impact memory 

performance, myelin-related gene expression, memory-related protein expression, and memory-

related protein interactions due to sex and developmental age of ethanol exposure. We 

hypothesized that binge ethanol would result in a recognition and spatial memory impairment in 

adolescent exposed animals but not adult exposed, and would be associated with decreased CBP 

protein expression and interactions. Additionally, we hypothesized that females would be more 

impacted by ethanol exposure than males due to a higher BEC. To investigate age and sex 

differences following binge ethanol exposure, we exposed adult and adolescent DBA/2J male 

and female mice to the same ethanol paradigm (intermittent oral ethanol 4g/kg) from either PND 

29-42 or PND 64-77. First, we behaviorally characterized the adult and adolescent exposure 

model finding adolescent ethanol exposure but not adult impaired recognition memory, while 

age-by-ethanol effects also impacted sociability and acute ethanol locomotor tolerance. Sex 
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impacted ethanol sedation, but age and not sex impacted BEC with adolescents displaying lower 

BEC than adults. Additionally, adult ethanol exposure resulted in one myelin-related gene 

expression change. Next, adolescent ethanol impacted spatial learning and impaired spatial 

memory, while sex impacted spatial learning in the adult cohort and spatial memory in the 

adolescent cohort. At the same timepoint as the observed memory deficits, CBP protein 

expression was unchanged by ethanol, while CREB was altered by an ethanol by sex interaction 

in both brain regions. CREB protein interactions in the dHPC and CRE-mediated transcription in 

the mPFC, did not differ by ethanol in any age group. Lastly, we unbiasedly explored upstream 

targets of the adolescent ethanol gene list and found two potential upstream regulators of lasting 

gene expression changes in the PFC, NRG1and CD40, with roles in neurogenesis and synapse 

assembly. Therefore, dendritic spines and basal or activity dependent neurogenesis may be 

impaired following adolescent ethanol exposure and may play a role in the observed memory 

deficits. Together, these experiments provide evidence that binge ethanol differentially impacts 

myelination, recognition memory, and spatial memory depending on the age of ethanol exposure, 

but the underlying molecular differences between the two age-exposed groups remains to be 

understood.   
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Chapter 1 

 Introduction  

1.1 Epidemiology and consequences of alcohol use in adolescence  

Alcohol is the most abused drug among adolescents and is easily accessible with 75% of 

those 12-20 years old obtaining alcohol without needing to pay for the drug in 2021 [1]. While 

48.7% of those 12 years and older consumed alcohol within the past month, 3.2% of adolescents, 

ages 12-20, and 22.6% of adults, ages 26 or older, engaged in binge drinking within the last 

month [2]. Binge drinking is the consumption of alcohol in which blood alcohol concentrations 

(BAC) reach above 80 mg/dL, which typically occurs when 4-5 drinks are consumed within 2 

hours in females and males respectively [3]. Binge ethanol consumption occurs in adolescents in 

the United States (U.S.) and internationally. In countries where the legal drinking age is lower 

than the U.S., 21 years old, binge drinking occurs at a higher rate [4], [5]. In the U.S., binge 

drinking peaked from 1970-1980 with a continual decline since that period [4]. In 2020, during 

the Coronavirus Disease 2019 (COVID-19) global pandemic, the consumption per capita of 

alcohol increased by 2.9%, which was the greatest single-year change in consumption rates since 

1968 [6]. Since the pandemic the percentage of people engaging in binge alcohol use in the past 

month has held steady around 3% for those 12-17 years old and around 22% for those 26 or older 

[1], [2]. Overall, binge alcohol consumption is a common behavior engaged by both adolescents 

and adults.  

Early ethanol consumption increases the risk for later alcohol dependence [7]–[9], with those 

who began consumption at ages 18-21 approximately 5 times less likely to develop alcohol 

dependence in their lifetime than those who began before 12 years old [7], [9]. Meanwhile, 
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alcohol misuse, formerly termed alcohol dependence, is most prevalent in those that began 

alcohol consumption at age 14. In comparison, if alcohol consumption was abstained until age 

21, individuals are approximately 4 times less likely to experience lifetime alcohol misuse [7]. 

Therefore, increasing the age of alcohol initiation is associated with lower lifetime alcohol 

misuse, while those who begin alcohol consumption in adolescence are more likely to experience 

problematic alcohol consumption later in life.  

Binge drinking is associated with several behavioral changes such as motor impairments [8], 

memory deficits [10], and sedation [11]. The behavioral effects of alcohol depend on the 

concentration with binge and heavy alcohol exposures associated with BAC > 100mg/dL [11]–

[13]. While alcohol causes behavioral changes in both adolescents and adults, the severity differs 

depending on age. Adolescent rodents show decreased sensitivity to the motor impairment and 

sedative effects of alcohol compared to adults [14], [15]. Meanwhile, adolescents show greater 

cognitive impairments as compared to a similar exposure in adults [16]–[18]. While both age 

groups exhibit memory impairments due to alcohol [10], [19], [20], adolescents appear more 

sensitive, which may be due to the ongoing developmental window of adolescence. As the brain 

is still undergoing maturation, binge alcohol during this critical developmental period may result 

in lasting changes in behavior and brain function, while less severe changes may occur following 

adult binge ethanol exposure.  

1.2 Ethanol pharmacokinetics, influencing factors, and mechanism of action   

Ethanol (CH3-CH2-OH) is a polar substance whose pharmacokinetics are impacted by 

several factors such as age, sex, and feed state, that act upon absorption, distribution, 

metabolism, and elimination, also known as ADME. Upon oral ingestion, ethanol is absorbed 

into the bloodstream via passive diffusion first in the stomach and later by the intestines [21]. 
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Following absorption into the bloodstream ethanol is distributed to tissues in the body depending 

on the amount of blood flow and total body water (TBW), which in humans makes up 50-60% of 

body weight [22]. Ethanol does not bind to a transport protein within the blood and can easily 

cross through the plasma membrane [23] and blood-brain barrier [24]. Upon distribution into the 

cytosol of a cell, ethanol is metabolized by alcohol dehydrogenase (ADH). While the liver 

metabolizes the majority of ethanol, ADH is present in a variety of tissues such as the stomach 

and brain [25], [26]. Ethanol metabolism follows zero-order kinetics at high ethanol 

concentrations with a constant amount of ethanol metabolized regardless of the concentration 

[27]. ADH metabolizes ethanol into acetaldehyde, a toxic compound that causes flushing, 

nausea, increased heart rate, and headaches [28]. Acetaldehyde is then further metabolized by 

acetaldehyde dehydrogenase (ALDH) into acetate in the cytosol and mitochondria. Acetate can 

be used in the KREB cycle as a part of acetyl-CoA to produce ATP as well as histone acetylation 

(discussed further below). During ethanol metabolism, NAD+ acts as a cofactor for the oxidation 

reactions producing NADH. Decreases in the ratio of NAD+ to NADH can impair other 

important energy-producing reactions from occurring such as glycolysis, gluconeogenesis, 

KREB cycle, fatty acid oxidation, and pyruvate to acetyl-co-a production [29]. As there is 

increased NADH following ethanol metabolism, there is more H+ available to produce reactive 

oxygen species (ROS) in the mitochondria during the electron transport chain reaction. ROS are 

toxic to cells, damaging DNA and lipid membranes while also disrupting enzyme activity and 

protein misfolding [30]. Ethanol increases ROS in vivo and in vitro, decreases levels of 

antioxidant glutathione (GSH), impairs the shuttling of GSH into the mitochondria, and increases 

lipid degradation [30]. ROS can also be generated by CYP2E1, a member of the cytochrome 

P450 family, which metabolizes ethanol into acetaldehyde within microsomes known as the 
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microsomal ethanol oxidation system (MEOS) [31]. Although ADH has a high affinity for 

ethanol, when ethanol concentrations become high ADH becomes saturated enabling a lower 

affinity enzyme CYP2E1 to metabolize ethanol [21]. Following chronic ethanol exposure, 

CYP2E1 enzyme activity and quantity increases which can contribute to lower blood ethanol 

concentration (BEC) and may promote increased ethanol consumption [21]. Along with 

metabolizing ethanol, CYP2E1 metabolizes other products such as acetaminophen, with the 

combination of these drugs increasing the risk for liver toxicity [21]. Ethanol can also be 

metabolized by the catalase enzyme within peroxisomes although this metabolism pathway is 

limited by the quantity of the cofactor hydrogen peroxide [30]. While the majority of ethanol is 

metabolized, a small fraction is eliminated via urine, sweat, and exhalation [21]. Through 

ADME, ethanol is utilized and eliminated by the body with several enzymes playing a role in the 

process.  

While the ADME of ethanol is known, additional factors impact the effect of ethanol such as 

TBW, weight, age, sex, stomach contents, ethanol concentration, enzyme isoform distribution, 

and ADH & ALDH isoforms. TBW impacts ethanol distribution with decreased TBW leading to 

fewer areas for ethanol distribution and associated with an increased BEC [21]. Weight, age, and 

sex all impact the TBW of an individual with those with decreased weight, elder age, and the 

female sex associated with increased BEC [21], [32]. While elderly age is associated with 

decreased metabolism and TBW resulting in increased BEC [32], no age-related differences are 

noted between adolescents and adults. Women have shown increased BEC compared to men due 

to differences in rates of ethanol elimination [33], liver volume per lean body mass [34], 

decreased first-pass metabolism (FPM) [33], and the impact of reproductive hormones [35]. 

Meanwhile, the state of the stomach, fed or empty, also impacts ethanol absorption with an 
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increase in the rate of absorption when the stomach is empty [29], which can lead to increased 

BEC. Furthermore, the concentration of ethanol consumed impacts ethanol metabolism with 

higher concentrations leading to ethanol metabolism by the lower affinity ADH enzyme ADH5 

[36]. Baraona [33] observed decreased gastric ADH5 activity in females and a sex difference in 

FPM when 10-40% ethanol but not 5% was consumed. The increased ADH5 activity in males is 

likely involved in the increased FPM observed at the higher ethanol concentrations as ADH5 has 

a low affinity for ethanol, being active mainly at high concentrations [36], [37]. ADH5 is the 

only ADH enzyme in the brain [36], [38], while ADH 1-5 is expressed within the liver and ADH 

1, 4, and 5 are expressed in the stomach [25]. Humans have 7 different ADH genes with varying 

affinity for ethanol, prominence in certain ethnic groups, and associated risk for alcohol use 

problems [25]. The ADH1B gene has 3 alleles with ADH1B*2 and ADH1B*3 show faster rates 

of ethanol metabolism in vitro than ADH1B*1 and are associated with a protective effect for the 

development of alcohol use problems, due to the rapid buildup of the toxic acetaldehyde [25]. 

While ADH1B*2 is prominently found in those of Asian ethnicity it is also found in other 

ethnicities, where the isoforms appear less protective. This difference in protective effects could 

be due to social factors or due to other ADH isoforms (ADH1A and ADH1C) which form homo 

or heterodimers [25]. Meanwhile, ALDH isoform ALDH2*2, also predominately found in those 

of Asian descent, displays a very low affinity for acetaldehyde and is associated with a protective 

effect against alcohol use [39]. While both ALDH1 and ALDH2 metabolize acetaldehyde 

ALDH1 resides in the cytosol while ALDH2 resides in the mitochondria [25]. Within DBA/2J 

mice, adult males express higher concentrations of ALDH2 and ALDH1A1 protein in whole 

brain tissue compared to C57BL/6 [38], which may contribute to differences in acetaldehyde 

accumulation and the noted drinking preference between the two strains. Overall, several 
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additional factors can impact ethanol pharmacodynamics further impacting how ethanol affects 

the body.    

While several factors influence alcohol’s transport within the body, once in the bloodstream 

ethanol can enter the brain following passive diffusion through the BBB to the extracellular 

matrix. Once in the extracellular matrix, the drug impacts neurons, astrocytes, oligodendrocytes, 

and microglia with chronic ethanol negatively impacting morphology and development of both 

neurons and glia [40], [41]. Within neurons, ethanol can act as both an agonist and antagonist 

depending on the receptor, overall acting as a depressant in the brain. Ethanol potentates several 

pentameric ligand gated receptors such as γ-Aminobutyric acid type A (GABAA), glycine, large-

conductance Ca2+ dependent K+ channel (BK), G-protein inward rectifying K+ channel 

(GIRK), nicotinic acetylcholine (nACH), and 5-hydroxytryptamine 3 (5-HT3) [42], [43]. Ethanol 

binds to GABAA receptors, between the alpha and beta subunit [44], increasing the receptor 

opening frequency and duration, allowing for more chloride uptake into the cell [45]. Although 

ethanol is an agonist for several receptors, ionotropic glutamate receptors (N-methyl-D-aspartate 

(NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainite) are 

inhibited by the drug leading to decreased excitation [42], [46]. Ethanol inhibits the NMDA 

receptor (NMDAR) regardless of subunit composition [47] although GluN2A appearing less 

sensitive to ethanol inhibition than GluN2B [48]. Ethanol interacts with GluN2B and GluN1 via 

the N-terminal domain (NTD), but appears to have another binding site on the same subunits as 

ethanol continues to inhibit the receptor but to a lesser degree without the NTD [47]. As ethanol 

activates inhibitory neurons, the inhibitory/excitatory balance within the brain is disrupted, to 

which the brain compensates, following chronic ethanol exposure, by increasing the excitatory 

tone [49], [50]. Dopamine (DA) release is also impacted by ethanol although the drug does not 
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appear to directly bind to the DA receptor, but modulates cell activity via other cell types directly 

acting on DA neurons. Indeed, DA levels in the nucleus accumbens (NAc) are sustained by 

glycine receptor (GlyR) currents [43]. Meanwhile antagonism of nACH receptor also modulates 

DA release in the ventral tegmental area (VTA) and NAc [43]. However, in the striatum high 

concentrations of ethanol decrease DA release [51]. Meanwhile, 5-HT3 activation in the VTA 

impact alcohol consumption [52]. Additionally, subunit specificity of GlyRs impact the effect of 

ethanol on sedation, motor coordination, and intake [43]. Therefore, through many different 

receptors, ethanol impacts the brain and modulates different behaviors.  

In addition to acting upon receptors, ethanol can also passively diffuse into the cell and 

impact cellular function by interacting with intracellular molecules including protein kinase C 

(PKC) and adenylyl cyclase (AC). Acute ethanol in vitro increases cyclic adenosine 

monophosphate (cAMP) production from AC [53], [54] but decreases PKC delta and gamma 

isoform activity reducing D1 receptor phosphorylation [54]. Protein kinase A (PKA) and PKC 

translocation to the nucleus is also potentiated by acute ethanol [55], [56], which leads to 

increased transcription [57]. While ethanol interacts directly with AC [53] and PKC [54], it 

currently does not appear that ethanol directly interacts with PKA, but rather modulates the 

kinase activity through its action on AC. Indirectly, chronic ethanol administration decreases 

protein expression [58]–[60], protein phosphorylation [58], [61], gene expression [59], [62], 

[63], and the expression of epigenetic regulators [43], [47]. While chronic ethanol administration 

decreases PKA expression in the cerebellum [58], PKA expression in the cortex was unaltered 

[64] further suggesting the impact of ethanol depends on the brain region, with differences in 

dominate receptor signaling and AC isoform. Indeed, AC7 and AC9 activity are sensitive to 

ethanol while AC2 and AC3 are insensitive [53], [65]. AC expression is variable within the 
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mouse brain with AC7 varying in expression, lower in the cortex than cerebellum, is expressed 

in GABAergic neurons, and increases in activity with ethanol [53], [66]. Meanwhile, AC9 is 

highly expressed throughout the brain in glutamatergic neurons [66] with ethanol decreasing 

AC9 activity [49]. Changes in protein and gene expression are likely due to disruptions in kinase 

activity leading to disruptions in transcriptional activation, along with ethanol disruptions on 

protein folding, protein degradation, and post-translational modifications [67], [68]. Acetylation 

is a post translational modification often found on histones and associated with relaxed 

chromatin. Other post translational modifications can also occur on histones including 

methylation, phosphorylation, and ubiquitination [69]. Acetate from brain and liver metabolism 

is incorporated into histone acetylation [70] with acute ethanol increasing acetylation levels [59], 

while abstinence following chronic ethanol exposure decreases histone acetylation [59], [68], 

[71]. Epigenetic regulators such as histone acetyltransferases (HATs) and histone 

deacetyltransferases (HDACs) are also impacted by chronic ethanol exposure with decreases in 

HAT protein [59], [68], [71]) and increase in HDAC activity [68]. Meanwhile histone 

methylation can be associated with open or closed chromatin depending on the histone residue 

with marks like H3K9 tri methylation associated with chromatin repression [69], which is 

increased following adolescent ethanol exposure [63]. Through various receptors and 

intracellular proteins, ethanol has widespread effects within cells which varies with brain region 

and length of ethanol exposure. 

1.3 Adolescent brain development and the impact of ethanol  

Adolescence, approximately ages 11-25 in humans and postnatal day (PND) 25-55 in 

rodents, is a developmental period in which changes in behavior, the body, and the brain occur. 

Behaviorally, adolescents increase peer interactions and risk-taking, while in the body there are 



24 
 

changes in hormone activation and brain maturation [72]. Indeed, during adolescence, there is an 

increase in drug-seeking behavior [72] with alcohol being a drug highly consumed by 

adolescents due to its easy access [73]. Within the body, hormone activation includes 

gonadarche, increased gonadal hormone secretion during adolescence, and adrenarche, increased 

adrenal hormone secretion which begins before adolescence but continues through adolescence 

[72], [74]. During adrenarche, increases in certain androgens are associated with increased 

skeletal, bone, and hair growth [72], [74]. Adrenal hormones, dehydroepiandrosterone (DHEA) 

and DHEA sulfate (DHEAS) act as neurosteroids in the brain where in the hippocampus they 

antagonize GABAA receptors and act as positive allosteric modulators on NMDA receptors [75], 

[76]. While humans undergo adrenarche, rodents do not, although both species produce DHEA 

locally in the brain [75]. However, both humans and rodents undergo gonadarche in which 

gonadal hormone production increases due to increases in gonadotropin-releasing hormone 

(GnRH) in the hypothalamus as part of the hypothalamic-pituitary-gonadal (HPG) axis 

activation. GnRH then acts on the pituitary to stimulate luteinizing hormone (LH) and follicle 

stimulating hormone (FSH). Both LH and FSH act on the respective gonadal organs with LH 

leading to increased testosterone or estrogen production while FSH leads to the release of inhibin 

and androgen binding protein [77]. While both males and females have testosterone and 

estrogen, each contains more of their respective sex hormone. The HPG axis is a negative 

feedback loop in which increases of gonadal hormones decrease GnRH production. During this 

developmental window, growth hormone (GH) production in the pituitary also increases, 

contributing to adolescent growth [77]. Adolescent males in a rehabilitation program for drug 

use, including alcohol, displayed decreased LH and FSH, with testosterone levels roughly half of 

the controls [78]. However, continued abstinence from alcohol and other drugs increased 
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testosterone levels [78]. In rodents, female adolescent rats exposed to chronic ethanol displayed 

blunted GH levels, decreased LH levels, and delayed puberty onset [79]. Similarly, chronic 

ethanol exposure in an adolescent primate model increased the duration between menstrual 

cycles, blunted GH and estrogen, and decreased LH levels [80]. Through chronic ethanol 

exposure, adolescent behavioral changes are exacerbated while hormonal changes are dampened 

due to chronic alcohol use.  

Within the brain, maturation changes include increased myelination, decreased grey matter, 

refined synaptic connections, and changes in neurotransmitter release and firing patterns. During 

adolescence, white matter levels increase in both males and females [81], [82] in a linear fashion 

into the early 20s [81], [83], [84].  Simultaneously grey matter levels decline [81], [82], [85], 

with some regions declining earlier than others [85]. White matter is produced by 

oligodendrocytes and increases signal transduction within and between neurons. Studies have 

reported males to have a greater white matter than females [86]. But when body size is 

considered, males and females show similar proportional increases in brain size and white matter 

in adolescence [82]. Myelination between brain regions is critical for communication between 

regions and following adolescent ethanol exposure, decreases in the typical myelination process 

occurs [87]–[89]. Although Medina [87] found males with an alcohol use disorder (AUD) 

diagnosis showed increased myelination compared to controls, females with AUD had decreased 

myelination. Rodent studies also show decreases in myelin protein expression [90], [91], gene 

expression [63], density [92], and myelin structure [92] following adolescent ethanol exposure, 

recapitulating the observed phenotype in humans. Additional deficits on myelin thickness and 

integrity have been observed immediately and persistently following adolescent ethanol exposure 

[91], further indicating several aspects of myelin can be impaired by adolescent ethanol. 
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Therefore, in both rodents and humans, ethanol exposure in adolescence decreases myelination 

throughout the brain.  

During adolescence, the brain also undergoes synaptic pruning in which synaptic terminals 

and dendritic spines are decreased. Within the prefrontal cortex (PFC), rodents show increased 

synaptic terminals [93] and density of dendritic spines [94] during adolescence which decrease in 

adulthood. In the dorsal hippocampus (dHPC) during adolescence, the number of mature spines 

increases, without altering the density, while dendritic length and intersections undergo a 

transient remodeling [95]. Adolescent ethanol exposure persistently (roughly 20 days post 

ethanol) decreases mature mushroom spine density, while increasing immature spines in the PFC 

and dHPC [50], [96], [97]. The PFC and dentate gyrus (DG) of the dHPC also experience 

decreased total spine density [50], [96] following adolescent ethanol exposure which is not found 

in cornu Ammon 1 (CA1) [97]. This suggests subregion specific differences in persistent 

dendritic spine density following adolescent ethanol exposure.  

In addition to synaptic pruning during adolescence, the neurotransmitter receptor quantity 

within the brain changes with declines in NMDA, DA, and GABA innervations [72], [93]. 

Indeed, in the hippocampus (HPC) and frontal cortex, NMDA receptor density is higher in 

adolescence than in adulthood [98]. Within the PFC, DA receptor density also peaks in 

adolescence with D1 receptor changes thought to aid in NMDA transmission [99], [100]. 

GABAergic parvalbumin (PV) interneuron density also increases during adolescence [101], 

demonstrating that still maturing regions of the adolescent brain undergo many neurotransmitter 

shifts during this developmental period. The adolescent period also involves increased brain 

utilization of frontal cortical areas including the PFC. Cognitive tasks assessing working memory 

and spatial working memory found increased brain activation in the PFC and posterior parietal 



27 
 

cortex with age in adolescent participants [102], [103]. Ethanol during adolescence decreased 

activation in the frontal gyrus in a spatial working memory task with several other brain regions 

showing decreased activity in female adolescents with binge ethanol exposure but increased 

activity in males [104]. Overall, ethanol decreases mature dendritic spine morphology, temporal 

and frontal cortex volume, and frontal gyrus activation, therefore altering aspects of adolescent 

brain maturation. Through disruptions of both the brain and body ethanol blunts the 

developmental changes associated with adolescence.  

1.4 Neurobiology of memory  

Memories are essential for the success of many organisms from invertebrates like sea slugs 

(Aplysia), to humans. Disturbances in memory formation and recall are known to occur in many 

neurological disorders such as Alzheimer’s Disease and with the use of drugs such as alcohol. 

Memories can be categorized as implicit, involving motor skills and simple reflexes, or explicit, 

involving people, places, things, events, and facts [105]. Implicit and explicit memories can 

further be subdivided into short- or long-term memories [105], [106]. While implicit and explicit 

memory utilize different brain regions they share many of the same intracellular signaling 

molecules. Additionally, explicit and implicit memory share the same sequence starting with 

learning/encoding, short-term memory, intermediate-term memory, long-term memory 

consolidation, long-term maintenance, and retrieval [105]. Implicit memory relies on motor 

regions such as the cerebellum, and striatum (basal ganglia, caudate, putamen), while explicit 

memory relies on a wider range of brain regions such as the medial temporal lobe and the frontal 

cortex. Recognition memory, spatial memory, and cognitive flexibility are forms of explicit 

memory that involve different circuitry, cell types, and brain regions due to their different 

functions. Each memory task has a temporal aspect to it depending on the inter trial interval (ITI) 
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between the training and testing phase to assess working (seconds), short-term (minutes) 

intermediate (hours), or long-term (overnight and beyond) memory. Recognition memory 

involves comparison of the present stimulus to the previously encountered stimuli. Spatial 

memory involves information regarding the environment and spatial location within said 

environment. Cognitive flexibility involves updating existing information about a procedure or 

situation. While there are many forms of memory, this next section will discuss the different 

brain regions, circuitry, and significant intracellular signaling players in spatial memory, 

recognition memory, and cognitive flexibility. 

1.4.1 Brain regions and circuitry of memory  

The process of memory can be broken into three main elements: encoding, consolidation, 

and retrieval. Encoding is also interchangeably described as learning and acquisition in the 

literature and this work. For a memory to be formed, first the stimulus is received through 

various brain regions depending on the stimulus. Various sensory information travels to the 

thalamus which then sorts information to appropriate brain regions. Stimuli information entering 

the thalamus related to explicit encoding and spatial navigation is processed by the anterior 

thalamic nuclei (ATN) [107] while abstract thinking, cognitive flexibility, and long-term goal 

behavior are processed in the mediodorsal thalamic nuclei (MD) [108]. From the ATN, 

projections are made to many brain regions including the subiculum (including pre, para, and 

post), entorhinal cortex (EC), perirhinal cortex (PRC), anterior cingulate cortex (ACC), and HPC 

[107], [109]. Reciprocal projections from the parasubiculum, postsubiculum, EC, and anterior 

cingulate cortex project back to the ANT [107]. Within the ATN, specifically the anterodorsal 

and anteroventral nuclei there are head direction cells which fire depending on the specific 

direction of the head [107]. The MD, specifically the ventrolateral region, also projects to the 
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PFC and receives inputs back [108], [109]. The reuniens nuclei (Re) of the thalamus also 

projects to the PFC, subiculum, and EC receiving reciprocal projects back to the Re [107], [110]. 

Overall, the thalamus projects to many brain regions and receives many reciprocal projections 

back.  

The EC is one of many brain regions in the medial temporal lobe that is involved in 

memory encoding and external/internal representation. The EC can be subdivided into a medial 

and lateral portion due to differences in inputs and cytoarchitecture [111]. The medial EC (MEC) 

receives inputs from the orbitofrontal cortex, retrosplenial cortex, postrhinal cortex, and pre and 

parasubiculum [111]. While the lateral EC (LEC) receives inputs from the ACC, insular cortex, 

PRC, and orbitofrontal cortex [111]. Both the MEC and LEC receive inputs from the parietal 

cortex, prelimbic cortex (PL), infralimbic cortex (IL), Re, and olfactory cortex [107], [110], 

[111]. Of note, the EC is bidirectionally connected to the PFC [112], [113]. The EC has many 

specialized cell types including head direction, grid, object-trace, border, and speed cells [107], 

[114]–[116]. Grid cells, found in the MEC, fire in a novel environment to build a representative 

map of the area, with a single grid cell firing in multiple locations [114]. While the LEC has 

object firing cells, which fire specifically at locations with novel objects/locations, and object-

trace cells, which fire for a location that previously held an object up to 3-4 hours following 

object presentation [115], [116]. The MEC in comparison shows little object-specific firing 

[115]. Border cells, which fire when an animal is near the border of a wall or the edge of an open 

arena are also found in the MEC and parasubiculum, with some cells firing for a single wall or 

multiple walls [117]. Lastly, speed cells, found in the MEC and HPC increase firing as an 

animal’s speed increases regardless of the environment [118]. The aforementioned specialized 

cell types appear before weaning PND 15-18 with head direction and border cells having adult 
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like firing properties while very few grid cells are found, about 2-12%, with poor spatial firing 

but during adolescence the number of cells, spatial resolution, and field size stability increase 

into adulthood [119]–[121]. Both the MEC and LEC cells project to the DG and CA3, but differ 

in projection location within CA1[112]. The MEC projects to CA1 proximal to CA2 while LEC 

projects to CA1 distal to CA2 [112], [115]. The difference in projections to and from the EC are 

a part of the distinction between the “what” and “where” streams involved in object and spatial 

representation. The EC is an integral brain region for object and spatial representation in memory 

receiving and projecting to many brain regions.  

The HPC is a critical brain region for memory encoding and pattern separation that has 

intrigued researchers since patient H.M. [122]. The HPC consists of a dorsal region, associated 

with spatial, context, and cue-associated memory, and a ventral region, associated with stress and 

emotion-based memories [123]. This dorsal and ventral distinction is due to behavioral and 

connectivity differences between the regions. In primates, the anterior region of the HPC 

corresponds with the ventral region in a rodent, while the posterior region corresponds with the 

dorsal region [123]. As the focus of the following research is the dHPC, this section will focus 

on dHPC circuitry. The HPC itself can be further divided into four subregions, the DG, CA3, 

CA2, and CA1. Previous models of the HPC suggested unilateral synapses through the HPC, 

from DG to CA1, in what was termed the trisynaptic loop [112]. Recent data indicates 

subregions of the HPC synapse unto one another with CA3 synapsing onto DG [124] and dorsal 

CA3 synapsing onto ventral CA1 [125]. Within the HPC, place cells fire when the animal enters 

a particular location, with a single cell firing for a single location [126]. Both the ventral and 

dHPC have place cells, although the dHPC has more place cells with a higher spatial resolution 

[127]. Place cells also can undergo remapping in which new spatial environments are represented 
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by place cells that display a new firing place reference and firing rate (global remapping) or 

change firing rate but constant place preference (rate remapping) [128]. The remapping ability is 

unique to place cells which is thought to allow for spatial updates or to create multiple spatial 

maps. Place, grid, border, speed, and head direction do not map topographically, resulting in 

neighboring cells that do not encode neighboring information [114], [117], [126], [129]. Place 

cells are present at PND 17, at about 40%, and increase in number and field stability during 

adolescence into adulthood [120]. The dHPC receives projections from many brain regions 

including the EC, PRC, and Re [112], [115], [123], [130], [131]. The dHPC projects to the 

subiculum, EC, retrosplenial cortex, anterior cingulate cortex, and Re [123], [132]. In short, the 

dHPC is an interconnected brain region receiving inputs that aid in spatial and context memory 

with indirect connections through the thalamus and ventral HPC to the frontal cortex.  

Another brain region important for memory is the PFC, which plays a role in rule-set 

shifting, goal-directed behaviors, inhibition of mesolimbic areas, and memory [133]. The medial 

PFC (mPFC) can be further subdivided into the PL, IL, and ACC [113]. While the ventral HPC 

has a direct projection to both the PL and IL cortices, the dHPC does not [113], [125]. The 

mPFC receives projections from several brain regions including the Re, MD, EC, and PRC 

[108], [110], [111]. The mPFC does not project directly back to the HPC [130], but to nearby 

brain regions such as the EC and PRC [111]–[113]. Meanwhile, mPFC projections also reach the 

Re [110]. As the Re connects to both the dHPC and mPFC, the thalamic nuclei may play a role 

in communication between the two brain regions. Overall, the dHPC and mPFC are both 

important brain regions involved in memory with differing connectivity and indirect connectivity 

to one another through thalamic nuclei, the entorhinal cortex, and the ventral hippocampus.  

1.4.2 Recognition memory  
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Recognition memory involves the encoding, consolidation, and retrieval of a stimulus 

such as an object, item, or face. Different behavioral tasks are used to assess recognition memory 

in rodents such as the novel object recognition (NOR) and object-in-place task [134]–[137]. As 

the NOR task was used in the subsequent studies, the following information will focus on this 

task. Recognition memory involves the PRC, EC, HPC, ATN, striatum, and mPFC [134], [135], 

[138]–[144]. While several studies have found the PRC to be necessary for NOR [134], [135], 

mixed results are observed in the contribution of the HPC or mPFC on NOR with some studies 

finding no impairment in NOR following lesions, inhibition, or excitation [134], [135], [141], 

[142], [145], [146]. This may be due to the intact brain region circuitry, task ITI, and the 

different roles the brain regions play in encoding, consolidation, and retrieval. The ITI of a task 

contributes to the memory task being long-term, intermediate, or short-term memory and 

involves different molecular processes regarding memory [106]. The PRC and EC receive 

projections and project to other brain regions involved in memory such as the Re, and mPFC. 

Additionally, the EC contains several specialized cells that encode spatial and object 

representation. Connectivity between the mPFC and PRC/EC through direct projections and the 

thalamic connection of the Re may be sufficient to enable memory following HPC lesion. 

Indeed, contra and ipsilateral lesions of the PRC+HPC and PFC+HPC show no change in the 5-

minute short-term NOR task [134], suggesting these circuits are not required for the NOR task 

but other intact brain regions enable recognition memory. Meanwhile, PRC, EC, and HPC 

connectivity may also be sufficient for memory following PFC lesions. The dHPC is implicated 

in NOR memory encoding [138], consolidation [139], [142], and retrieval [143]. Meanwhile, 

Designer Receptors Exclusively Activated by Designer Drugs (DREADD) inhibition of both the 

mPFC + dHPC leads to an impairment in long-term (24 hour ITI) NOR memory consolidation 
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[142] further suggesting brain region circuitry plays a role depending on the ITI and time of 

brain region inhibition. Other studies have suggested the mPFC is involved in memory 

consolidation [141], [142] and retrieval [147] in the NOR task in the testing phase 24 hours 

following training. Meanwhile bilateral but not unilateral mPFC pharmacological inhibition with 

Muscimol, a GABAA receptor agonist disrupts long-term NOR memory further suggesting 

spared brain region activity and circuitry-enabled memory consolidation [141]. However, the 

mPFC does not appear to play a role in short-term (5-minute ITI) NOR memory [134], [135], 

[145]. Together the data suggests the PRC is necessary for NOR while the HPC and mPFC play 

a role in NOR depending on the ITI.  

1.4.3 Spatial memory  

Spatial memory involves the encoding, consolidation, and retrieval of a spatial location or 

environment. Several tasks are used in rodent studies to assess short-term or long-term spatial 

memory such as the Barnes Maze, Morris Water Maze (MWM), Radial Arm Maze (RAM), Y-

maze, object-in-place, and object location [134], [148], [149]. There are also spatial working 

memory tasks, like spontaneous alternation, which differ in the use of no or seconds delay period 

as working memory involves maintained attention and manipulation of task-relevant information 

[150]. This section will focus on short- and long-term spatial memory tasks, mainly object 

location, Barnes Maze, and MWM, due to similar design set up as the Barnes Maze task which 

was used in the subsequent research of the dissertation. Spatial memory involves the MEC, 

dHPC, mPFC, striatum, and Re [134], [138], [144], [151]–[155]. Again, the timescale of 

memory (short, intermediate, or long) and timepoint of manipulation (before encoding, 

consolidation, and retrieval) show the different contributions of various brain regions to spatial 

memory. The dHPC is involved in encoding [138], [142], consolidation [142], and retrieval 
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[156] of spatial memory. Meanwhile, short-term [134], intermediate [142], and long-term [134], 

[138], [152] spatial memory also involves the dHPC. The mPFC does not appear to play a role in 

short-term consolidation [145], but impacts intermediate and long-term consolidation [142], 

[151] and long-term retrieval [151]. While some studies have found Re inhibition to impair 

short-term and intermediate spatial encoding [154], [155] and consolidation [155], others have 

found no impairment on the encoding of intermediate spatial memory [157], [158]. Differences 

in Re contribution to spatial memory between studies may be due to the method of Re inhibition 

or ITI between studies with one at the upper limits of short-term memory while another within 

the intermediate memory time frame. Overall, the dHPC plays a critical role in spatial memory 

while the Re and mPFC are involved in spatial memory depending on the method of inhibition, 

timepoint of inhibition during the task, and timescale of memory.   

1.4.4 Cognitive flexibility  

Cognitive flexibility involves the updating of existing information to adapt to a new 

environment through new encoding, reconsolidation, and retrieval [159]. Tasks such as attention 

set shifting, T-maze, operate conditioning, and the reversal portion of the Barnes Maze or MWM 

are used to assess cognitive flexibility [160]–[164]. These tasks can vary in the modality of 

memory and therefore would have differing brain regions involved in encoding, consolidation, 

and retrieval due to the memory modality. In rodent studies of cognitive flexibility, the mPFC 

and MD play a role [164]–[166]. Studies assessing brain region contribution to cognitive 

flexibility tend to use working memory tasks therefore the following information regards 

working memory tasks. Lesions in the MD impaired reversal learning [164] while PL and IL 

inhibition increases trials following the rule change [166]. Lesions in the mPFC also negatively 

impact attention set-shifting, requiring more trials to meet extradimensional criteria but initial 



35 
 

task discrimination was unaltered [165]. Meanwhile, inactivation of the dorsomedial striatum 

improved reversal learning [144], suggesting the brain region when active negatively impacts 

cognitive flexibility. Therefore, cognitive flexibility in working memory tasks utilizes the mPFC 

and MD with inhibition not impacting initial task encoding.  

1.4.5 Cellular pathways in consolidation 

Several pathways occur for memory consolidation, which involve many of the same key 

molecular players in different species from Aplysia to humans [105], [106], [167]. In one such 

pathway (Fig. 1), DA binds to D1/D5 DA receptors which are part of the G-protein coupled 

receptor (GPCR) family [168]. Activation of the D1/D5 receptors leads to activation of the Gαq 

pathway in hippocampal neurons [168]–[170]. This pathway begins with the activation of the 

enzyme phospholipase C (PLC) which cleaves phosphatidylinositol 4,5-biphosphate (PIP2) 

leading to the production of diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 binds to the 

endoplasmic reticulum releasing calcium into the cytoplasm which can activate PKC a family of 

serine/threonine protein kinases that are critical in memory formation and disrupted in neurological 

disorders like Alzheimer’s diseases [171]. PKC phosphorylates mitogen-activated protein kinase 

(MAPK) which phosphorylates cAMP response element-binding (CREB) protein, activating the 

transcription factor. CREB is necessary for long-term memory formation and, once activated via 

phosphorylation, recruits other factors for transcription including RNA polymerase II and CREB 

binding protein (CBP) [172]. CREB and CBP involvement in transcription will be discussed 

further below. D1/D5 receptors are also known to activate the GαS pathway which leads to the 

activation of AC, a plasma membrane-bound enzyme, which converts ATP to cAMP [168]. The 

activation of AC occurs via calmodulin (CaM) a calcium-sensitive protein, activated by calcium 

[173]. cAMP acts as a second messenger to activate PKA. PKA is a phosphorylating protein made 
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up of 4 subunits, 2 regulatory & 2 catalytic subunits, which are bound together in the absence of 

cAMP. Once 4 units of cAMP bind to the regulatory subunits, the catalytic subunits disassociate 

and move to the nucleus to phosphorylate CREB leading to transcription [167]. While D1/D5 

receptor activation can release internal calcium, extracellular calcium also enters via calcium 

channels & NMDA receptors when DA receptors are activated [170]. These other sources of 

calcium lead to CaM activation and illustrate the crosstalk that can occur between molecular 

players in memory.  

Crosstalk between PKA and the extracellular signal-regulated kinases (ERK) pathways 

for CREB activation is known to occur, with inhibition of kinases in the ERK pathway from a 

dominant-negative PKA leading to decreased phosphorylated CREB and transcription [174]. The 

ERK pathway, later renamed the MAPK pathway is highly conserved and activated by receptor 

tyrosine kinase which binds growth factors like nerve growth factor (NGF) (Fig. 2) [172]. 

Receptor tyrosine kinase activation turns on Ras which activates Raf leading to phosphorylation 

of mitogen-activated protein kinase kinase (MEK/MAPKK). MEK phosphorylates MAPK which 

can translocate to the nucleus to phosphorylate both mitogen- and stress-activated protein kinase 

1 (MSK1) and ribosomal S6 protein kinase 2 (RSK2). Both MSK1 and RSK2 are known to 

phosphorylate CREB [174]. MAPK can also be phosphorylated by PKC activation due to 

calcium influx from internal or external sources like calcium channels and NMDA receptors. The 

NMDAR is activated by cell depolarization from AMPA receptor activation and binding of 

glycine and glutamate [106]. NMDA activation is also involved in calcium/calmodulin-

dependent protein kinase II (CAMKII) and calcium/calmodulin-dependent protein kinase IV 

(CAMKIV) activation, both of which are implicated in long-term memory formation [167], 

[175]. The influx of calcium from the NMDA receptor activates CaM which phosphorylates 
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CAMKII and CaM Kinase Kinase (CAMKK). CAMKII activation can recruit AMPA receptors 

stored in the cytosol to the plasma membrane. Meanwhile, CAMKK phosphorylates CAMKIV 

which can translocate to the nucleus to phosphorylate CREB and CBP. Disruptions in the 

signaling molecules of these pathways results in memory impairments, highlighting the role of 

these targets in memory formation [167], [176]–[178]. 
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Fig 1. Dopamine receptor activation leads to GαS and Gαq pathways. Both pathways 

involve different signaling molecules implicated in memory and lead to CREB phosphorylation. 
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Fig 2. CREB phosphorylation can occur through the activation of CAMKIV, PKA, and 

PKC. 
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1.4.6 CBP and memory  

1.4.6.1 CBP domains and biological roles 

CBP is a 265 kDa protein, ubiquitously expressed throughout the body and brain [176], 

[179] with 9 binding domains which aid in its and its homolog P300, to bind to over 400 other 

proteins [180]. The various binding domains enable CBP to have a variety of functions and 

interactions with other proteins. The 9 domains, listed in N terminus to C terminus order, are the 

nuclear receptor interaction domain (NRID), cysteine/histidine-rich region 1 (CH1)/ 

transcriptional-adaptor zinc-finger domain 1 (TAZ1), kinase inducible domain (KIX/KID), 

bromodomain (Br), plant homeodomain (PHD), histone acetyltransferase domain (HAT), ZZ-

type zinc finger domain (ZZ), transcriptional-adaptor zinc-finger domain 2 (TAZ2), and the 

nuclear coactivator binding domain (NCBD) [180]. The NRID domain allows CBP to interact 

with nuclear receptors such as the estrogen receptor (ER) [181] while the TAZ1 and TAZ2 

regions appear to interact with the glucocorticoid receptor (GR) [182]. Additionally, CAMKIV 

interacts with CBP phosphorylating S301 between the NRID and TAZ1 domains [175]. 

Meanwhile, the KIX/KID domain enables CREB interaction following CREB phosphorylation at 

S133 [172], [174], [183], [184]. The HAT domain enables CBP to function as a histone 

acetyltransferase [185], adding an acetyl group to specific H3 and H4 residues [68], [186] 

resulting in accessible chromatin for the transcription machinery. Lastly, the NCBD domain 

enables CBP interaction with coactivators such as nuclear receptor coactivator 1 (NCOA1) 

[187]. Due to the many interactions of CBP with other proteins, CBP is involved in a wide range 

of biological processes including cell growth, energy homeostasis, fertilization, neural progenitor 

migration, neurogenesis, cortex development, dendritic density, length, and morphology, and 

embryonic development [179], [180], [188]–[190]. The following section will briefly explain the 
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biological processes of CBP regulation in the brain. A homozygous knockout (KO) of CBP is 

embryonically lethal with embryo death occurring from PND 9.5-11.5 due to extensive signs of 

hemorrhaging and impaired hematopoiesis [179]. Homozygous CBP embryos have also shown 

impaired neural tube closure, decreased blood vessels, inverted mesencephalon and 

mesenchyme, and decreased cell density in the mesenchyme [179]. CBP is also involved in cell 

development in the cortex with a truncated model, amino acids 1-523, expressing smaller total 

brain, corpus callosum, and HPC volume in addition to decreased thickness in the 

aforementioned areas [188]. Furthermore, truncated CBP mice, containing the N-terminus to the 

KIX domain, showed decreased neural progenitor migration and decreased mature dendritic 

spines, density of apical dendrites, and length of apical dendrites [188]. Meanwhile altering 

residue 436 in the TAZ1 domain also decreases neurogenesis in adult mice [189], further 

indicating the role of CBP in adult brain plasticity. Through the many domains CBP is able to 

interact with many different proteins and impact brain development and plasticity.  

1.4.6.2 CBP disease models and memory  

CBP is dysregulated in many neurological disorders such as Alzheimer’s disease, 

Rubinstein-Taybi syndrome (RSTS), and Huntington’s disease [191], in which patients show 

memory impairments. Alzheimer’s animal models or models with truncated, as in RSTS, or 

conditional KO of CBP show decreased CBP expression and impaired long-term memory in 

spatial tasks [185], [192]–[194], and novel object recognition [185], [195]. While Chen [176] 

showed a CBP-driven impairment in short-term memory with the novel object recognition task, 

others have shown no impairment in short-term memory with object location [193], [196] and 

fear conditioning [192] tasks. These differences may be due to the difference in brain regions 

utilized for the task and manipulated in the studies. Decreases in CBP expression coincide with 
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decreases in histone acetylation [71], [193], [195]. Histone acetylation is associated with open 

chromatin which would allow the transcriptional machinery access to DNA enabling 

transcription and is suggested to be important for memory formation [197]. Disruption of the 

histone acetyltransferase property of CBP results in decreased transcription and memory 

impairments [185], [195], [196]. Meanwhile, the enhancement of CBP acetyltransferase activity 

increased histone acetylation in the HPC and frontal cortex, considerably improving long-term 

memory [198]. Several studies have looked at the role of histone deacetylase (HDAC) inhibitors, 

which remove acetyl groups from histones, in improving memory impairments with conflicting 

results. While some studies show HDACs to improve memory following a CBP memory deficit 

[185], others have not [176], [178], [193]. Meanwhile, when CBP is increased via viral delivery, 

performance on a memory-related task is improved [194], indicating therapeutic methods via 

overexpression may be a promising therapeutic method for memory deficits.  

1.5 Dissertation Objectives  

There exists a gap in knowledge regarding the underlying mechanisms driving the difference 

in ethanol-induced memory impairments due to developmental age and sex. As adolescent binge 

drinking could disrupt developing cortical processes and result in long-lasting changes, 

understanding the alterations induced by ethanol will be key to developing treatment options. 

Our lab has shown that binge ethanol in adolescence decreases CBP gene expression in the 

mPFC and results in a recognition memory deficit following adolescent ethanol exposure. This 

dissertation explores the underlying mechanisms of ethanol-induced memory impairments due to 

age and sex by directly comparing the behavioral and molecular response to binge ethanol in 

adolescent and adult mice. We hypothesize that spatial memory, recognition memory, and 

cognitive flexibility will be differently impacted by development and sex following binge 
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ethanol, which we posit CBP protein expression and binding interactions in the mPFC and dHPC 

are underlying the observed behavioral differences. This research will contribute to the literature 

by further understanding how age of ethanol exposure and biological sex during ethanol 

exposure can differentially impact memory.  
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Chapter 2 

Comparing Behavior Following Binge Ethanol in Adolescent and 

Adult DBA/2J Mice 

This chapter is a modified version of an article published in Behavioural Brain Research (Bent 

et al., 2022) 

2.1 Introduction 

Alcohol is the most prevalent drug consumed by adolescents as of 2017 with 61% of high 

school students in the United States consuming alcohol in the past 30 days [73]. Unlike adults, 

adolescents tend to consume most of their alcohol in a binge-like fashion, consuming a large 

amount of alcohol in a short period, with 43.8% of adolescents binge drinking while 22.5% of 

adults binge drink as of 2014 [199]. While both age groups consume alcohol, the behavioral and 

physiological effects of ethanol differ due to differences in development. During adolescence, 

the brain and body undergo physical changes such as neural alterations [200] and adrenarche 

resulting in a different physiology than adults [72]. Adolescents are less sensitive than adults to 

the negative effects of ethanol, such as motor impairment and sedation [14], [63], [133], while 

also being more sensitive to the rewarding effects [201]. This shifted alcohol sensitivity in 

adolescents may enable them to consume ethanol at a higher degree than their adult counterparts, 

resulting in lasting changes in the brain and behavior [72]. Whereas adolescence is a 

developmental period of maturation, adulthood is the result of these changes, meaning 

disruptions such as binge ethanol differentially affect their systems.  
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The adolescent brain undergoes considerable changes to mature into an adult brain. During 

this period, brain volume and white matter increase linearly with age [81], [82] until age 20 [83]. 

Alcohol use in human adolescents is associated with decreased volume [87], [88], [202] and 

structural changes in white matter [89]. Rodent studies also show decreased myelin gene and 

protein expression [63], [90] and decreased myelin density in males [92]. While adolescent 

ethanol negatively impacts white matter, no studies to our knowledge have compared 

developmental differences in myelin gene expression following binge ethanol. Since active 

myelination is critical for learning a new motor skill [203], [204] and ethanol negatively impacts 

myelination, developmental differences in myelination may be an additional factor impacting the 

behavioral differences observed following binge ethanol treatment.  

In addition to myelin changes in adolescence, a shift in connectivity among mesocortical and 

mesolimbic regions occurs [205] with increased connectivity between limbic regions and cortical 

regions taking place [206]. The Nac is involved in social [207] and reward [208] behaviors 

which are more negatively impacted by ethanol in adults than adolescents [209]. Additionally, 

the Nac integrates information from the PFC [210], a region that matures after the Nac [200], 

[205], and is involved in judgment, cognitive flexibility, and inhibition of impulsive behaviors 

[133]. Behavioral tasks which utilize these brain regions, the NOR task [211], and social 

interaction task [212] may show greater impairments in adolescent-exposed mice than adults. 

Developmental age also impacts sensitivity to sedative doses of ethanol in the loss of righting 

reflex (LORR) task [14] and locomotor activation following low-dose ethanol administration 

[60]. While these studies assessed age differences shortly after ethanol exposure, it is unclear if 

these behavioral differences persist following a long period of abstinence or in adult animals 

following binge ethanol exposure in adolescence.  
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Persistent behavioral differences may be due to underlying age or sex differences in BEC. 

Adolescent rodents display lower BEC compared to adult counterparts [14], although age effects 

are not found when gastric first pass metabolism is bypassed [16], [209], [213]–[215]. 

Furthermore, sex differently impacts BEC in humans [33], [216] and rodents [26] following oral 

administration with females resulting in a greater BEC than males. The difference in BEC may 

result in greater sensitivity to cognitive deficits in females than in males. Indeed, alcoholic men 

and women have similar cognitive deficits despite women reporting fewer years of alcohol use 

[217]. These studies suggest females may more sensitive than males to the chronic effects of 

ethanol due to the higher BEC, while adolescents may be reaching similar or lower BEC than 

adults.   

The purpose of this study was to assess the impact of binge ethanol in adolescence or 

adulthood on changes in myelin gene expression, social approach, memory, ethanol sensitivity 

and BECs in DBA/2J mice. We hypothesized that adolescent ethanol exposure would more 

severely impact gene expression and memory than adult exposure. Meanwhile, sociability and 

ethanol sensitivity would be altered more severely in adult-exposed mice. Lastly, BEC would 

differ by sex and age with females displaying higher ethanol levels than males and adolescent 

mice having lower BEC compared to adults. In this study, adolescent and adult male and female 

mice were exposed to binge levels of ethanol using the same intermittent exposure paradigm 

where we previously observed decreases in myelin-related gene expression and lasting deficits in 

recognition memory [63]. Binge ethanol in adulthood decreased social interaction while having 

little impact on myelin gene expression. Additionally, recognition memory was unchanged by 

previous adult binge ethanol exposure, while adult females showed ethanol-locomotor 

sensitivity. Meanwhile, adolescent ethanol resulted in a persistent memory deficit and locomotor 
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tolerance in males. Developmental age but not sex impacted the duration and peak of ethanol in 

the blood, with adults having a greater BEC than adolescents. This study suggests that 

developmental age impacts BEC, social interaction, and ethanol sedation with ethanol 

additionally impacting memory and ethanol locomotion sensitivity differentially due to age and 

sex.   

2.2 Materials and Methods 

2.2.1 Animals and Binge Ethanol Paradigm 

DBA/2J males and females from Jackson Laboratory (Bar Harbor, ME) arrived at 7-8 

weeks for experiments 1, 2, & 4 and at PND 19-21 for experiment 3 & 4. All mice were 

habituated to the Virginia Commonwealth University vivarium for one week, housed in same-

sexed cages (4-5/cage) on a 15/9 light-dark cycle (15 hours light/9 hours dark cycle) for 

experiments 1-3 and a 12/12 light-dark cycle for experiment 4 with food and water available ad 

libitum. Mice in experiments 1-3 were dosed with ethanol (25% w/v, by gavage) as described 

[63]. Adult (AB, PND 62-77) and adolescent (ae, PND 27-42) mice were habituated to gavage 

with 0.1% saccharin in tap water for two days and then gavaged with tap water or 4 g/kg ethanol 

in a two days on/two days off paradigm for eight total ethanol binges (Fig. 3). We used DBA2/J 

mice in these studies as they have more robust behavioral responses [29–31] and myelin-related 

gene expression changes to acute ethanol [32] as compared to the traditionally used C57BL/6 

strain. Mice in Experiment 4 were ethanol and behaviorally naïve until the start of the 

experiment. In experiment 1, adult male and female mice (n=64, 6-8/group) were administered 

binge ethanol or water from PND 64-77 which resulted in 4 groups; control males (CM), ethanol 

males (EM), control females (CF), and ethanol females (EF). PFC tissue was harvested 24 hours 

or 3 weeks (PND 99) after the last ethanol dose. Three EF mice were lost from this cohort due to 
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issues affiliated with gavage. In experiment 2, adult male and female mice (n=80) were similarly 

dosed with binge ethanol and tested for social, cognitive, and ethanol sensitive behaviors. 

Separate groups of mice were tested at an early phase (within 1 week of dosing, 8-10/group) or a 

late phase (more than 3 weeks following binge ethanol, 7-10/group). Two EM mice were lost 

due to issues affiliated with gavage. In experiment 3, adolescent mice (n=84) were binged with 

ethanol from PND 29-42 and used for adolescent early and late phase behavioral assessments. 

Three mice (2 EM & 1 EF) were lost from this cohort due to issues affiliated with gavage. 

Behavioral assessments were separated by 72 hours. In experiment 4, mice were left undisturbed 

until PND 35 for the adolescent cohort (n=6/sex) and PND 65 for the adult cohort (n=6/sex) to 

assess naïve BEC. No mice were lost from the experiment or analysis. All animal housing and 

care were conducted with the approval of the Virginia Commonwealth University IACUC 

Committee and in accordance with the NIH Guide for the Care and Use of Laboratory Animals 

[218]. In all cases, mice were habituated to the behavioral testing room each day for at least one 

hour before testing. Observers were blinded to the sex and treatment groups and equipment was 

cleaned with 10% ethanol between animals. 
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Fig 3. Timeline of chapter 2 experimental procedure.  Adolescent (ae) and adult (AB) 

DBA/2J mice underwent the same intermittent ethanol dosing paradigm from either postnatal 

(PND) 29-42 or PND 64-77. Following binge ethanol, mice were assessed for behavioral 

changes in the social interaction (SI), novel object recognition (NOR), ethanol-induced 

locomotion (Et-Loc), and loss of righting reflex (LORR) tasks. Changes in myelin-related genes 

were assessed in PFC tissue using qPCR in a behaviorally naïve cohort. Separate groups of mice 

were used for the early and late behavioral time points. No mice were re-tested in any task. A 

separate ethanol naïve cohort was given ethanol to assess BEC over 4 hours. Figure created in 

Biorender. 

  

Experiment 4 
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2.2.2 Social Interaction  

Animals were tested for social interactions 24 hours or 21 days after their last ethanol 

dose as described [219], [220]. Male and female mice were habituated to an open field locomotor 

activity box (41 x 41 x 31 cm, Omnitech Electronics, Inc, Columbus, OH) with an inverted wire 

mesh cup (8.3 X 8.3 X 10.1 cm) on a raised platform (12.8 X 9 X 5.1 cm) for 3 minutes. Animals 

were returned to their home cage for a 30-second intertrial interval (ITI) while a same-sexed, 

same-age stimulus mouse was placed under the wire cup. Activity tracking software (Fusion 

v5.3; Omnitech Electronics Inc., Columbus, OH) recorded movement of the test animal in the 

interaction zone (25 x 7.5 cm) surrounding the stimulus mouse, and two corner zones (10 x 10 

cm) far away from the interaction zone for 3 minutes. Animals who failed to enter at least 1 other 

zone (ae: 1 EM, 1C; AB: 1 CM) or cases when the stimulus mouse briefly escaped the jail cell or 

a test mouse was sitting on top of the jail cell during the task were excluded from analysis (ae: 2 

CF, 2 EM).  

2.2.3 Novel Object Recognition  

NOR was performed as described [63] using a 5-minute ITI to assess short-term 

recognition memory [221]. Animals were tested for NOR either 3-5 days or 22-25 days after the 

last ethanol dose. Mice were habituated to an empty mouse cage (28.5 x 17.5 x 12.5 cm) for 30 

minutes twice before testing and then interacted with two identical objects for 5 minutes for 

training. After a 5-minute ITI, one object was replaced with a novel object of similar size. Time 

in close contact with nose oriented towards the familiar or novel object (<2 cm) was recorded for 

5 minutes. A discrimination index was calculated by subtracting the familiar object interaction 
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time from the novel object interaction time divided by the total interaction time. Animals who 

did not investigate the training objects for at least 10 seconds were excluded (AB: 1EF; ae: 

1EM). 

2.2.4 Ethanol-Induced Locomotion  

Separate cohorts of animals were tested for ethanol-induced locomotion either 6-8 days 

or 27-28 days after their last dose as described [222]. Mice were habituated to the locomotor 

boxes (25.4 x 12.7 x 20.3 cm, Omnitech Electronics Inc., Columbus, OH) for 15 minutes, before 

injection with 0.9% saline or 2g/kg ethanol (20% v/v ethanol in 0.9% saline, I.P.) and returned to 

the activity chambers. Locomotor activity was recorded via infrared photo beam breaks (Fusion 

v5.3) for 15 minutes. No animals were excluded, nor were they repeatedly tested in the 

locomotor boxes.   

2.2.5 Loss of Righting Reflex 

Animals were tested for LORR as described [63], [222] and modified from [223] either 

8-12 days or 30-33 days after their last dose. Animals were administered 4g/kg ethanol (25% w/v 

in saline, I.P.) to test the effects of a sedating dose of ethanol. LORR onset was recorded as the 

time the mouse could not right itself from the supine position after 5 seconds. LORR duration 

was measured as the time when the mouse righted to the prone position, twice within 30 seconds. 

If a mouse did not experience LORR onset within 5 minutes, suggestive of a missed injection 

[223] they were excluded from further analysis (AB: 1 EF, 1 CF, 1 EM and 2 CM; ae: 3 EF,1 

EM and 2 CM).  

2.2.6 Blood Ethanol Concentration  
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  Male and female mice in adolescence (PND 35) or adulthood (PND 65) were given 

ethanol (4g/kg by gavage), followed by collection of blood via retro-orbital sinus blood (80 μL) 

at four different time points (0.5, 1.0, 2.0 and 4.0 hours). Samples were collected into BD 

Microtainer® Tubes K2E EDTA (Becton, Dickinson and Company, Franklin Lakes, NJ), 

vortexed and centrifuged at 2,000 x g for 15 minutes. Plasma was transferred into new tubes and 

stored at -80°C until analysis. Aliquots of 20-μL plasma were prepared in 20 mL glass GC vials, 

along with 960 μL of ultrapure water, 500 mg of NaCl and 20 μL 1-propanol (0.1 mg/mL). The 

1-propanol was used as an internal standard while a standard curve (0.5, 1.0, 2.5, 5.0, and 10.0 

mg/mL) was run prior to loading samples (Shelton, 2010). BECs were determined via headspace 

gas chromatography (GC) using an Agilent model 6980 GC with CTC Combi-Pal static 

headspace autosampler (LEAP Technologies, Inc., Carrboro, NC). Ethanol concentrations were 

normalized to the internal standard (1-propanol). No animals were excluded from the analysis. 

2.2.7 RNA Isolation, cDNA synthesis, and qPCR analysis 

Total RNA from adult PFC (PFC, a midline wedge shaped cut from 1.4 mm to 0.5 mm 

from Bregma [224]) was isolated using STAT 60 Reagent (Tel-Test, Friendswood, TX) and 

Rneasy mini kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. PFC total 

RNA was reverse transcribed into cDNA using the iScript cDNA kit according to the 

manufacturer’s protocol (Bio-Rad, Hercules, CA). To determine expression changes in myelin-

related genes, real-time PCR was performed using the CFX System (Bio-Rad) and SYBR Green-

based detection (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad). The following 

myelin-related genes (Mag, Mal, Mbp, Mobp, and Plp) were chosen due to their role in myelin 

formation [225], [226], myelin integrity [227], or oligodendrocyte processes [228]. Primer 

sequences (from 5’ to 3’) are as follows: Mag (Forward: GGTCTCTACCCGGGATTGTC 
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Reverse: CTGTCCTTGGTGGGTCGTTT), Mal (Forward: TCTTCACCACCTTCCCTGAC 

Reverse: GCCACAAAGCAGAACACAGA), Mbp (Forward: 

ACACACGAGAACTACCCATTATGG Reverse: AGAAATGGACTACTGGGTTTTCATCT), 

Mobp (Forward: AACTCCAAGCGTGAGATCGT Reverse: CTCGGTCACTTCTTCCTTGG), 

and Plp (Forward: TGAGCGCAACGGTAACAGG Reverse: 

CCCACAAACTTGTCGGGATG). Samples were run in triplicate with cycle thresholds 

normalized to housekeeping genes Ppp2r2b and Ublcp1 [63]. Relative changes in gene 

expression were normalized to a control male.  

2.2.8 Statistics  

Two-way ANOVAs were performed with treatment and sex as factors using GraphPad 

Prism (GraphPad Software, San Diego, CA). Tukey’s post hoc tests were performed when a 

significant interaction was observed (p<0.05). Repeated measures (RM) three-way ANOVAs 

were used to assess ethanol-induced locomotion within an age group and for BEC data between 

age groups. To assess area under the curve (AUC) for the BEC data, a linear regression was 

computed for the four timepoints and then run on a one-way ANOVA. P-values less than α=0.05 

were considered significant. Data is presented as mean + standard error of the mean (SEM).  

2.3 Results 

2.3.1 Social interactions were decreased in adults following binge ethanol, but not adolescents. 

 The social interaction task was used to measure social anxiety phenotypes [229], [230], 

as well as social motivation [231], [232]. In adolescent mice, binge ethanol did not alter 

performance in the social interaction task at either 24 hours or 3 weeks after the last exposure 

(Fig. 4). Time in the interaction zone [Ftreatment (1, 38) = 0.1936, P=0.6624] or in the corner zone 
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[Ftreatment (1, 38) = 1.149, P=0.2906] was not changed by adolescent ethanol (Fig. 4 A&B). 

Likewise, sex did not alter time in the interaction zone [Fsex (1, 38) = 0.1438, P=0.7067], or in 

the corner zone [Fsex (1, 38) = 0.1104, P=0.7415]. Not surprisingly, adolescent-exposed mice, 3 

weeks following ethanol, performed comparably with the early phase data, and showed no 

significant differences in social interactions (Fig. 4 C&D). No main effects of treatment on time 

spent in the interaction zone [Ftreatment (1, 33) = 0.5776, P=0.4527], or on time spent in the corner 

zone [Ftreatment (1, 33) = 2.368, P=0.1334], were found. Sex did not significantly affect the time in 

the interaction zone [Fsex (1, 33) = 0.1667, P=0.6857], or in the corner zone [Fsex (1, 33) = 1.043, 

P=0.3146].  

In adults, social interaction was dramatically reduced by binge ethanol, but this did not 

persist 3 weeks following exposure. Twenty-four hours after the last ethanol dose, adult ethanol-

exposed mice spent significantly less time in the interaction zone than control mice [Ftreatment (1, 

35) = 17.72, P=0.0002] (Fig. 4E). Likewise, time in the corner zones was increased in ethanol-

exposed adults [Ftreatment (1, 35) = 5.409, P=0.0260] (Fig. 4F). Sex did not significantly alter the 

time in the interaction zone [Fsex (1, 35) = 0.03410, P=0.8546], or corner zone [Fsex (1, 35) = 

0.2166, P=0.6445]. At the late phase, neither treatment nor sex altered performance in the adult-

dosed animals in the interaction zone (Ftreatment (1, 32) = 1.24, P=0.2731; Fsex (1, 32) = 0.1451, 

P=0.7058; Fig. 4G), or corner zone (Ftreatment (1, 32) = 2.509, P=0.1230]; Fsex (1, 32) = 3.266, 

P=0.0801; Fig. 4H). No significant interactions between treatment and sex were found in either 

age group. 
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Fig 4. Social interactions differed between adolescent and adult-exposed mice. In adolescent 

mice, duration in the A) interaction zone and B) corner zone was unchanged 24 hours after the 

last dose (n: CM=10, EM=11, CF=10, EF=11). Three-weeks after the last dose, duration in the 

C) interaction zone and D) corner zone duration remained similar between treatment groups (n: 

CM=12, EM=6, CF=9, EF=10). Meanwhile, ethanol treatment in adulthood impacted social 

interaction at the early phase with E) decreased interaction time and F) increased duration in the 

corners (n: CM=10, EM=9, CF=10, EF=10). At the late phase, adult mice showed no sex or 

treatment differences in the G) interaction duration or the H) corner duration (n: CM=9, EM=8, 

CF=9, EF=9). Data is presented as mean +/- SEM. (* p<0.05, *** p<0.001) 
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2.3.2 Recognition memory is impaired long-term by adolescent binge ethanol but not adult binge 

ethanol. 

The novel object recognition task was used to assess short-term recognition memory 

mediated by the PFC, perirhinal cortex, and hippocampus [135], [211]. When tested in the early 

phase, neither adolescents nor adults showed memory deficits. Two-way ANOVA revealed no 

significant differences in the discrimination index in adolescent mice due to treatment [Ftreatment 

(1, 40) = 0.5353, P=0.4687], or sex [Fsex (1, 40) = 0.1328, P=0.7174] (Fig. 5A). Similarly, adult-

exposed mice showed no differences in the discrimination index due to treatment [Ftreatment (1, 

34) = 0.1309, P=0.7197], or sex [Fsex (1, 34) = 0.1470, P=0.7038] (Fig. 5C).  

 Testing at the late phase revealed long-term deficits in novel object recognition memory 

in adolescent-exposed mice (PND 68), but not adult-exposed (PND 99/100). As previously 

reported [63] and seen again here, mice exposed to binge ethanol in adolescence showed a main 

effect of treatment [Ftreatment (1, 36) = 4.384, P=0.0434], where binge ethanol significantly 

decreased the discrimination index as compared to controls (Fig. 5B). Sex did not alter 

recognition memory [Fsex (1, 36) = 0.8887, P=0.3521] in the adolescent-exposed group. Adults 

exposed to binge ethanol showed no differences in NOR performance due to treatment [Ftreatment 

(1, 33) = 0.01681, P=0.8976], or sex [Fsex (1, 33) = 0.2129, P=0.6475] (Fig. 5D). No significant 

interactions were found for any age group.  
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Fig 5. Adolescent binge ethanol alters adult recognition memory. Novel object recognition 

memory was unchanged at the early phase by either sex or treatment in the A) adolescent-

exposed cohort (n: CM=10, EM=12, CF=10, EF=12) or B) adult-exposed cohort (n: CM=10, 

EM=9, CF=10, EF=9). However, at the late phase when all mice were adults, recognition 

memory was impaired in C) adolescent-exposed mice given ethanol (n: CM=12, EM=7, CF=11, 

EF=10). No difference was observed in D) adult-exposed mice due to sex or treatment (n: 

9/group). Data is presented as mean +/- SEM. (* p<0.05) 
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2.3.3 Ethanol-exposed adolescent males and adult females show locomotor tolerance at the early 

phase.  

Ethanol-induced locomotion was used to assess acute ethanol sensitivity following a 

history of binge ethanol. In all cases, acute ethanol (2g/kg, I.P.) on the test day induced 

locomotor activity in both adolescent and adult cohorts (ae early phase: males [Ftest-day treatment (1, 

21) = 69.71, P<0.0001]; females [Ftest-day treatment (1, 21) = 39.91, P<0.0001], ae late phase: males  

[Ftest-day treatment (1, 48) = 42.27, P<0.0001]; females [Ftest-day treatment (1, 51) = 132.0, P<0.0001], 

AB early phase: males [Ftest-day treatment (1, 45) = 158.4, P<0.0001]; females [Ftest-day treatment (1, 48) 

= 111.4, P<0.0001], AB late phase: males [Ftest-day treatment (1, 45) = 18.30, P<0.0001]; females 

[Ftest-day treatment (1, 42) = 21.90, P<0.0001]). Additionally, sex did not impact total distance 

traveled [ae cohort: early phase (Fsex (1, 14) = 0.02105, P=0.8867); late phase (Fsex (1, 33) = 

2.210, P=0.1466); AB cohort: early phase (Fsex (1, 31) = 2.604, P=0.1167), late phase (Fsex (1, 

29) = 2.622, P=0.1162), by 3-way ANOVA on total distance, data not shown]. Within each sex, 

three-way RM ANOVA were used to assess test-day treatment, previous binge treatment, and 

time on locomotor activity (see Table 1). At the early phase, ethanol-induced locomotion was 

depressed in binge ethanol adolescent males as compared to control males (treatment*test-day 

treatment interaction [Finteraction (1, 21) = 19.38, P=0.0002]; Fig.  6A). Additionally, a time*test-

day treatment interaction [Finteraction (2, 21) = 4.406, P=0.0252] was found in the adolescent-

exposed males. Tukey’s post hoc revealed that control males given acute ethanol traveled more 

than control males given saline at 10 & 15 minutes and ethanol males given acute ethanol at 15 

minutes. In contrast, adolescent-exposed females were not significantly affected by adolescent 

binge treatment [Ftreatment (1, 21) = 0.7761, P=0.3883] (Fig.  6B). Both males and females showed 
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a main effect of time (males [Ftime (2, 21) = 20.04, P<0.0001]; females [Ftime (2, 21) = 6.605, 

P=0.0060]. 

In adult-exposed females at the early phase, a three-way RM ANOVA revealed a 

significant difference due to adult binge treatment [Ftreatment (1, 48) = 10.03, P=0.0027] (Fig.  

6D). A time*test-day treatment interaction [Finteraction (2, 48) = 3.234, P=0.0481] was found 

where females given acute ethanol traveled farther than their saline counterparts at 10 & 15 

minutes. Meanwhile, in males, an adult treatment*test-day treatment interaction [Finteraction (1, 45) 

= 7.938, P=0.0072] (Fig. 6C) was observed with mice given ethanol on test-day traveling further 

than their saline counterparts at 5, 10, and 15 minutes.  
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Fig 6. Adolescent males and adult females show locomotor tolerance at the early phase. At 

the early phase ethanol-induced cumulative distance was impacted by A) adolescent treatment in 

males and test-day treatment (n: CM=5, EM=6). B) Females also showed locomotor differences 

due to test-day treatment (n: CF=5, EF=6). Adult mice revealed that test-day treatment impacted 

C) male distance (n: CM=10, EM=9). D) Adult female distance (CF=10, EF=10) was 

significantly impacted by adult treatment and test-day treatment. Data is presented as mean +/- 

SEM.  (**p<0.01, *** p<0.001, ****p<0.0001)  
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2.3.4 Persistently, only adult females display a locomotor effect due to a history of ethanol.  

As seen in the early phase for ethanol-induced locomotion, in all cases, acute ethanol (2 

g/kg, ip) increased locomotor activity (Table 1). At the late phase, adolescent-exposed mice 

showed increased locomotion due to time (males [Ftime (2, 48) = 11.84, P<0.0001]; females [Ftime 

(2, 51) = 21.81, P<0.0001]; Fig. 7 A&B). Additionally, a time*test-day treatment interaction 

[Finteraction (2, 51) = 4.028, P=0.0238] was found in adolescent-exposed females with test-day 

ethanol administration increasing total distance at 10 & 15 minutes compared to saline. 

Meanwhile, adult females with a history of binge ethanol showed locomotor tolerance to acute 

ethanol as compared to water control mice (Fig. 7D). A main effect of adult binge treatment 

[Ftreatment (1, 42) = 4.741, P=0.0351], and an adult treatment*test-day treatment interaction 

[Finteraction (1, 42) = 4.756, P=0.0348] were found in females. Adult males showed no ethanol 

effect [Ftreatment (1, 45) = 3.835, P=0.0564] but a significant main effect of time [Ftime (2, 45) = 

20.32, P<0.0001] (Fig. 7C).  
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Fig 7. Adult females with a history of binge ethanol display locomotor tolerance. 

Adolescent-exposed mice at the late phase were revealed test-day treatment impacted cumulative 

distance in A) males (n: CM=12, EM=8) and B) females (CF=11, EF=10). C) Male locomotor 

distance (n: CM=10, EM=9) was increased by acute test-day ethanol. D) Adult females 

previously exposed to ethanol displayed locomotor tolerance to acute ethanol. Test-day treatment 

also impacted female cumulative distance (CF=10, EF=8). Data is presented as mean +/- SEM. 

(**p<0.01, *** p<0.001, ****p<0.0001) 
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Table 1. Locomotor distance in the ethanol-induced locomotion task was significantly impacted 

by time and test day treatment in both age cohorts.  

  

F (DFn, DFd) P value F (DFn, DFd) P value F (DFn, DFd) P value F (DFn, DFd) P value

Time F (2, 21) = 20.04 P<0.0001 F (2, 21) = 6.605 P=0.0060 F (2, 48) = 11.84 P<0.0001 F (2, 51) = 21.81 P<0.0001

Adolescent Treatment F (1, 21) = 7.991 P=0.0101 F (1, 21) = 0.7761 NS P=0.3883 F (1, 48) = 2.668 NS P=0.1089 F (1, 51) = 1.247 NS P=0.2693

Test Day Treatment F (1, 21) = 69.71 P<0.0001 F (1, 21) = 39.91 P<0.0001 F (1, 48) = 42.27 P<0.0001 F (1, 51) = 132.0 P<0.0001

Time x Adolescent Treatment F (2, 21) = 1.438 NS P=0.2598 F (2, 21) = 0.1344 NS P=0.8750 F (2, 48) = 0.05066 NS P=0.9507 F (2, 51) = 0.2839 NS P=0.7540

Time x Test Day Treatment F (2, 21) = 4.406 P=0.0252 F (2, 21) = 1.965 NS P=0.1650 F (2, 48) = 0.6614 NS P=0.5208 F (2, 51) = 4.028 P=0.0238

Adolescent Treatment x Test Day Treatment F (1, 21) = 19.38 P=0.0002 F (1, 21) = 0.002102 NS P=0.9639 F (1, 48) = 2.775 NS P=0.1023 F (1, 51) = 0.3336 NS P=0.5661

Time x Adolescent Treatment x Test Day Treatment F (2, 21) = 2.082 NS P=0.1497 F (2, 21) = 0.1027 NS P=0.9028 F (2, 48) = 0.08710 NS P=0.9167 F (2, 51) = 0.1312 NS P=0.8773

Time F (2, 45) = 13.92 P<0.0001 F (2, 48) = 19.55 P<0.0001 F (2, 45) = 20.32 P<0.0001 F (2, 42) = 13.92 P<0.0001

Adult Treatment F (1, 45) = 0.01056 NS P=0.9186 F (1, 48) = 10.03 P=0.0027 F (1, 45) = 3.835 P=0.0564 F (1, 42) = 4.741 P=0.0351

Test Day Treatment F (1, 45) = 158.4 P<0.0001 F (1, 48) = 111.4 P<0.0001 F (1, 45) = 18.30 P<0.0001 F (1, 42) = 21.90 P<0.0001

Time x Adult Treatment F (2, 45) = 0.06175 NS P=0.9402 F (2, 48) = 0.4144 NS P=0.6631 F (2, 45) = 0.06017 NS P=0.9417 F (2, 42) = 0.6238 NS P=0.5408

Time x Test Day Treatment F (2, 45) = 0.9220 NS P=0.4051 F (2, 48) = 3.234 P=0.0481 F (2, 45) = 1.158 NS P=0.3232 F (2, 42) = 1.353 NS P=0.2694

Adult Treatment x Test Day Treatment F (1, 45) = 7.938 P=0.0072 F (1, 48) = 0.01201 NS P=0.9132 F (1, 45) = 1.266 NS P=0.2664 F (1, 42) = 4.756 P=0.0348

Time x Adult Treatment x Test Day Treatment F (2, 45) = 0.5816 NS P=0.5632 F (2, 48) = 0.1358 NS P=0.8734 F (2, 45) = 0.4440 NS P=0.6442 F (2, 42) = 0.9268 NS P=0.4038

ae Cohort 

AB Cohort

Ethanol-induced locomotion  Cumulative Distance

Table 1 Factor 

Early Phase Late Phase

Males Females Males Females 
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2.3.5 Ethanol sensitivity in the LORR task is altered by age and sex, but not prior ethanol 

exposure. 

 In mice that experienced LORR, females, regardless of treatment, showed decreased 

sensitivity to the sedative effects of ethanol as compared to their male counterparts. In 

adolescent-exposed mice tested at the early phase, LORR onset differed in males and females 

with females showing a faster onset [Fsex (1, 36) = 5.468, P=0.0250] (Table 2). Binge ethanol did 

not affect LORR onset in adolescent mice [Ftreatment (1, 36) = 2.771, P=0.1047]. No difference in 

LORR onset was observed in the adult-exposed group (Ftreatment (1, 28) = 0.9183, P=0.3461, Fsex 

(1, 28) = 0.05003, P=0.8246, Table 2). LORR duration was also significantly impacted by sex 

with adolescent-exposed females spending less time sedated than males [Fsex (1, 36) = 6.477, 

P=0.0154] (Fig. 8A). Adolescent ethanol exposure did not alter LORR duration [Ftreatment (1, 36) 

= 0.1265, P=0.7241]. Similarly, LORR duration was decreased in adult females [Fsex (1, 28) = 

12.85, P=0.0013] as compared to males, but binge ethanol had no significant effect [Ftreatment (1, 

28) = 0.09634, P=0.7586, Fig. 8C).  

When tested at the late phase, LORR onset did not differ due to sex (ae [Fsex (1, 35) = 

2.488, P=0.1237]; AB[Fsex (1, 29) = 1.661, P=0.2077]; Table 1) or treatment (ae [Ftreatment (1, 35) 

= 0.2003, P=0.6573]; AB[Ftreatment (1, 29) = 0.05097, P=0.8230]) in either age cohort. Similar to 

the early phase, LORR duration was impacted by sex in the adolescent-exposed mice at PND 

74/75 [Fsex (1, 35) = 9.671, P=0.0037], but not by treatment [Ftreatment (1, 35) = 0.06280, 

P=0.8036] (Fig. 8B). Likewise, adult-exposed mice at PND 111 showed a main effect of sex 

[Fsex (1, 29) = 25.36, P<0.0001], but not treatment [Ftreatment (1, 29) = 0.6860, P=0.4143] (Fig. 

8D) for LORR duration.  
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Fig 8. Ethanol sedation is altered by sex, but not history of ethanol. At the early phase, 

LORR duration was impacted by sex in A) adolescent-exposed (n: CM=8, EM=11, CF=10, 

EF=11) and C) adult-exposed mice with females waking earlier than males (n: CM=9, EM=9, 

CF=9, EF=8). The late phase also revealed sex differences in LORR duration in B) adolescent-

exposed (n: CM=12, EM=8, CF=11, EF=8) and D) adult-exposed mice (n: CM=9, EM=8, CF=9, 

EF=7). Data is presented as mean +/- SEM.  (*p<0.05, ** p<0.01). 
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Table 2. LORR onset was impacted by sex at the early phase in the ae cohort.  

  

AB Cohort

Ethanol Effect 
NS P=0.3461 NS P=0.8230

Sex Effect 
NS P=0.8246 NS P=0.2077

ae Cohort 

Ethanol Effect 
NS P=0.1047 NS P=0.6573

Sex Effect 
M > F P=0.0250 NS P=0.1237

 Table 2

LORR Onset

Ethanol vs Control

Early Phase Late Phase
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2.3.6 Blood ethanol differs due to age but not sex  

 Changes in blood ethanol concentration were assessed over time and due to age and sex. 

Following analysis with a three-way ANOVA, plasma levels showed a significant timepoint*age 

interaction (Finteraction (3, 60) = 9.781 P<0.0001). However, no meaningful timepoint*age 

interactions were significant following Tukey’s post hoc test (Fig. 9A). A Tukey multiple 

comparison test revealed an effect of time within an age with adolescent females at 0.5 hours 

differed significantly from the 4-hour timepoint (P = 0.0024). Adult females also showed a 

significant difference between their 1 and 4-hour timepoint (P<0.0001) and their 2 and 4 hour 

timepoint (P = 0.0005). Additionally, the AUC was assessed to determine if age and sex 

impacted the quantity of ethanol and length of time ethanol was in the blood. A one-way 

ANOVA revealed a significant difference between the 4 groups (adult males, adult females, 

adolescent males, and adolescent females) (Fgroup (3, 20) = 8.348 P=0.0009), with adults showing 

a larger AUC than adolescents (Fig. 9B). Within each age group, males and females showed a 

similar AUC. 
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Fig 9. Blood ethanol concentration is higher in naïve adults than adolescents. A) A four hour 

time course showed BEC changed due to time and age (&p < 0.0001) (n=6/group). Further 

analysis of AUC showed the quantity and duration of ethanol in blood differed by age with 

adults having a higher and prolonged BEC than adolescents (*** p < 0.001).  

  

A.  B.  
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2.3.7 Binge ethanol during adulthood does not robustly alter myelin gene expression.  

We previously reported that binge ethanol during adolescence (PND 29-42) dramatically 

reduced expression of the myelin-related genes, Mag, Mbp, Mobp, and Plp, 24 hours after the 

last ethanol dose [63]. Sex also influenced adolescent expression levels of Mag, Mal, and Mbp 

with females having lower expression levels than males. Three weeks after the last ethanol dose, 

myelin gene expression returned to control levels [63] and sex differences were no longer 

observed. Here, we asked whether our binge ethanol paradigm also altered PFC myelin gene 

expression in adult mice. Twenty-four hours following binge ethanol in adulthood (PND 70-83), 

only one myelin-related gene was affected by ethanol. Two-way ANOVA revealed a main effect 

of treatment for Mal expression which was decreased in ethanol-exposed adult mice [Ftreatment (1, 

27) = 4.599, P=0.0411] (Fig. 10A). No other genes differed due to treatment (Mag [Ftreatment (1, 

27) = 3.626, P=0.0676]; Mbp [Ftreatment (1, 27) = 3.629, P=0.0675]; Mobp [Ftreatment (1, 27) = 

3.297, P=0.0805]; Plp [Ftreatment (1, 27) = 2.633, P=0.1163]). Meanwhile, Mag expression was 

lower in adult females as compared to males, similar to our findings in adolescents [Fsex (1, 27) = 

5.758, P=0.0236] (Fig. 10A). No other genes were changed due to sex (Mal [Fsex (1, 27) = 

0.1251, P=0.7263]; Mbp [Fsex (1, 27) = 2.007, P=0.1680]; Mobp [Fsex (1, 27) = 0.1465, 

P=0.7049]; Plp [Fsex (1, 27) = 0.002267, P=0.9624]). No changes in gene expression were 

observed 3 weeks following binge exposure (Mag [Ftreatment (1, 26) = 0.4143, P=0.5254]; Mal 

[Ftreatment (1, 26) = 0.7026, P=0.4095]; Mbp [Ftreatment (1, 26) = 0.7785, P=0.3857]; Mobp [Ftreatment 

(1, 26) = 0.9131, P=0.3481]; Plp [Ftreatment (1, 26) = 1.329, P=0.2595]), or differed by sex (Mag 

[Fsex (1, 26) = 1.060, P=0.3127]; Mal [Fsex (1, 26) = 0.02254, P=0.8818]; Mbp [Fsex (1, 26) = 

1.105, P=0.3027]; Mobp [Fsex (1, 26) = 0.1196, P=0.7323]; Plp [Fsex (1, 26) = 0.2993, P=0.5890]; 

Fig. 10B). 
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Fig 10. Binge ethanol in adulthood did not alter myelin-related gene expression. A) Twenty-

four hours after the last ethanol dose, only Mal showed significant decreased mRNA expression 

due to ethanol (n: CM=8, EM=6, CF=8, EF=7, *p <0.05). Meanwhile Mag showed lower 

expression in females compared to males regardless of treatment (*p<0.05).  B) Three weeks 

after the last dose, no differences in mRNA expression were observed between control and 

ethanol treated mice or between sexes (n: CM=8, EM=8, CF=8, EF=6). Data is presented as 

mean +/- SEM. 
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2.4 Discussion 

Prolonged and binge ethanol consumption in adolescence leads to decreased myelination 

[87], impaired structural integrity of white matter in the frontal cortex [89], memory impairments 

[233], and tolerance in tasks when given an ethanol challenge [10] in humans. Similar changes in 

white matter [92] and memory [16], [160], [234] are also seen in rodents following binge ethanol 

in adolescence. Sex impacts BEC following oral administration leading to higher ethanol 

concentrations in females in humans [216] and rodents [26]. While both adolescents and adults 

consume ethanol, the ages are differently impacted by the drug [14], [16], [18]. The current study 

found that the same ethanol dosing paradigm in adult and adolescent mice resulted in different 

outcomes when assessed for memory, ethanol-induced locomotion, sociability, and myelin gene 

expression. Meanwhile, BEC in ethanol naïve mice was impacted by age, but not sex. Together, 

our study suggests adolescent binge ethanol, despite lower and shorter duration of BEC, leads to 

more robust behavioral and molecular changes than adult ethanol exposure and some of these 

persist long after ethanol is removed. A summary of the behavioral results following binge 

ethanol exposure can be found in Table 3.  
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Table 3. Summary of chapter 2 experimental results including the time and number of animals 

when the tests were conducted. 

  

Age on 

Test Day Main Effect of Treatment 

Main Effect of 

Sex 

Age on 

Test Day Main Effect of Treatment Main Effect of Sex 

Social Interaction PND 43 NS NS PND 63/64 NS NS

NOR PND 47 NS NS PND 68 Ethanol < Control NS

Ethanol-induced 

locomotion 

PND 

49/50

Males: ethanol <control                  

Females: NS NS PND 70/71 NS NS

LORR

PND 

52/54 NS M>F PND 74/75 NS

Duration: M>F                              

Onset: NS

Social Interaction PND 78

Total Distance: NS                                   

Time in Corners: ethanol > control                           

Time in Interaction Zone: ethanol < control NS PND 98 NS

Total Distance: M>F               

Time in Corners or 

Interaction Zone: NS

NOR PND 80 NS NS

PND 

100/101 NS NS

Ethanol-induced 

locomotion PND 83

Males: NS                                       

Females: ethanol < control

NS PND 105

Males: NS             

Females: ethanol < control

NS

LORR PND 85 NS

Duration: M>F                              

Onset: NS PND 111 NS

Duration: M>F                              

Onset: NS

Early Phase Late Phase

ae Cohort 

AB Cohort

Test Type Table 3
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The NOR task, which measures short-term recognition memory, revealed a persistent 

deficit in mice treated with ethanol in adolescence which was not present in mice treated in 

adulthood (Fig. 5). Similar deficits are reported in the literature where ethanol exposure in 

adolescence more severely impacted NOR memory than adult exposure [16], [235], but not 

always [236]. Lacaille [235] found that acute binge ethanol (2-2.5 g/kg, I.P.) did not alter 

adolescent or adult memory, but repeated binging in adolescence (PND 30-45) impaired NOR 

short-term memory, suggesting repeated ethanol exposure impairs memory. Intriguingly, both 

studies found a deficit in NOR memory when tested at PND 45, a similar timepoint as our study 

that found no changes in adolescent memory (Fig. 5). The difference between these studies may 

be due to differences in mouse strain and route of administration. Oral gavage and I.P. ethanol 

administration can cause different levels of inflammatory markers in the brain [237], possibly 

leading to differences in memory tasks. Conflicting results are observed in NOR performance 

following adult ethanol. While some studies, including our own, show no impairment in adult 

memory [16], [235], others show adult memory impairments [236]. This difference is likely due 

to the ethanol paradigm used by Cippitelli [236] where ethanol was administered several times 

throughout the day via gavage and liquid diet, leading to a total of 9-15 g/kg of ethanol per day.  

While adolescents utilize the same brain regions as adults in recognition memory tasks, fMRI 

studies show changes in activity during adolescence. While activation is often associated with 

successful memory task performance, deactivation of certain brain regions also occurs with 

correct performance [238], [239]. During recognition memory, deactivation of the mPFC is 

greater in those 13-24 years than 8-12 years, while adolescents (13-17 years) show less 

deactivation in parietal cortices compared to young adults (18-24 years) [238]. The literature 

suggests a shift in brain region deactivation occurs with age. Together, our memory data suggests 
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that adolescents are more sensitive to the lasting effects of ethanol-induced memory impairments 

than adults and this is likely due to ethanol impacting the developing brain including the frontal 

cortex. 

Age of ethanol exposure also significantly impacted performance in the social interaction 

task and in ethanol-induced locomotion. A history of binge ethanol did not alter the amount of 

time spent engaging in social interaction in adolescent mice. However, adult mice with a history 

of binge ethanol dramatically decreased their sociability when tested twenty-four hours after the 

last ethanol dose. Indeed, adolescent rats are less sensitive to ethanol-induced social inhibition 

than adults [240] and our findings in DBA/2J mice are in line with these previous studies in rats, 

when tested twenty-four hours after the last dose. When adults were tested three weeks later, 

these differences disappeared, which could be due to the waning effects of ethanol withdrawal, 

or due to the lower overall social interaction in older (PND 98) adult mice. While few studies 

address age differences within a month range but in the same developmental phase, Shoji [241] 

found age differences in active social contact, where 2 to 3 month-old mice show greater social 

contact compared to all other age groups. These studies further support the age-dependent 

ethanol differences in our data (Fig. 4), and suggest that young adult animals may maintain 

adolescent-like increases in social interaction. Adolescent mice are also less sensitive to the 

locomotor sensitizing effects of ethanol [242]. Here, we show that a history of binge ethanol led 

to persistent tolerance in ethanol-induced locomotion, but only in adult female mice. Overall, 

these effects could be due to differences in ethanol pharmacokinetics between age groups, as 

younger adolescent rodents previously showed lower BEC at the same time point as adults [14], 

suggesting that adolescents develop acute/within-session ethanol tolerance allowing for 

attenuated sensitivity to the aversive effects of ethanol [243]. Indeed, our BEC study (Fig. 9B) 
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found adolescent mice had a lower duration and quantity than adults. The present study did not 

find treatment effects on LORR duration (Fig. 8) within the adolescent-exposed cohort which is 

contrary to those observed in our previous study [63], in which mice given ethanol in 

adolescence had a greater LORR duration when tested in adulthood as compared to their 

controls. These differences may be due to the mice in this study being older at both LORR time 

points (PND 74/74 & 111) than the previous paper (PND 64). However, both studies did find a 

sex difference at the later time point with females showing lower LORR duration than males, 

which may be due to pharmacokinetic differences (discussed below). Together these studies 

illustrate that developmental age and age when administered ethanol impacts many different 

behavioral tasks.  

Blood ethanol concentration and duration were also impacted by age, but not sex, within 

ethanol naïve animals showing adolescent mice had a lower BEC and smaller AUC than adults 

(Fig. 9A & B). This is the first study to our knowledge that assessed BEC in adolescents and 

adults of both sexes following oral administration. Our data is in line with other literature 

showing no age effect at 30 minutes but an age effect at 2 hours when compared at individual 

timepoints as in other studies (data not shown)[14], [244]. Age differences in ethanol 

concentration may be due to differences in gonadal hormones. In males, castration increased 

ADH activity in the liver [245], while in females, administration of estradiol decreased liver 

ADH activity [246]. As our adolescent mice were still undergoing puberty at the time of testing 

(PND 35) they likely had lower levels of gonadal hormones than adults. Therefore, the 

adolescent mice could have higher ADH activity in the liver than their adult counterparts leading 

to lower BECs. However, several studies have found no age differences in BEC following an I.P. 

route of administration which bypasses gastric first-pass metabolism [16], [209], [213]–[215]. As 
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the adolescent developmental window includes increased metabolism and growth, gastric 

metabolism may be increased leading to an effect in our data that would not be observed with 

different routes of administration. Furthermore, rodent strain impacts BEC, gastric, and liver 

ADH activity with DBA/2J mice displaying higher gastric ADH activity than C57BL/6J mice 

[26] but lower hepatic ADH activity [247]. Our data did not show a sex difference in BEC in 

adolescents or adults. This is in line with Melon and Boehm [215] where no sex effects were 

observed in DBA/2J following I.P administration. However, human studies do show a sex 

difference in BEC and AUC following oral administration [33], [216]. Rodent studies also 

observe a sex difference with females showing lower BEC than males when ethanol is 

administered I.P. [26], [209], [248]. However, following oral gavage DBA/2J adult females 

display a higher BEC than males [26]. This sex difference based on the route of administration is 

likely due to sex differences in ADH activity in the stomach and liver. DBA/2J adult females 

have higher hepatic ADH [247] but lower gastric ADH activity than males[26]. Therefore, when 

female DBA/2J mice are given ethanol via I.P., increased ADH activity in the liver leads to 

increased ethanol metabolism and decreased BEC. This likely contributed to the decreased 

sedation observed in our LORR task (Fig. 8) As ADH activity also differs by strain, sex 

differences between studies may also vary. Therefore, differences in age and sex effects between 

studies may be due to the rodent strain used, route of administration, and timeframe until blood 

collection. Additionally, the age difference in BEC could be due to age difference in ethanol 

absorption with adult animals showing an increase in BEC hitting a peak at 1 hour in females 

and 2 hours in males, whereas adolescents peak at 30 minutes. This may be due to increased 

metabolism in adolescents that led to decreased stomach contents which can impact ethanol 

absorption and BEC. This is the first data to our knowledge that suggest ethanol absorption 
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differs by age which may be due to some studies only looking at BEC at a single timepoint [26], 

[209], [215]. Meanwhile, other studies have looked over a time course [14], [248] but found no 

differences in BEC possibly due to difference in prior ethanol exposure or strain of rodent. Our 

data shows that the adolescent brain is exposed to lower levels of ethanol for a shorter timeframe 

which could be due to hormonal differences between adolescents and adults. Sex does not impact 

BEC in DBA/2J mice following oral administration in our model.  

To further understand age-dependent ethanol effects within the brain, we measured 

myelin-related gene expression in adult PFC following binge ethanol. Using the same dosing 

paradigm, we previously found that adolescent binge ethanol dramatically decreased the 

expression of several myelin-related genes in the PFC twenty-four hours after the last dose [63]. 

Here, we show that myelin-related gene expression was relatively insensitive to adult binge 

ethanol. Adult-exposed mice showed only 1 gene decreased due to ethanol (Mal) which was 

observed in male mice (Fig. 10). Mal is a gene observed in mature oligodendrocytes and is 

integral for myelin integrity in the CNS [227]. The other myelin-related genes in which no 

differences were observed are involved in myelin formation (Mbp & Plp) [225], axon-glia 

interaction (Mag) [249], and oligodendrocyte morphology and extension of processes (Mobp) 

[228]. Meanwhile, sex impacted Mag expression resulting in decreased expression in females 

compared to males. When myelin levels were assessed persistently after binge ethanol, no 

differences were observed in either age group (Fig. 10) [63]. This data further suggests that 

adolescents are more sensitive to ethanol-induced changes than adults, at least in the PFC. As 

myelination increases during adolescence [81], [82] but not adulthood, ethanol likely disrupts the 

typical brain white matter maturation process. Indeed, other studies found disruptions in white 

matter integrity or volume following adolescent ethanol intake [88], [89], [92], [202]. However, 
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remyelination following short periods without ethanol was observed in rodents [92]. While our 

study did not address remyelination, our data suggests brief ethanol binges will not severely alter 

white matter in a developed adult brain. While this study utilized PFC, including prelimbic and 

infralimbic regions, future directions may focus on a particular mPFC region in relation to 

ethanol changes in behavior.  

This study was limited by the number of personal able to run the experiment and lack of 

qPCR data in the adolescent exposed cohort. The behavioral studies were separated by age 

cohort with behavioral testing occurring at separate times. Meanwhile the myelin related gene 

expression was only run in the adult exposed cohort as a pilot study. Future studies could 

increase the number of people and locomotor boxes to allow both aged cohorts to be tested at the 

same time. Additionally, the myelin related gene expression could be conducted in both age 

cohorts again at the same time to reproduce the data and directly compare the cohorts.  

2.5 Conclusion  

This study found that adolescent binge ethanol more severely impacted memory and PFC 

myelination compared to adult binge ethanol. Future studies are needed to address the role of 

remyelination due to the factors of ethanol and age. Developmental age impacted every 

behavioral task. Additionally, sex impacted ethanol sedation and may impact ethanol-induced 

locomotion, although underlying mechanistic sex differences were not specifically evaluated. 

Furthermore, age but not sex impacted blood ethanol duration and quantity in ethanol naïve 

following oral administration. Studies addressing the molecular or mechanistic differences 

underlying age and ethanol-related differences are currently being explored. Gene ontology 

analysis from our previous study [63] suggested that transcription factor activity was negatively 

impacted by adolescent ethanol. Future studies may address differences in transcription factor 
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activity due to age and treatment. In conclusion, this study found age and prior ethanol treatment 

persistently impacted memory and ethanol sedation while both cohorts were in adulthood.  
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Chapter 3 

Binge ethanol exposure impairs spatial memory in an age and sex 

specific manner 

 

3.1 Introduction   

Alcohol negatively impacts memory formation following acute [235], [250] and chronic 

use [16], [160], [235], [236], [251]–[253]. Developmental age also impacts the effect of alcohol 

on memory with some studies finding a memory deficit in adolescent mice, but not adult mice 

following the same ethanol exposure [16], [17], [235], [254]. Meanwhile, a study with only adult 

rodents show memory impairments from ethanol [236]. Spatial learning and memory are 

important cognitive domains that are impaired persistently by ethanol in adolescents [251]–[253] 

and adults [236]. However, conflicting data does show no ethanol effect on spatial learning in 

some studies [18], [160], [162], [163], [255], [256]. Meanwhile, cognitive flexibility, the ability 

to update behavior based on new information, also shows conflicting results with some studies 

finding an impairment following a history of adolescent ethanol [160], [162], [163] or adult 

ethanol exposure [162],while others find no effect [244]. Sex may also differentially impact 

spatial memory performance with some studies finding increased locomotion in females [257], 

[258][259], but other studies finding improved performance in males[152], [260]. Overall 

conflicting data exists regarding persistent ethanol effects and sex effects on spatial learning, 

spatial memory, and cognitive flexibility. As the adolescent brain is still developing, ethanol 
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exposure during this period may more negatively impact the aforementioned behaviors than adult 

ethanol exposure.  

The Barnes Maze is a spatial learning and memory task that can be adapted to also assess 

cognitive flexibility [261]. The test is less stressful than the MWM, but behavioral testing in the 

open field, elevated plus maze, and Barnes Maze all increase corticosterone (CORT) levels 

[262], [263]. Aversive stimuli like fans, noises, or bright lights can be used to motivate the 

performance of the task [261]. The hypothalamus-pituitary-adrenal (HPA) axis is a negative 

feedback loop that increases CORT in response to HPA axis activation [77]. Chronic ethanol in 

adolescence leads to decreased CORT basally in adulthood, but following a stressor, is elevated 

[264]. Chronic ethanol may also lead to an anxiety-like phenotype with some studies finding an 

anxiety-like phenotype in the open field task and elevated plus maze[160], [265] two weeks after 

ethanol exposure [160], [265]. Meanwhile, other studies find no ethanol effect in the elevated 

plus maze or light-dark box two to three weeks after ethanol exposure [16], [18], [63]. Sex also 

impacts anxiety-like behaviors based on the task, with sex differences appearing in some tasks 

but not others [266], [267]. Furthermore, anxiety and depressive-like behaviors are strain-

specific [266], [267] with DBA/2J mice showing sex differences in open field test, but no sex 

effect in the elevated plus maze [267]. Therefore, chronic ethanol may negatively impact CORT 

levels during behavioral testing or result in an anxiety-like phenotype in the open field.  

The purpose of this study was to assess sex, age, and the persistent impact of intermittent 

binge ethanol on spatial memory, cognitive flexibility, and basal anxiety. Adolescent exposed 

mice displayed ethanol effects during training with decreased latency and increased speed, yet 

spent less time in the target quadrant during the spatial probe test. No difference in cognitive 

flexibility was observed in the adolescent-exposed cohort. In the adult exposed cohort, sex, but 
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not ethanol exposure, impacted performance on the Barnes Maze task with females reaching the 

goal box sooner than males. No difference in basal anxiety was observed in the open-field task in 

either age group. Together, this data suggests developmental age of ethanol exposure 

differentially impacts spatial learning and the stressful environment of the Barnes Maze may 

contribute to performance differences between the age groups.  

3.2 Materials and Methods 

3.2.1 Animals and Binge Ethanol Paradigm 

DBA2/J mice, males and females, were ordered from Jackson Laboratory (Bar Harbor, 

ME) arriving at PND 19-21 for experiments 1 & 3, PND 43 for experiment 2, and PND 50 for 

experiment 4. Mice were housed 4-5/cage with same sex conspecifics on a 15:9 light-dark cycle, 

due to an issue with light timer, for experiments 3 & 4 and a 12:12 light-dark cycle for 

experiments 1 & 2 with food and water available ad libitum. Both age cohorts underwent the 

same chronic intermittent ethanol paradigm [63], [268] with mice habituated to the oral gavage 

method with 2 days of 0.1% saccharine administration. Following habituation, mice were given 

4g/kg ethanol or water via oral gavage for 2 days followed by 2 days of abstinence. The 

ethanol/water window for the adolescent and adult exposed cohort was PND 29-42 and PND 64-

77 respectively, resulting in 4 groups per age cohort, CM, EM, CF, and EF (Fig.11). Behavioral 

testing was conducted 3 weeks after the last ethanol administration with investigators blind to the 

sex and treatment groups. In all cases, mice were habituated to the testing room each day for at 

least one hour before testing and behavioral equipment was cleaned with 70% ethanol between 

animals. All animal housing and care was conducted with the approval of the Virginia 

Commonwealth University IACUC Committee and in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals [218]. 
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Fig 11. Timeline of Chapter 3 experimental procedure.  Adolescent and adult DBA/2J mice 

underwent the same intermittent ethanol dosing paradigm from either postnatal (PND) 29-42 or 

PND 64-77. Three weeks following binge ethanol exposure, mice were assessed for behavioral 

changes in the open field and Barnes Maze tasks. A separate cohort of mice was used for each 

behavioral task. Figure created in Biorender. 

  

Experiment 4 

Experiment 1 

Experiment 2 

Experiment 3 
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3.2.2 Barnes Maze   

The Barnes Maze task was adapted from [269] with adolescent exposed mice undergoing 

testing from PND 63-77 (n=34,6-10/group) while adult exposed mice (n=28, 7/group) were 

tested from PND 98-114. Mice were habituated to the testing room at least 1 hour prior to 

testing. The Barnes Maze was 95 cm high and 92 cm in diameter with 20 holes (5 cm in 

diameter) with 1 escape box (20cm x 10cm) and placed in a brightly lit room (3000 lux) with 

distinct cues on each wall. Mice were given 2 trials a day each 3 minutes long with an ITI of 5 

minutes. On the first training day, the mouse was placed in a 150 mL glass beaker with a metal 

slab (16cm x 8cm) over the top, transported to the arena, and placed in the middle of the arena. 

The beaker was held in place for 15 seconds after which the beaker was removed and the mouse 

was freely able to explore the maze. The mouse was considered to have entered the goal box 

after it was no longer detected by the computer software (AnyMaze Software, Stoelting Co., 

Wood Dale, IL), at which the investigator turned off the room lights and placed a metal slab over 

the goal box entrance. The mouse remained in the goal box for 2 minutes and then was returned 

to its home cage for 3 minutes before starting the second trial. All objects and the maze were 

cleaned with 70% ethanol between each trial. On all subsequent training days, the beaker was 

immediately removed after the mouse was placed in the center of the maze. Mice were trained on 

the maze continuously until all groups reached a training criteria of latency < 35 seconds and 

errors < 5 to the goal box for 2 consecutive days. Once criteria were met on standard training, 

mice underwent a memory probe trial, twenty-four hours later, where the goal box was removed 

while the mouse spent 3 minutes on the maze. The next day, the goal box was moved 180 

degrees and mice began reversal training as described above. After meeting criteria again, a 

reversal probe trial was performed. During standard and reversal training the latency, speed, and 
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distance to the goal box were measured by the AnyMaze Software. The number of errors, visits 

to a hole that was not the goal box, and search strategy during training was recorded by a blind 

investigator either live or via video playback. Search strategy categories were adapted from [270] 

and consisted of 3 strategies seen in Table 4. Search strategy was live scored or by video 

playback with an investigator blind to sex and treatment. Any trials which did not import data 

but had videos were re-analyzed with AnyMaze and an investigator blind to sex and treatment 

groups.  
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Table 4. Search Strategy categories and definitions  

Table 4  

Search Strategy  Definition 

Direct  

Moving directly to goal box or adjacent holes prior to goal box or visiting less 

than 2 holes prior to goal box in a non-consecutive fashion 

Serial  Visits 2 or more holes prior to goal box in a consecutive fashion 

Random or Mixed  

Moving in an unorganized fashion, or demonstrating a combination of search 

patterns 
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3.2.3 Open Field   

The open field task was performed to assess anxiety-like behavior by measuring time 

spent in the center and periphery with increased time in the center associated with decreased 

anxiety [271]. An adolescent exposed (n= 25, 5-8/group) and adult exposed cohort (n=30, 6-

8/group) were assessed three weeks after the last ethanol dose. Mice were habituated to the 

behavior room 1 hour prior to testing then placed in a square locomotor activity box (41 x 41 x 

31 cm, Omnitech Electronics, Inc, Columbus, OH) with a center zone (25.63 x 25.63 x 31 cm) 

and periphery zone (41 x 7.69 x 31 cm). Mice were left undisturbed in the arena for 5 minutes 

and then returned to their home cage. One animal was excluded from the analysis due to 

technical issues during the test.  

3.2.4 Statistics    

All behavioral data was analyzed within each age cohort as the experiments were run at 

different times. Barnes Maze training data from the first trial was analyzed for latency, speed, 

distance, and errors via a three-way repeated measure ANOVAs with sex, treatment, and day as 

factors. Meanwhile, for probe day, two-way ANOVAs were performed within quadrant with 

treatment and sex as factors. Additionally, for reversal memory probe day, a three-way ANOVA 

was performed with quadrant, sex, and treatment as factors to assess time spend in the new target 

quadrant compared to the opposite quadrant. A mixed-effects model ANOVA was run if data 

was missing due to technical issues. The open field data was analyzed via two-way ANOVAs for 

duration, distance, and speed in the center and periphery zones. If significant interactions 

occurred in an ANOVA (p<0.05), a Tukey’s post hoc test was performed. P-values less than 

α=0.05 were considered significant. Behavioral data was analyzed with GraphPad Prism 

(GraphPad Software, San Diego, CA) with all data presented mean + standard error of the mean 
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(SEM). Search strategy was categorized into strategy type and analyzed via a Generalized 

Estimate Equation Poisson model with sex, treatment, and strategy as factors using the geepack 

package in R studio (Rstudio, PBC, Boston, MA URL http://www.rstudio.com/). Odds ratios 

(OR) and 95% confidence intervals (CI) were obtained using the “exp(cbind(OR=coef()” and 

“confint.default” function in R studio with statistical significance set at p<0.05 for all R studio 

analysis.  

3.3 Results   

3.3.1 Adolescent ethanol altered standard training on the maze, while the adult exposed cohort is 

impacted by sex.  

Adolescent exposed mice began testing on the Barnes Maze to evaluate spatial learning at 

PND 63, 3 weeks since the last ethanol administration. Data was separated by trial, as the focus 

of the study was on long-term memory changes due to ethanol. Trial 1 occurred following 

overnight consolidation (roughly 24 hours) after the last training session, but trial 2 occurred 5 

minutes after trial 1. As there was a focus on long term memory, the following data presented is 

from trial 1 rather than averaging data between the two trials. Latency to the goal box showed a 

significant main effect of ethanol [F (1, 30) = 6.774, p=0.0141] where ethanol treated mice 

reached the goal box sooner than controls (Fig. 12A). This ethanol effect was also reflected in 

speed to the goal box [F (1, 30) = 15.33, p=0.0005] with ethanol treated mice displaying a faster 

speed than controls (Fig. 12B). A history of ethanol did not impact the number of errors [F (1, 

30) = 3.275, p= 0.0804] (Fig. 12C) or distance traveled [F (1, 30) = 1.616, p=0.2134] (Fig. 12D) 

on the maze. Sex did not impact errors [F (1, 30) = 0.03614, p= 0.8505], latency [F (1, 30) = 

2.839, p=0.1024], speed [F (1, 30) = 0.4339, p=0.5151], or distance [F (1, 30) = 0.3521, 

p=0.5574] on the maze. Over the training days, all groups improved their performance, which 

http://www.rstudio.com/
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was observed as a main effect of day in latency [F (6, 180) = 67.13, p<0.0001], speed [F (6, 180) 

= 16.09, p<0.0001], errors [F (6, 179) = 3.646, p= 0.0019], and distance [F (6, 180) = 10.92, 

p<0.0001] (Fig. 12A-D). 

Adult mice underwent training on the Barnes Maze three weeks after the last ethanol 

administration on PND 98 with a four-day break taken between day 2 and 3 of training due to 

COVID -19. A prior treatment of ethanol did not impact latency [F (1, 24) = 0.004543, 

p=0.9468], speed [ F (1, 24) = 0.6363, p=0.4329], the number of errors [F (1, 24) = 3.361, 

p=0.0792], or distance [F (1, 24) = 1.060, p=0.3135] (Fig. 13A-D). Sex impacted adult 

performance on the maze with females showing a significant main effect of speed [F (1, 24) = 

5.471, p=0.0280], reaching the goal box faster than males (Fig. 13B). Meanwhile, no sex effect 

was found on latency [F (1, 24) = 1.790, p=0.1934], the number of errors [F (1, 24) = 0.02210, 

p=0.8831], or distance [F (1, 24) = 0.06207, p=0.8054]. Maze performance was similarly 

improved with training as seen by a main effect of day on latency [F (8, 192) = 53.06, p<0.0001], 

speed [F (8, 192) = 12.99, p<0.0001], and distance [F (8, 192) = 10.83, p<0.0001] (Fig. 

13A,B,D). The number of errors to the goal box showed no effect by day [F (8, 192) = 1.829, 

p=0.0738] (Fig. 13C). 
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Fig 12. Adolescent ethanol exposure decreases latency and increases speed on the Barnes 

Maze. Performance during standard training was altered by adolescent ethanol with ethanol 

exposed mice having a A) shorter latency and B) greater speed (n: CM=10, EM=10, CF=6, 

EF=8). Both C) total errors and D) distance on the maze was not impacted by prior ethanol 

exposure. Performance on the maze changed over day in each metric listed above. Data is 

presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** p<0.001, ****p<0.0001)  
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Fig 13. Sex, but not adult ethanol exposure alters speed on the Barnes Maze. During 

standard training adult ethanol exposure did not impact A) latency, B) speed, C) errors, or D) 

distance (n:7/group). However, sex altered B) speed with females travelling faster on the maze 

than males. Performance on the maze changed over day in latency, speed, and distance but not 

errors. Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** p<0.001, ****p<0.0001)  
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3.3.2 Spatial memory is impaired by adolescent binge ethanol but not adult binge ethanol.  

Once all groups reached the training criteria of a latency < 35 seconds and errors < 5 for 

2 consecutive days, both cohorts underwent a probe trial 24 hours after the last training day (on 

day 8 in adolescents and day 10 in adults) in which the goal box was removed from the maze to 

test spatial memory. Time spent in the target quadrant significantly differed in the adolescent 

exposed cohort due to a treatment*sex interaction [F (1, 30) = 4.991, p=0.0331] where control 

females spent more time in the target quadrant compared to all other groups. A main effect of 

treatment [F (1, 30) = 7.797, p=0.0090] was also observed with ethanol treated mice spending 

less time in the target quadrant than controls (Fig. 14A). Additionally, a significant sex effect 

was observed [F (1, 30) = 5.426, p=0.0268] with females spending more time in the target 

quadrant, but this appears to be driven by the control females. In the adult exposed cohort, time 

spent in the target quadrant did not differ by treatment [F (1, 24) = 0.2439, p=0.6259] or sex [F 

(1, 24) = 0.8242, p=0.3730] (Fig. 14B).  
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Fig 14. Adolescent ethanol exposure decreases time in the target quadrant. The standard 

probe trial revealed spatial memory was impacted by ethanol in the A) adolescent exposed cohort 

but not in the B) adult exposed cohort (n:7/group). Mice exposed to ethanol in adolescence spend 

less time in the target quadrant than control animals. A treatment*sex interaction was found in 

the adolescent exposed cohort with control females performing better than every other group (n: 

CM=10, EM=10, CF=6, EF=8). Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** 

p<0.001, ****p<0.0001)  

  

Adolescent Exposed Adult Exposed 



94 
 

3.3.3 Reversal training is altered by ethanol in adolescent exposed mice but sex in adult exposed 

mice.  

Following the probe trial, the goal box was moved 180 degrees and mice began training 

for the new location. Adolescent exposed mice displayed a significant effect of ethanol on 

latency [F (1, 30) = 17.67, p=0.0002] and speed [F (1, 30) = 23.81, p<0.0001] with ethanol 

treated mice reaching the goal box sooner and faster than controls (Fig. 15A & B). However, the 

number of errors [F (1, 30) = 0.0001385, p=0.9907] and distance on the maze did not differ due 

to treatment [F (1, 149) = 0.3435, p= 0.5587]) in the adolescent ethanol-exposed cohort (Fig. 

15C & D). Sex did not impact the performance on latency [F (1, 30) = 1.296, p=0.2639], speed 

[F (1, 30) = 1.007, p=0.3237], errors [F (1, 30) = 1.768, p=0.1936], or distance [F (1, 149) = 

0.9977, p= 0.3195]. A main effect of day was observed on latency [F (4, 120) = 31.04, 

p<0.0001], speed [F (4, 119) = 12.94, p<0.0001], and distance [F (4, 149) = 6.316, p<0.0001] but 

no day effect in errors [F (4, 120) = 2.079, p=0.0878] (Fig. 15A-D).  

The adult exposed cohort underwent the same reversal paradigm as the adolescent 

exposed cohort where ethanol treatment did not alter the performance in latency [F (1, 24) = 

0.09860, p=0.7562], speed [F (1, 24) = 0.02219, p= 0.8828], errors [F (1, 24) = 0.7858, 

p=0.3842], or distance [F (1, 24) = 0.01535, p= 0.9024] (Fig. 16A-D). A main effect of sex was 

observed on latency [F (1, 24) = 12.52, p=0.0017] and speed [F (1, 24) = 12.17, p= 0.0019] with 

females again performing better than males (Fig. 16A & B). The number of errors [F (1, 24) = 

0.05506, p=0.8165] and distance traveled not differ due to sex [F (1, 24) = 0.4973, p=0.4875].  A 

significant main effect of day was observed for latency [F (4, 96) = 35.22, p<0.0001], speed [F 

(4, 95) = 12.60, p<0.0001], the number of errors [F (4, 96) = 13.08, p<0.0001], and distance [F 

(4, 95) = 16.16, p<0.0001] (Fig. 16A-D).  
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Fig 15. Reversal training latency and speed are impacted by adolescent ethanol exposure.  

During reversal training A) latency and B) speed were still impacted by adolescent ethanol 

exposure with ethanol exposed mice making decreased latency and increased speed (n: CM=10, 

EM=10, CF=6, EF=8). No ethanol effect was observed on C) total errors or D) distance. A main 

effect of day was found for A) latency, B) speed, and D) distance but no effect observed for C) 

errors. Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** p<0.001, ****p<0.0001)  
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Fig 16. Sex impacts speed in adult exposed cohort during reversal training. During reversal 

training B) speed was still impacted by sex within the adult exposed cohort (n:7/group). No 

ethanol effect was observed on A) latency, B) speed, C) total errors, or D) distance. A main effect 

of day was found all metrics above. Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, 

*** p<0.001, ****p<0.0001)  
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3.3.4 Second probe trial unchanged by ethanol in both cohorts.  

Twenty-four hours after the last training a second probe trial was performed to assess if 

time spend in the new quadrant would differ due to sex or treatment. In the adolescent exposed 

cohort, time spent in the target quadrant did not differ by treatment [F (1, 30) = 0.007665, 

p=0.9308] or sex [F (1, 30) = 0.05106, p=0.8228] (Fig. 17A). The adult exposed cohort similarly 

showed no treatment [F (1, 24) = 0.02648, p=0.8721] or sex [F (1, 24) = 0.05900, p=0.8102] 

effect (Fig. 17B) with all groups spending a similar time in the target quadrant. A three-way 

ANOVA was used to compare time spent in the opposite quadrant, the standard target quadrant, 

to the new reversal target quadrant. A main effect of quadrant was found in the adolescent [F (1, 

30) = 10.47, p=0.0030] and adult [F (1, 24) = 4.471, p=0.0450] exposed cohorts where more time 

was spent in the new target quadrant (Fig. 17A & B) regardless of sex or history of ethanol. The 

second probe trial showed that both age groups spend more time in the target quadrant and 

showed no negative effect on memory due to ethanol.  
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Fig 17. No effect of ethanol or sex on the second probe trial. Following reversal training a 

second probe trial showed both A) adolescent exposed (n: CM=10, EM=10, CF=6, EF=8) and B) 

adult exposed mice (n:7/group) spent more time in the new target quadrant compared to the 

opposite target quadrant. No effect of ethanol or sex was observed on duration in the target 

quadrant. Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** p<0.001, 

****p<0.0001)  
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3.3.5 Search strategy is not impacted by ethanol or sex in either age cohort.  

 Search strategy was used to assess how search of the goal box location occurred over 

time, due to sex, and a history of ethanol exposure within each age cohort. In the adolescent 

exposure cohort during standard training, strategy use changed over time with higher odds of the 

serial (OR=1.5603, 95% CI= 1.30290;1.869, p= 0.0000013) and spatial (OR= 1.5109, 95% CI= 

1.16342;1.962, p= 0.00197) search strategy (Fig. 18). To investigate if treatment or sex impacted 

the odds of a used strategy, a separate analysis was conducted within a strategy. No difference in 

serial or spatial strategy was found due to sex or treatment. Within the adult, cohort the odds of 

using the spatial search strategy increased over time (OR= 1.4958, 95% CI=1.20636;1.8547, 

p=0.00024) (Fig.19). Treatment and sex did not alter the count of mice using the serial or spatial 

search strategy.  

In reversal training, the adolescent exposed cohort showed the same changes in strategy 

with increased odds of serial (OR=, 1.6811 95% CI= 1.4438;1.957, p= 0.000000000022) and 

spatial (OR= 2.3153, 95% CI= 1.7420;3.077, p= 0.0000000073) compared to random over time 

(Fig. 20). Within the serial and spatial categories, strategy use did not differ by treatment or sex. 

Meanwhile, the adult exposed cohort continued to show increased odds of spatial search strategy 

over time (OR= 2.1068, 95% CI= 1.5598;2.846, p= 0.00000119).  However, this did not differ by 

sex or treatment (Fig. 21).  
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Fig 18. Search strategy during standard training unchanged by adolescent ethanol 

exposure. During standard training all groups updated the strategy used to search the maze. All 

groups increased the use of the serial and spatial search strategy over time (n: CM=10, EM=10, 

CF=6, EF=8). Data is presented as proportion of used strategy.  (*, p<0.05, **p<0.01, *** 

p<0.001, ****p<0.0001)  
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Fig 19. Adult exposed cohort increases use of spatial search strategy over time during 

standard training. During standard training both sexes and treatment groups increased the use 

of the spatial search strategy over time. The use of the serial strategy did not change over time 

(n:7/group). Data is presented as proportion of used strategy.  (*, p<0.05, **p<0.01, *** 

p<0.001, ****p<0.0001)  
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Fig 20. Sex and adolescent ethanol do not impact reversal search strategy. Search strategy 

during reversal training is not impacted by sex or treatment in the adolescent exposed cohort. 

Both serial and spatial search strategy use is increased over time in all groups (n: CM=10, 

EM=10, CF=6, EF=8). Data is presented as proportion of used strategy.  (*, p<0.05, **p<0.01, 

*** p<0.001, ****p<0.0001)  
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Fig 21. Spatial search strategy increased over time in adults during reversal training. The 

adult exposed cohort regardless of sex or ethanol treatment increased the use of the spatial search 

strategy (n:7/group). Data is presented as proportion of used strategy.  (*, p<0.05, **p<0.01, *** 

p<0.001, ****p<0.0001)  
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3.3.6 Open field performance is unaltered by sex or treatment in either age group 

The open field task was used to assess general locomotion and anxiety-like phenotypes in 

a separate adolescent exposed and adult exposed cohort following a 3-week abstinence period 

from the ethanol paradigm. The adolescent exposed cohort showed no difference in the duration 

in the center of the arena due to treatment [F (1, 21) = 0.5654, p=0.4604] or sex [F (1, 21) = 

0.0003842, p=0.9845] (Fig. 22A). Similarly, the duration in the peripheral zone of the arena was 

unchanged by treatment [F (1, 21) = 0.4953, p=0.4893] or sex [F (1, 21) = 0.04716, p=0.8302] 

(Fig. 22B). Distance in the center showed no ethanol [ F (1, 21) = 3.949, p=0.0601] or sex effect 

[ F (1, 21) = 1.191, p=0.2875] (Figure 22 C). Meanwhile, distance in the periphery was 

unchanged by ethanol treatment [F (1, 21) = 0.6082, p=0.4442] and sex [F (1, 21) = 0.3357, 

p=0.5685] (Fig. 22D). Velocity in the center and peripheral zones were also unchanged by 

treatment (center: [F (1, 21) = 0.4077, p=0.5300], periphery [F (1, 21) = 1.169, p=0.2920]) or sex 

(center: [F (1, 21) = 0.006229, p=0.9378], periphery: [F (1, 21) = 0.07838, p=0.7822]) (Fig. 22 

E-F).  

The adult exposed cohort also showed no difference in performance, with duration in 

center and periphery not differing due to treatment (center: [F (1, 26) = 1.142, p= 0.2951], 

periphery [F (1, 26) = 1.224, p= 0.2787]) or sex (center: [ F (1, 26) = 0.07497, p= 0.7864], 

periphery: [F (1, 26) = 0.2993, p= 0.5890]) (Fig. 23 A-B). Likewise, distance in the center and 

peripheral zones did not differ due to ethanol treatment (center: [F (1, 26) = 0.08681, p= 0.7706], 

periphery: [F (1, 26) = 0.001813, p= 0.9664]) or sex (center: [F (1, 26) = 0.8490, p= 0.3653], 

periphery: [F (1, 26) = 0.01310, p= 0.9098]) (Fig. 23 C-D). Lastly, speed during the test was 

similarity unchanged in both zones by adult ethanol exposure (center: [F (1, 26) = 0.3533, 
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p=0.5574], periphery [F (1, 26) = 0.02399, p=0.8781]) or sex (center: [F (1, 26) = 0.3904, 

p=0.5375], periphery [F (1, 26) = 0.01563, p=0.9015]) (Fig. 23 E-F).  
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Fig 22. Adolescent ethanol exposure nor sex alters open field performance. No effect of 

adolescent ethanol or sex was observed on A) time in the center, B) time in the periphery, C) 

distance in the center, D) distance in the periphery, E) speed in the center, and F) speed in the 

periphery (n: CM=6, EM=8, CF=6, EF=5). Data is presented as mean +/- SEM.  (*, p<0.05, 

**p<0.01, *** p<0.001, ****p<0.0001) 
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Fig 23. Open field performance not impacted by adult ethanol exposure or sex. Three weeks 

after ethanol exposure, no effect of ethanol or sex was observed on A) time in the center, B) time 

in the periphery, C) distance in the center, D) distance in the periphery, E) speed in the center, 

and F) speed in the periphery (n: CM=8, EM=8, CF=8, EF=6). Data is presented as mean +/- 

SEM.  (*, p<0.05, **p<0.01, *** p<0.001, ****p<0.0001) 
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3.4 Discussion 

 Ethanol exposure has shown to result in memory impairments when ethanol is actively in 

the body [17], [254], but also following prolonged exposure when ethanol is no longer 

circulating in the body [16], [235], [236], [251]–[253]. The Barnes Maze is a commonly used 

apparatus to test spatial learning, spatial memory, and cognitive flexibility. While the Barnes 

Maze is less stressful than the MWM, the task still increases CORT without the use of bright 

lights or other aversive stimuli [263]. The use of mildly aversive stimuli, such as bright lights, is 

done to motivate completion of the task rather than increased exploration and thereby latency, 

errors, and distance to the goal [261]. Ethanol exposure may also lead to an anxiety-like 

phenotype [160], [214], [265] which may impact other tasks like the Barnes Maze. The present 

study found that the developmental age of ethanol exposure differentially impacted spatial 

memory and spatial learning. While adolescent ethanol exposure impacted performance on the 

maze, adult ethanol exposure did not alter any portion of testing. However, sex impacted both 

cohorts with adolescent exposure mice showing sex effects during standard probe, while the 

adult exposed cohort sex impacted standard and reversal training. A basal anxiety test, using the 

open field, revealed no effect of ethanol in either age group. Together this data shows that, 

within a stressful environment, adolescent ethanol exposure increases speed and decreases 

latency to the goal box, while negatively impairing spatial memory; yet the same ethanol 

exposure in adulthood results in no lasting behavioral changes. A summary of the Barnes Maze 

results following binge ethanol exposure can be found in Table 5.  
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Table 5. Summary of chapter 3 Barnes Maze results.

Standard Probe Reversal Probe 

Table 5

Age on Test 

Day Main Effect Latency (sec) Speed (m/s)

Number of 

Errors Distance 

Duration in Target 

Quadrant Latency (sec) Speed (m/s)

Number of 

Errors Distance 

Duration in 

Target 

Quadrant 

PND 63-76

Main Effect of 

Treatment (ethanol < control)    (ethanol > control)    (ethanol < control)    (ethanol < control)    (ethanol > control)    NS

PND 63

Main Effect of 

Sex (M< F) NS

PND 98-112

Main Effect of 

Treatment NS NS

PND 99

Main Effect of 

Sex NS (M< F) NS NS

Adult Exposed 

Cohort

NS NS

(M< F) 

NS

NS

NS 

NS

Standard Training Reversal Training 

Adolescent 

Exposed Cohort 

NS NS
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The standard probe test, which assessed spatial memory, revealed an ethanol*sex interaction 

only in the adolescent exposed cohort with the control female group performed better on the 

spatial probe task than any other group (Fig. 14). Meanwhile, adult ethanol exposure had no 

effect on performance in the standard probe test. Similar age differences are observed in studies 

when ethanol is in the body finding adolescents perform worse than adults on spatial memory 

[17], [254]. This is the first study to our knowledge to investigate persistent changes in spatial 

memory following binge ethanol in adolescents and adults. While some studies have also 

conducted the Barnes Maze test following adolescent ethanol exposure, those studies have not 

included a probe session to assess spatial memory. Our data is in line with other single trial tests 

showing impaired spatial memory following adolescent ethanol exposure [251]–[253]. The 

ethanol*sex interaction effect may be due to the hormonal effects and/or the absence of the goal 

box as a location cue. The control females performed better than any other group in the task, 

although no difference in estrus stage was confirmed via visual assessment (data not shown). 

While visual estrus assessment is less invasive than lavage/ cytology, visual assessment is less 

accurate [272]. Some control females may have been in the proestrus stage, rather than the 

observed diestrus stage, which has peak estrogen levels [273]. Studies have shown improved 

spatial memory on the probe trial of MWM [152] and increased dendritic spine density in CA1 

of the hippocampus [274] during proestrus. As our animals were not staged, it is possible 

differences in estrus stage contributed to control females spending significantly more time in the 

target quadrant. Furthermore, chronic ethanol exposure during adolescence can delay puberty 

onset, alter menstrual cycling, and blunt the estrogen rise typically seen in adolescence [79], 

[80]. Therefore, our adolescent ethanol female group may have dysregulated or decreased 

circulating estrogen levels, and may not have the cognitive benefits of increased estrogen at the 
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time of testing. Our ethanol animals may also have spent less time in the target quadrant due to 

using the goal box as a location cue rather than the cues places around the arena. Chow [152] 

found decreased spatial memory when animals are trained on a cued version of the MWM 

compared to a spatial version. As our ethanol mice had decreased latency and increased speed 

during training, it is possible the ethanol mice transverse the maze in search of the goal box 

rather than using the spatial cues around the arena to orientate themselves. Additionally, 

adolescent ethanol decreases hippocampal neurogenesis [68], [235], [252] while spatial learning 

increases hippocampal neurogenesis [152]. Meanwhile, reversal probe data showed no effect of 

adolescent or adult ethanol exposure (Fig.17). As our ethanol mice showed worse performance 

on the standard probe trial, suggesting impaired spatial memory, our second probe trial may be 

considered a measure of continued training rather than cognitive flexibility. Continued training 

has shown to improve memory [275]. Our reversal probe data is in line with Vetreno and Crews 

[255] finding no effect of adolescent ethanol on reversal probe performance. While Coleman 

[256] found ethanol treated mice spent less time in the target quadrant during MWM, their 

controls spent 25% of their time in the quadrant, therefore showing no preference for the target 

quadrant. The lack of a preference for a target quadrant suggests impaired memory formation in 

the controls and subsequently the effect of ethanol is questionable. Overall, the two probe trials 

suggest adolescent ethanol exposure and sex interact to impair spatial memory possibly due to 

estrogen levels, learning pattern, or impaired neurogenesis during spatial learning, which can be 

overcome with continued training.  

The standard training portion of the Barnes Maze assessed spatial learning while the reversal 

portion typically measures cognitive flexibility to the new goal box location. The adolescent 

exposed cohort revealed a persistent effect of ethanol on both standard and reversal training with 



112 
 

ethanol decreasing latency to the goal box and increasing speed (Fig. 12 & 15). While the 

adolescent data could be interpreted as an improvement in spatial learning, we do not think this 

is occurring, nor have we observed supporting data in the literature. Rather, the stressful 

environment of the maze in combination with adolescent ethanol exposure may lead to an 

exacerbated stress response leading to the increased speed and decreased latency. Chronic 

ethanol exposure in adolescence may dysregulate the HPA axis as ethanol increases CORT 

[264], [276], [277]. When examined in adulthood following a history of adolescent ethanol 

exposure basal CORT levels are decreased, while following an acute stressor, acute dose of 

ethanol, CORT levels increase compared to controls [264]. However, others have found 

adolescent ethanol exposure via vapor inhalation to blunt CORT levels when given ethanol, via 

intragastric catheter, in adulthood [276] or to result in no difference in CORT [277]. Differences 

between these studies may be due to differences in route of ethanol administration or length of 

ethanol exposure. While these studies varied in the effect of adolescent ethanol exposure on 

CORT levels they all noticed cellular differences due to ethanol with increases in corticotrophin-

releasing hormone, decreases in arginine vasopressin, and decreased cytokine mRNA expression 

in the hypothalamic paraventricular nucleus or blood [264], [276], [277]  Meanwhile, behavioral 

testing alone increases CORT [262], [263] which is further exacerbated in rodents with a history 

of stress with increased CORT compared to non-stressed matched rodents [262], [278]. 

Therefore, in our study a history of adolescent ethanol may have led to elevated CORT levels 

compared to controls during the Barnes Maze. Our open field data (Fig. 22) further suggests 

ethanol effects on locomotion are dependent on the environment with no differences observed in 

the open field (distance, time, or speed) with normal lighting conditions. Other studies have 

found an ethanol effect on the open field task [160], [265] and elevated plus maze [265] which 
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may be due to differences in testing procedure, ethanol dose, and ethanol exposure. While 

Coleman [160] used a higher ethanol dose (5g/kg) than our study, Fernandes [265] exposed their 

mice to 3g/kg of ethanol for a longer timeframe, PND 35-86. Therefore, greater exposure to 

ethanol either via a higher initial concentration or longer timeframe of ethanol exposure may lead 

to an anxiety like phenotype. Overall our open field data does not suggest an anxiety like 

phenotype following adolescent or adult ethanol exposure. Therefore, increased latency on the 

Barnes Maze may be due to environmental differences between the open field and Barnes Maze 

arena.  

Our adolescent exposed data is not in line with literature in which adolescent ethanol 

exposure persistently did not impacted spatial acquisition in the Barnes Maze, Radial Arm Maze, 

or MWM [18], [160], [163], [244], [255], [256]. The differences between our study and others 

may be due to a lower ethanol dose in other studies [163], [244] or differences in lighting 

intensity and therefore stress and motivation of the stimulus. Lighting conditions between Barnes 

Maze studies can vary with many studies not stating the lighting intensity [160], [263] and those 

that do using office room lighting (around 500 lux) [244]. As our lighting intensity (around 3000 

lux) is between outside overcast lighting and full day light, the stress from the brighter 

environment may be greater than of office lighting. The MWM does increase CORT levels more 

than the Barnes Maze task with unknown likely office light [263], but the use of bright light may 

further increase CORT levels. Conflicting data on the impact of adolescent ethanol on reversal 

training in a spatial task shows persistently negative impacts the first day of reversal learning 

[160], [163] or no effect [244], [256]. Negative effects of ethanol on reversal training may be due 

to a higher ethanol dose in the Coleman and Matthews study or due to paradigm differences 

between the studies. While our reversal training occurred 24 hours after standard probe day, 
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Coleman [160] gave their animals a 4-day break before beginning reversal training. As our 1st 

day of reversal training followed probe day, in which no goal box was present, exploration 

patterns may have been different than the Coleman study, in which the goal box location moved 

following the break. Furthermore CORT levels following stress differ by strain with elevated 

CORT in DBA/2J but not C57BL/6J following the elevated plus maze [278]. As Coleman [160] 

used C57BL/6J, CORT levels in their study may have been lower than our study which used 

DBA/2J. Therefore, differences in strain used, schedule of testing, lighting intensity, and ethanol 

dose may lead to differences in ethanol effect in training during the Barnes Maze. Overall our 

study shows the combination of adolescent ethanol exposure and a brightly lit (3000 lux) 

environment increases locomotion and speed in DBA/2J which is possibly due to elevated CORT 

levels.  

While training was impacted by ethanol in the adolescent exposed cohort, the adult exposed 

cohort only showed a sex effect in both standard and reversal with adult exposed females, 

regardless of treatment, displaying decreased latency and increased speed compared to males 

(Fig. 13 & 16). Our adult data is in line with other studies finding decreased latency in females 

[257]–[259] and increased speed [258] in the Barnes Maze or MWM. However conflicting data 

exists finding females with increased latency [152] or a trend towards increased latency [260] in 

the Barnes Maze or MWM. Sex differences between studies may be due to arena or strain 

differences. While O’Leary, Savoie, and Brown [260] used adult DBA/2J mice in the Barnes 

Maze task, the mice were individually housed and the arena used a buzzer as an aversive 

stimulus after thirty seconds into the task. Our task used bright lights to make the arena roughly 

3000 lux which may have motivated or stressed our animals more than the O’Leary study as our 

animals after 4 days of training reached the goal box sooner than the O’Leary study. Studies 
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have found C57BL/6J and ICR female mice to have higher CORT levels than male counterparts 

basally and following a minor stressor (saline injection) or behavioral testing (open field) [262], 

[279]. Therefore, our sex effect in latency may reflect a strain difference that is exacerbated by 

bright light as an aversive stimulus.  

Search strategy used during the Barnes Maze changed over time, but not due to sex or 

ethanol treatment in either age cohort during standard and reversal training phases. While the 

adolescent exposed cohort showed increased serial and spatial training over time (Fig. 18-19) the 

adult exposed cohort only showed an increase in spatial strategy (Fig. 20-21). This data is in line 

with Youn [280] finding increased use of the spatial strategy over time in adult male mice. 

Overall, this study found no difference due to sex or ethanol on strategy but that the use of serial 

and spatial strategies increased over time.  

This study has several limitations due to the testing paradigm, issues obtaining animals, 

animal health issues, and COVID-19. First this study is limited by not testing mice that ran on 

the Barnes Maze for an anxiety like phenotype or collected blood to assess circulating CORT. 

This can be mitigated in the future by performing an anxiety test prior to the Barnes Maze, 

collecting saliva during the task, collecting blood after the task, or manipulating CORT levels 

during the task. Additionally, the testing criteria used to ensure the mice learned the goal box 

location before the rule set shift limited the ability to combine cohorts as different cohorts trained 

for a different number of days. Meanwhile, the length of the Barnes Maze paradigm and 

availability of 1 arena limited the number of animals that could be tested per day. Therefore, the 

adolescent exposed and adult exposed cohorts had to be run at separate times limiting statistical 

comparison between the two aged cohorts. These procedural limitations can be reduced by 

switching to a set number of training days, increasing the number of Barnes Maze arenas, and 
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increasing the number of personal conducting the study. Furthermore, the adolescent exposed 

spatial memory data (Fig. 14) is driven by the control females with a n=6, which is lower than 

the planned n=13/group. This study occurred in 2021 in which the lab was still struggling to 

obtain adolescent animals from Jackson Laboratory (Bar Harbor, ME). Additionally, another 

adolescent cohort was unable to be used due to health issues with a female pseudopregnancy, and 

incorrect sex identification. Future studies can reduce these limitations by increasing the number 

of animals per group, increasing the number of arenas, dividing testing based on sex, or choosing 

a set number of training days. Lastly, the adult exposed cohort used in this study had a 4-day 

break in training after day 2, due to COVID-19 in the lead investigator. Future studies can 

include additional personal trained on the task that have handled the mice to avoid breaks in 

testing due to illness.  

3.5 Conclusion 

This study found binge ethanol during adolescence negatively impacted spatial memory 

performance while promoting increased latency and speed during training when tested in 

adulthood. Furthermore, continued training during the reversal phase resulted in improved 

memory performance in the second probe trial. Meanwhile, adult ethanol exposure did not 

impact any portion of Barnes Maze testing, further highlighting the impact developmental age 

has on ethanol induced memory deficits. Additionally, sex impacted spatial memory and spatial 

learning with females performing better than males, which may have been impacted by the 

interaction of stress, sex, and ethanol. Future studies may address the impact of estrogen 

modulation and ethanol on memory performance. Additional studies may address changes in 

CORT due to sex and ethanol on the Barnes Maze. In conclusion, this study found age of ethanol 

exposure differentially impacted spatial memory and spatial learning on the Barnes Maze.  
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Chapter 4 

Binge ethanol exposure alters CREB protein expression but not 

CRE-based gene expression   

 

4.1 Introduction 

Memory is a complex process involving stimuli encoding, consolidation, and retrieval 

which aids in an animal’s everyday needs. The modality of memory such as recognition, spatial, 

or emotion-based memory, requires different brain region contributions and circuitry [136]. 

Furthermore, the ITI of a memory task can make the same modality of memory a working, short-

term, or long-term memory task, involving different brain regions [105], [106], [136]. The short-

term NOR task previously used by Bent [268] involves the dHPC [138], [139], [142], [143]. 

While long-term memory in the Barnes Maze task of Chapter 3 involves the mPFC [142], [151] 

and the dHPC [134], [138], [152]. Adolescent ethanol exposure impairs short-term NOR [16], 

[235] and long-term spatial memory [251]–[253]. Meanwhile, adult ethanol exposure does not 

lead to the same NOR [16], [235], [268] and spatial memory deficits [254]. Differences in 

ethanol memory impairments in adolescents and adults may be due to the ongoing adolescent 

brain development with the frontal and temporal cortices experiencing grey matter pruning later 

in adolescence than other brain regions [85]. Additionally, place and grid cells that aid in spatial 

representation mature during adolescence [119], [120]. As the adolescent brain is still 

developing, ethanol during the developmental timepoint may have more lasting effects on the 

dHPC and mPFC which play a role in object recognition and spatial memory.  



118 
 

Various proteins are involved in successful memory performance with CBP involved in 

both short-term and long-term spatial and recognition memory [176], [185], [192], [193], [196]. 

CBP is a 265 kDa protein that plays a wide role in cellular processes including neurogenesis, 

dendritic morphology and density, histone acetylation, and transcription due to its 9 binding 

domains [188]–[190], [281]. Studies have found impairing various binding domains of CBP, thus 

inactivating certain protein-protein interactions, impairs memory performance [178], [185], 

[192]. During transcription, CBP can interact with several transcription factors, such as CREB 

following phosphorylation by upstream kinases like CAMKIV, PKC, or PKA, which are 

activated by calcium and also implicated in memory [167], [175] (Fig. 24). Other transcriptional 

machinery is also recruited for transcription such as CREB-regulated transcription coactivator 1 

(CRTC1) which interacts with CREB, and NCOA1 which interacts with CBP [180], [187]. Both 

CRTC1 and NCOA1 are implicated in long-term memory with overexpressing CRTC1 

increasing CREB mediated transcription and memory performance [282] while decreasing 

NCOA1 decreases spine density and impairs spatial memory [283]. While the aforementioned 

factors interact together for transcription, they are also implicated in synaptic plasticity and 

memory with changes in total protein expression impacting these functions. Additionally, while 

intermediate and long-term memory includes the effects of transcription and protein synthesis, 

short-term memory does not allow time for protein synthesis to occur [105], [106], [284]. 

Ethanol in adolescence or early life decreases CBP protein expression in the amygdala and 

cerebellum [59], [71] and CREB protein expression in the amygdala, PFC, and HPC [59], [60]. 

Meanwhile, Wolstenholme [63] found decreased gene expression of Cbp, Ncoa1, and Crtc1 and 

increased expression of potassium large conductance calcium-activated channel, subfamily M, 

beta member 1 (Kcnmb1), the beta 1 (β1) subunit of the BK channel, 3 weeks after adolescent 
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ethanol exposure in the mPFC. The BK channel is a calcium and voltage sensitive potassium 

channel with channel activation differing by voltage, intracellular calcium, intracellular 

magnesium, and subunit composition [285]. The β1 subunit, found in smooth muscle tissue and 

vasculature but limitedly in the brain, is associated with increased calcium but decreased voltage 

sensitivity [286]. In myocytes ethanol effects differ with subunit composition, where KO of β1 

potentiates channel opening, while wild type controls with native BK channels displayed channel 

inhibition [286]. Channel inhibition by β1 is further driven by calcium levels in oocytes with 

additional β1 switching the channel from open to closed at lower calcium concentrations (about 3 

µM) than wild type controls [286]. Meanwhile in the brain, BK channels play a role in action 

potential hyperpolarization and refractory period with BK channels generally closed at rest 

[285], [287]. Differences in BK channel state and activity appears to differ by the factors 

mentioned above but also brain region and the presence of other channels involved in calcium 

and potassium signaling [285]. Deletion of the β1 subunit is associated with elevated risk for 

alcohol dependence [285], accelerated ethanol escalation [288], and reduced tolerance to ethanol 

sedation [289]. While several studies have explored β1 channel properties in relation to ethanol 

or ethanol behaviors, the Wolstenholme [63] study is the first study to our knowledge showing 

altered β1 subunit gene expression in the brain following ethanol exposure. Within the Nac, BK 

channels occasionally open at resting membrane potential while as the membrane depolarizes the 

channel opens more frequently towards to state of permanently open [287]. BK channels also 

increase channel potentiation at -40 mV as calcium concentration increases [287]. Ethanol 

potentiates BK channels in the Nac in the soma but not the dendrites likely mediated by beta 4 

(β4) [287]. Indeed Martin [287] found β4 increased open probability with ethanol, while β1 did 

not. Therefore, the increase in β1 following adolescent ethanol may be a means of decreasing 
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ethanol sensitivity in the brain but may also alter BK channel potentiation in the absence of 

ethanol due to increased calcium sensitivity. As CBP manipulation in the dHPC and mPFC 

impairs spatial and recognition memory [185], [193], [195], [196], understanding the protein 

landscape of both brain regions may provide further insights into ethanol-induced changes in 

memory performance.  

The purpose of this study was to investigate the impact of binge ethanol in adolescence or 

adulthood on the expression of proteins involved in memory, the protein-protein interactions of 

CREB, and whether CREB-mediated gene expression was altered by adolescent ethanol. We 

hypothesized that CBP, NCOA1, and CRTC1 protein expression would be decreased by 

adolescent but not adult ethanol exposure and that other signaling proteins (CREB, CAMKIV, 

CAMKII, CAM, PKA, PKC) may also be decreased in the adolescent cohort (Fig. 24). 

Meanwhile, we hypothesized that CREB protein interactions and CREB-mediated gene 

expression would be decreased by adolescent ethanol exposure. This study found that CREB, but 

not CBP, protein expression was altered by an interaction of ethanol exposure and sex in the 

mPFC and dHPC, but CREB protein interaction with CAMKIV and CREB-mediated gene 

expression was not altered by ethanol exposure. Lastly, upstream regulator analysis revealed that 

genes related to cell proliferation, immune response, neuronal synapse assembly, and 

hippocampal dendritic length are mediating gene expression changes following adolescent 

ethanol exposure. This study suggests that CREB protein expression is altered by ethanol 

exposure in a sex-dependent manner, but gene expression changes following adolescent ethanol 

is mediated by other genes besides CREB.  
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Fig 24. Hypothetical cellular cascade in a glutamatergic neuron following adolescent 

ethanol exposure. Following a three-week ethanol abstinence period from adolescent ethanol 

exposure, we hypothesize DBA/2J mice will have decreased CBP, NCOA1, and CRTC1 protein 

expression which may disrupt CREB mediated transcription. Meanwhile increases in the β1 

subunit of the BK channel may have altered the receptor leading to potentiation, and potassium 

efflux, in a low calcium enviornment. Therefore, the NMDAR may not open leading to 

decreased calcium internally inhibiting calcium mediated kinase activation of CAMKII, 

CAMKIV, CAM, PKA, and PKC in the ethanol exposure animals. Meanwhile, we hypothesize 

water exposed mice have uninterrupted calcium signaling and normal CBP, NCOA1, and 

CRTC1 protein expression leading to CREB mediated transcription.   
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4.2 Materials and Methods 

4.2.1 Animals and Binge Ethanol Paradigm 

DBA2/J male and female mice were ordered from Jackson East Laboratory (Bar Harbor, 

ME) and were housed in facilities at Virginia Commonwealth University with food and water 

available ad libitum until tissue collection. The adolescent cohort was ordered at PND 19-21 

while the adult cohort was ordered at PND 58-60. Mice were housed 4-5/cage with same-sex 

conspecifics on a 12:12 light-dark cycle. Both age cohorts underwent the same chronic 

intermittent ethanol paradigm [63], [268] in which ethanol (25% w/v) or water was administered 

by oral gavage for 2 days followed by 2 days of abstinence. Mice were habituated to the oral 

gavage method with 2 days of 0.1% saccharine administration. The ethanol/water dosing window 

for the adolescent cohort was PND 29-42 while the adult cohort was dosed from PND 64-77 and 

resulted in 4 groups per age cohort, control males (CM), ethanol males (EM), control females 

(CF), and ethanol females (EF). Following the last ethanol, dose mice were left undisturbed for 

three weeks at which point brain tissue was collected for further analysis (Fig. 25). In experiment 

1, the adolescent-exposed and adult-exposed cohorts consisted of 8/group (n=32). The 

adolescent-exposed cohort lost 1CF due to issues affiliated with gavage, while the adult-exposed 

cohort lost two mice (1 CF, 1 EM). Experiment 2 used the same dHPC samples as experiment 1 

but, due to use in the prior experiment and needing a large volume of lysate, the adolescent-

exposed cohort contained 6-8/group, while the adult-exposed cohort included 3-6/group. 

Experiment 3 used the gene lists from [63] DBA2/J male and female mice (n=39) in which tissue 

was collected at PND 66 following the same adolescent binge ethanol paradigm described above 

with 1 CF lost during the microarray process. All animal housing and care were conducted with 
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the approval of the Virginia Commonwealth University IACUC Committee and in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals [218]. 
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Fig 25. Timeline of Chapter 4 experimental procedure.  Adolescent and adult DBA/2J mice 

underwent the same intermittent ethanol dosing paradigm from either postnatal (PND) 29-42 or 

PND 64-77. Three weeks following binge ethanol exposure, mPFC and dHPC tissue were 

collected for A) western blot analysis, while dHPC tissue was only used in B) co-

immunoprecipitation analysis. C) A gene list from Wolstenholme et al 2017 was used for the 

bioinformatics analysis. Figure created in Biorender. 
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4.2.2 Western Blot Analysis 

Following the last ethanol dose mice were left undisturbed for three weeks, until PND 63 

or 98 for the adolescent-exposed and adult-exposed cohort, respectively. At the respective ages, 

whole brains were collected, following cervical dislocation, rapid decapitation, and flash 

freezing, for further analysis in experiment 1. Animal dosing and tissue collection occurred at 

separate times for the adult and adolescent cohorts, after which all western blot analysis was 

performed for both age cohorts at the same time. Whole brains were stored in a -80-degree 

freezer until mPFC and dHPC tissues were dissected from the frozen brain using a cryostat to 

maintain the tissue at -16°C. mPFC was collected from a midline wedge shaped cut from 1.4 mm 

to 0.5 mm from Bregma and from dHPC collected from -1.5 mm to -3.5 mm [224]. Frozen tissue 

was homogenized using sonication in a lysis buffer (1M Tris, pH 8.0, 5M NaCl, 1% NP 40). The 

Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, Rockford, IL) was used to determine 

protein concentration. Ten microgram samples were run with 10% NuPage 10X Sample 

Reducing Agent (ThermoFisher Scientific, Rockford, IL), 25% LiCor 4X Sample Loading 

Buffer (LI-COR Biosciences, Lincoln, NE), lysis buffer, and 1X Halt™ Protease Inhibitor 

Cocktail (ThermoFisher Scientific, Rockford, IL). Samples were heated for 10 minutes at 70°C 

then samples were separated with gel electrophoresis. To assess proteins > 100 kDa, samples 

were run on 3-8% tris-acetate gels (ThermoFisher Scientific, Rockford, IL) with the Spectra™ 

Multicolor High Range Protein Ladder (ThermoFisher Scientific, Rockford, IL). Meanwhile, 

proteins < 100 kDa were run on 4-12% bis-tris gels (ThermoFisher Scientific, Rockford, IL) with 

LiCor Chameleon Kit Pre-Stained Protein Ladder (LI-COR Biosciences, Lincoln, NE). Gels 

were run at 125V for approximately 1 hour then transferred wet overnight (14-16 hours) onto an 

Immobilon®-FL PVDF Membrane (Millipore, Merck KgaA, Darmstadt, Germany) at 4°C at 
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10V. Membranes were blocked for 1 hour at room temperature with LiCor Intercept (TBS) 

Blocking Buffer (LI-COR Biosciences, Lincoln, NE), then incubated in primary antibody in 

LiCor Intercept (TBS) Blocking Buffer (LI-COR Biosciences, Lincoln, NE) rotating for 19 hours 

at 4°C. The following antibodies and concentrations used in this experiment can be found in 

Table 6. While phosphorylated CREB (pCREB) or CBP (pCBP) are involved in transcription 

and is measured to determine activity of said protein, this study did not include these 

phosphorylated proteins as the focus was not on protein activity. Rather the focus of the study 

was to investigate protein expression changes following ethanol that may be associated with both 

the short-term memory, protein synthesis independent, and long-term memory, protein synthesis 

dependent, memory deficits [284]. Additionally, the literature has observed decreased CREB 

protein expression in the amygdala and cingulate gyrus [59], [64] following adolescent ethanol 

exposure indicating ethanol can decrease CREB protein expression. Membranes were then 

washed and incubated with a Licor IRDye® 680RD Donkey anti-Rabbit IgG Secondary 

Antibody, IRDye® 800CW Donkey anti-Rabbit IgG Secondary, or IRDye® 800CW goat anti-

Mouse IgG Secondary Antibody (LI-COR Biosciences, Lincoln, NE) in LiCor Intercept (TBS) 

Blocking Buffer (LI-COR Biosciences, Lincoln, NE) for 1 hour at room temperature at a 

1:15,000 concentration. Membranes were imaged for fluorescence with a Li-Cor Odyssey 

Scanner (LI-COR Biosciences, Lincoln, NE). Proteins were quantified for integrated density via 

ImageJ (NIH, Bethesda, Maryland) [290] and normalized to Beta-actin as the reference control. 

An age difference was observed in beta-actin, as well as GAPDH and total protein density via 

three-way ANOVA, so an adjustment factor per blot was used to correct for the age effect. For 

each set of blots, the average adult-exposed and adolescent-exposed beta-actin integrated density 

was determined. Then, the difference between the two age cohorts was determined. The 
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integrated density for each adolescent-exposed beta-actin well was then divided by the age 

density difference to create a new age-adjusted beta- actin integrated density. Adolescent-

exposed proteins of interest were then normalized to the newly adjusted beta-actin. Some 

samples did not express a quantifiable band for the various 9 antibodies resulting in a different 

number of total animals per target but resulted in 6-8/group in the mPFC samples and 4-8/group 

in the dHPC.   
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 Table 6. List of primary antibodies  

   

Table 6 

Protein  Manufacturer Catalogue Number  Host Species Concentration  

CBP Invitrogen PA5-27369 Rabbit 1:500 

NCOA1 Invitrogen PA1-840 Rabbit 1ug/mL 

CRTC1 Invitrogen PA5-17365 Rabbit 1:500 

CREB Proteintech 12208-1-AP Rabbit 1:500 

CAMKIV  Invitrogen PA1-542 Rabbit 1:500 

CAMKII Invitrogen PA5-17095 Rabbit 1:500 

CAM Proteintech 10541-1-AP Rabbit 1:8000 

PKC Thermo Fisher Scientific PA5-17551 Rabbit 1:500 

PKA Proteintech 24503-1-AP Rabbit 1:500 
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4.2.3 Co-immunoprecipitation Analysis  

In experiment 2, the same dHPC tissue used for immunoblots was used following the 

sample preparation and protein quantification in experiment 1. Due to the quantity of protein 

needed, multiple aliquots from a single animal were pooled and, in some cases, there was not 

enough lysate to run a sample. To preserve the number of biological replicates, samples were not 

pooled. This led to n=6-8/group in the adolescent-exposed cohort, while the adult-exposed cohort 

included 3-6/group. The Pierce™ Protein A/G Magnetic Beads manual immunoprecipitation 

protocol (ThermoFisher Scientific, Rockford, IL) was followed with the following modifications. 

500 ug of protein lysate was combined with 0.5 ug/ul of CREB1 Polyclonal antibody 

(Proteintech Group, Inc, Rosemont, IL) in a total volume of 500 ul of lysis buffer (1M Tris, pH 

8.0, 5M NaCl, 1% NP 40) and 1X Halt™ Protease Inhibitor Cocktail (ThermoFisher Scientific, 

Rockford, IL) and rotated for 24 hours at 4°C. The samples were washed as indicated in the 

manufacturer’s protocol and eluted at room temperature for 10 minutes in 50 ul of elution buffer 

(5 ul of NuPage 10X Sample Reducing Agent (ThermoFisher Scientific, Rockford, IL), 12.5 ul 

of LiCor 4X Sample Loading Buffer (LI-COR Biosciences, Lincoln, NE), and 32.5 ul of lysis 

buffer with 1X Halt™ Protease Inhibitor Cocktail). Following elution, samples were separated 

with gel electrophoresis following 10 minutes on a heat block at 70°C. Samples were run on a 

tris-acetate gel (ThermoFisher Scientific, Rockford, IL) with the Spectra™ Multicolor High 

Range Protein Ladder (ThermoFisher Scientific, Rockford, IL) at 120 V for 1 hour. Proteins 

were then transferred wet overnight (14 hours) onto an Immobilon®-FL PVDF Membrane 

(Millipore, Merck KgaA, Darmstadt, Germany) at 4°C at 10V. Following the transfer, 

membranes were cut into 4 horizontal strips cut just between the ladder mark for 150 kDa, 65 

kDa, and 50 kDa. Membranes were blocked for 1 hour at room temperature with LiCor Intercept 
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(TBS) Blocking Buffer (LI-COR Biosciences, Lincoln, NE) then incubated in primary antibody 

rotating for 19 hours at 4°C. The following antibodies and concentrations used in this experiment 

can be found in Table 6. Membranes were then washed and incubated with a Licor IRDye® 

680RD Donkey anti-Rabbit IgG Secondary Antibody or IRDye® 800CW Donkey anti-Rabbit 

IgG Secondary (LI-COR Biosciences, Lincoln, NE) for 1 hour at room temperature. Membranes 

were imaged for fluorescence with a Li-Cor Odyssey Scanner (LI-COR Biosciences, Lincoln, 

NE) and bands were quantified with ImageJ (NIH, Bethesda, Maryland) using integrative 

density. Phosphorylated CREB was not part of this analysis as CREB interactions with CRTC1 

and CAMKIV is not dependent on phosphorylation [175], [291] and the observed ethanol effect 

was occurred in total CREB. In the adult cohort, 3 EF did not express CREB following the co-

immunoprecipitation process. Meanwhile, following CAMKIV primary antibody hybridization, 

the adolescent-exposed and adult-exposed cohort showed no band, due to a lack of antibody 

binding, and was not used for further analysis (adolescent-exposed: 5 CM, 2 EM, 2 CF, 3EF; 

adult-exposed: 1 EM, 1 CF, 2 EF). 

4.2.4 Bioinformatics Analysis  

To investigate if CREB-mediated gene expression was altered due to changes in protein 

expression, a gene overlap analysis was performed using a gene list from Wolstenholme [63] 

which found genes that differed due to adolescent ethanol exposure from Signal space 

transformation RMA (sstRMA) analysis. Genes changed due to adolescent ethanol from 

Wolstenholme [63] (n=624) and Zhang [292] (n=3,554) list of genes with full (TGACGTCA) or 

half CRE (TGACG/CGTCA) sequences upstream genes on the mouse genome (mm3 released in 

2002) sequence was compared using the Bioconductor package GeneOverlap v1.32.0. We chose 

the Zhang [292] CRE dataset as other datasets used microarrays, and therefore only examined a 
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subset of genes, or conducted in other tissue samples than the brain. Genes found to overlap 

between the two lists were assessed for molecular function, biological processes, and cellular 

components using the gene ontology over-representation analysis from ToppFun compared to the 

human genome [293]. A false discovery rate of 1 for a gene limit of > 2 and < 1000 were 

included in the analysis with the top 5 molecular function, biological process, and cellular 

components are represented later below. Next, to investigate if CREB was a potential upstream 

regulator of the differentially expressed genes in Wolstenholme [63] and to also identify other  

upstream genes which may impact the differential gene profiles observed in Wolstenholme [63] 

due to adolescent ethanol exposure, an upstream regulator analysis using software from 

Ingenuity Pathway Analysis (IPA) (Qiagen, Redwood City, CA) was conducted [294]. The 

upstream regulator analysis uses IPA’s ingenuity knowledge base of approximately 5 million 

findings to determine an overlap p-value and activational Z-score. The overlap p-value measures 

enrichment of the network regulated genes in the investigator’s database by measuring a 

significant overlap between the investigator’s database and genes regulated by a regulator in 

IPA’s database using a Fisher’s exact test. While the Z-score finds likely regulating targets based 

on IPA database of a significant up or down regulation. In some cases, the database has an equal 

weight of evidence predicting up and down regulation resulting in a Z-score=0.  

4.2.6 Statistics  

The western blot data was analyzed via three-way ANOVSs with sex, treatment, and age 

as the factors. While 9 proteins were assessed in the analysis, a multiple test correction was not 

performed as the method is typically used when assessing -omics data with thousands of targets 

of interest. Additionally, in these analyses, each protein assessed is considered an independent 

experiment. The multiple correction on such a low number of targets in this study could 
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overcorrect occluding possible biological effects due to ethanol. Co-immunoprecipitation data 

was analyzed between age cohorts using three-way ANOVAs with ethanol treatment, age, and 

sex as factors. If a significant interaction occurred (p<0.05), a Tukey’s post hoc test was 

performed. P-values less than α=0.05 were considered significant. Data was analyzed with 

GraphPad Prism version 10.0.2 (GraphPad Software, San Diego, CA) with all data presented as 

mean + standard error of the mean (SEM). 

4.3 Results  

4.3.1 Binge ethanol increased CRTC1 and CAMKII protein expression in the mPFC, while 

ethanol and sex alter CREB expression.  

We previously reported the gene expression of Cbp, Ncoa1, and Crtc1 were decreased by 

adolescent ethanol three weeks after the last ethanol exposure [63]. To assess changes in protein 

expression of these targets, CREB, and the upstream kinases for CREB and CBP activation, the 

dHPC and mPFC were dissected three weeks following the last ethanol exposure in adolescent 

and adult exposed mice of both sexes. Within the mPFC, two proteins showed a main effect of 

ethanol with ethanol increasing CRTC1 [F (1, 49) = 4.136, P=0.0474] and CAMKII expression 

[F (1, 50) = 4.625, P=0.0364] (Fig. 26 D&H). Meanwhile, CREB expression showed a 

treatment*sex interaction [F (1, 47) = 9.576, P=0.0033] (Fig. 26 E). A Tukey’s multiple 

comparison test revealed that within the control animals, adult-exposed males were significantly 

different from the adult-exposed females and adolescent-exposed males. The other quantified 

proteins did not show a main effect of ethanol treatment on protein expression (CBP [F (1, 47) = 

0.6301, P=0.4313], NCOA1 [F (1, 48) = 0.8732, P=0.3547], CAMKIV [F (1, 51) = 1.345, 

P=0.2516], CAM [F (1, 50) = 0.08833, P=0.7675], PKC [F (1, 49) = 0.09406, P=0.7604], PKA 

[F (1, 50) = 1.268, P=0.2655]). Several proteins showed a main effect of age in which adult-
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exposed animals had a greater protein expression than adolescent exposed mice (CRTC1 [F (1, 

49) = 11.47, P=0.0014], CREB [F (1, 47) = 14.89, P=0.0003], CAMKIV [F (1, 51) = 23.98, 

P<0.0001], CAMKII [F (1, 50) = 23.52, P<0.0001], PKC [F (1, 49) = 12.51, P=0.0009], and 

PKA [F (1, 50) = 23.46, P<0.0001]). CAMKIV also showed an age*sex interaction [F (1, 51) = 

7.564, P=0.0082], in which control adult-exposed males had greater CAMKIV expression than 

control adult-exposed females and adolescent-exposed males (Fig. 26 F). CBP [F (1, 47) = 2.704, 

P=0.1067], NCOA1 [F (1, 48) = 3.594, P=0.0640], and CAM [F (1, 50) = 1.108, P=0.2976] did 

not show a main effect of age (Fig. 26 B, C, &G). Lastly, sex impacted the expression of two 

proteins CREB and CAMKIV via a treatment*sex and age*sex interaction respectively 

mentioned above. No other proteins displayed a sex effect (CBP [F (1, 47) = 0.4053, P=0.5275], 

NCOA1 [F (1, 48) = 0.06127, P=0.8056], CRTC1 [F (1, 49) = 4.010, P=0.0508], CAM [F (1, 50) 

= 0.01002, P=0.9207], CAMKII [F (1, 50) = 0.6934, P=0.4090], PKC [F (1, 49) = 0.2552, 

P=0.6157], and PKA [F (1, 50) = 1.361, P=0.2488]) (Fig. 25 B-J). 
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Fig 26: mPFC protein expression changes in adolescent and adult-exposed mice impact CREB, CRTC1, and CAMKII. E) CREB protein expression showed a treatment*sex interaction in all 

groups with control adult-exposed males showing greater expression than control adult-exposed females or adolescent-exposed males. D) CRTC1 and H) CAMKII also showed an ethanol effect with 

increased protein expression in ethanol-exposed animals from both age cohorts. F) CAMKIV also showed an age*sex effect with adolescent-exposed males showing decreased expression compared to 

their adult-exposed counterparts. Several proteins differed by age but not ethanol treatment or sex. Adult-exposure cohort and adolescent-exposed cohort (n=6-8/group). Data is presented as mean +/- 

SEM.  (*, p<0.05, **p<0.01, *** p<0.001, ****p<0.0001) 
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4.3.2 CREB protein expression in the dHPC was modulated by ethanol and sex.  

Next, we examined the protein expression in the dHPC as the brain region plays a role in 

spatial and object recognition. One protein, CREB, showed an ethanol effect via a treatment*sex 

interaction [F (1, 51) = 4.767, P=0.0336] with no significant posthoc comparisons (Fig. 27 D). 

Meanwhile, the other proteins showed no effect due to ethanol (CBP [F (1, 49) = 1.086, 

P=0.3024], NCOA1 [F (1, 51) = 0.8680, P=0.3559], CRTC1 [F (1, 34) = 0.09151, P=0.7641], 

CAMKIV [F (1, 50) = 0.4668, P=0.4976], CAM [F (1, 51) = 0.3934, P=0.5333], CAMKII [F (1, 

48) = 0.1714, P=0.6807], PKC [F (1, 48) = 0.8075, P=0.3733], and PKA [F (1, 50) = 1.313, 

P=0.2573]). Age again impacted several proteins with the adult-exposed animals showing 

increased expression compared to the adolescent-exposed cohort (CBP [F (1, 49) = 4.514, 

P=0.0387], NCOA1 [F (1, 51) = 8.234, P=0.0060], CAMKIV [F (1, 50) = 16.88, P=0.0001], 

CAMKII [F (1, 48) = 5.319, P=0.0254], and PKC [F (1, 48) = 4.485, P=0.0394]) (Fig. 27 B-J). 

CRTC1 showed an age*sex interaction [F (1, 34) = 5.339, P=0.0271] in which no significant 

Tukey’s comparisons were found (Fig. 27 D). Three proteins, CREB [F (1, 51) = 3.385, 

P=0.0716], CAM [F (1, 51) = 0.7925, P=0.3775], and PKA [F (1, 50) = 1.536, P=0.2210] 

showed no effect due to age. Lastly, two proteins, CBP [F (1, 49) = 5.990, P=0.0180] and 

CRTC1 [F (1, 34) = 8.023, P=0.0077], showed a main effect of sex with males expressing more 

protein than females (Fig. 27 B&D). Sex interactions impacted NCOA1 and CREB with an 

age*sex [F (1, 51) = 4.418, P=0.0405] and treatment*sex interaction, respectively (Fig. 27 C). 

No other proteins showed a sex effect (CAMKIV [F (1, 50) = 0.1631, P=0.6880], CAM [F (1, 

51) = 0.0001596, P=0.9900], CAMKII [F (1, 48) = 0.2044, P=0.6532], PKC [F (1, 48) = 

0.02129, P=0.8846], and PKA [F (1, 50) = 0.4796, P=0.4918]).  
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Fig 27. CREB protein expression impacted by ethanol and sex in the dHPC. E) CREB protein expression showed a treatment*sex interaction in all 

groups. While B) CBP, C) NCOA1, and D) CRTC1 show a sex effect. Several proteins differed by age but not ethanol treatment or sex. adult-exposure 

cohort (n=4-8/group) adolescent-exposed cohort (n=6-8/group). Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** p<0.001, ****p<0.0001)  

 



137 
 

4.3.3 CREB-CAMKIV protein interaction was not impacted by binge ethanol in any group.  

 As the protein expression data had shown that CREB expression was modulated by an 

ethanol*sex interaction, we next investigated if CREB protein interactions with CBP, CRTC1, or 

CAMKIV were altered due to ethanol, age, or sex in the dHPC. CBP and CRTC1 were not found 

bound to CREB or in the input samples (data not shown) suggesting protein degradation. 

Meanwhile, CAMKIV expression was present in some samples (Fig. 28 A) and a subsequent 

three-way ANOVA was performed on the ratio of CAMKIV to CREB. We determined no main 

effect of treatment [F (1, 25) = 0.0002194, P=0.9883], age [F (1, 25) = 0.006026, P=0.9387], or 

sex [ F (1, 25) = 0.4158, P=0.5249] (Fig 28 B). A separate three-way was run on the pull-down 

on CREB and CAMKIV to assess the protein expression change following the pull-down 

process. The CREB pull-down showed an age*sex interaction effect [F (1, 38) = 8.636, 

P=0.0056] but no significant group differences were observed following a Tukey’s post hoc test 

(Fig 28 A & C). Meanwhile, no main effect was found due to ethanol treatment [F (1, 38) = 

2.064, P=0.1590], age [F (1, 38) = 1.131, P=0.2943] or sex [F (1, 38) = 1.809, P=0.1867] on 

CREB immunoprecipitation expression. Lastly, CAMKIV expression following CREB pull 

down found no effect due to treatment [F (1, 26) = 2.480, P=0.1274], age [F (1, 26) = 1.281, 

P=0.2680], or sex [F (1, 26) = 0.9429, P=0.3405] (Fig 28 A & D).  
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 Fig 28. Ethanol does not impact CREB protein interaction with CAMKIV. Following 

CREB co-immunoprecipitation A) CREB and CAMKIV were detected in all assessed groups. B) 

The ratio of CAMKIV relative to CREB pull-down and D) CAMKIV immunoprecipitation was 

not altered by prior ethanol exposure, age, or sex. C) CREB immunoprecipitation showed an 

age*sex interaction but no difference due to ethanol. CAMKIV adult-exposure cohort (n: CM=3, 

EM=4, CF=5, EF=2), adolescent-exposed cohort (n: CM=3, EM=6, CF=6, EF=5). CREB adult-

exposure cohort (n: CM=3, EM=5, CF=6, EF=3), adolescent-exposed cohort (n: CM=8, EM=8, 

CF=6, EF=7). Data is presented as mean +/- SEM.  (*, p<0.05, **p<0.01, *** p<0.001, 

****p<0.0001)  
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4.3.4 Genes changed by adolescent ethanol exposure are not CRE-mediated.   

CREB is a transcription factor responsible for regulating about 16% of genes in the 

mouse genome [292]. To determine if CREB-mediated genes significantly overlapped with 

genes changed by adolescent ethanol from Wolstenholme [63], we compared the Wolstenholme 

dataset to a gene list from Zhang [292] which found the full CRE sequence (TGACGTCA) and 

half CRE sequence (TGACG/CGTCA) on the mouse genome using a Fisher’s exact test. We 

found there was no significant overlap (p=1) between the two datasets (Wolstenholme 

genes=624, Zhang genes=3,554) suggesting that genes changed by adolescent ethanol exposure 

were not significantly CRE mediated (Fig. 29). Gene ontology analysis of the 59 common genes 

between the two lists revealed molecular functions and cellular components related to 

transcription while biological processes related to learning and synaptic signaling (Table 7).  
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Fig 29: CRE-based genes do not make up a significant portion of genes changed by 

adolescent ethanol. Fisher’s exact test determined there was there was not a significant overlap 

of genes between CRE sequence genes and ethanol-altered genes.  

 

 

 

 

 

Table 7. Gene ontology for overlapping CRE-mediated genes altered by adolescent ethanol 

exposure 

  

Name p-value 

DNA-binding transcription activator activity, RNA polymerase II-specific 4.87E-08

DNA-binding transcription activator activity 5.36E-08

transcription factor binding 1.13E-06

RNA polymerase II-specific DNA-binding transcription factor binding 2.95E-06

DNA-binding transcription factor binding 5.43E-06

Name p-value 

learning 2.84E-05

anterograde trans-synaptic signaling 4.55E-05

chemical synaptic transmission 4.55E-05

trans-synaptic signaling 4.87E-05

synaptic signaling 6.81E-05

Name p-value 

transcription regulator complex 4.07E-05

transcription repressor complex 1.76E-03

ATF1-ATF4 transcription factor complex 5.54E-03

CHOP-ATF4 complex 5.54E-03

RNA polymerase II transcription regulator complex 7.02E-03

Go: Cellular component

Table 7

Go: Moleular Function 

Go: Biological Process
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4.3.5 Upstream regulator analysis finds CD40 and NRG1 involved in neuronal synapse assembly 

and dendritic length.  

As there was not a significant overlap between CRE mediated genes [292] and genes 

changed by adolescent ethanol exposure [63], we next investigated which upstream genes may 

be involved in the adolescent ethanol gene profile observed in Wolstenholme [63]. Using the 

IPA software specifically the upstream regulator analysis, we filtered for targets that were genes 

or proteins and selected the top 5 targets with the lowest p-value of overlap, which is a metric of 

enrichment of the particular regulator. The 5 upstream targets, their roles, and the genes they 

regulate in our dataset can be found in Table 8. Three of the 5 upstream targets, Colony 

stimulating factor 2 receptor beta (CSF2RB), Cluster of differentiation 40 (CD40), and 

Neuregulin 1 (NRG1) are involved in cell proliferation and the immune response, while 2 

(CD40, NRG1) are also involved in neuronal synapse assembly and dendritic length. Overall, the 

upstream regulator analysis revealed targets with roles in cell proliferation, immune response, 

neuronal synapse assembly, and dendritic length that are impacting the ethanol adolescent-

exposed mPFC in adulthood.  
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Table 8. Upstream regulators of genes changed by adolescent ethanol exposure  

 

 

 

   

p-value of overlap Upstream Target Function Genes in Wolstenholme dataset 

2.06E-04 CSF2RB Role in cell survival, proliferation, and differentiation BCL2L1,ITGAM,JUN,SNAP23 

5.88E-04 Cdkal1 Role in translation and tRNA methylthiolation CHGA,PTPRN 

8.10E-04 miR-122-5p Role in tumor suppression and cardiac function BCKDK,EGLN3,MAPK11,NUMBL,SLC7A1,TTYH3,UBAP2

1.17E-03 NRG1 Role in synapse assembly and neurogensis 

ASCL1,ATF4,BCL2L1,CAPN1,DAD1,DUSP6,HMGCR,ITGAM,JUN,JUND,L1CAM,NR4A1,

NR4A3,PDCD4,UCN

1.32E-03 CD40

Role in immune and inflammation response, cell survival, 

and dendritic length ATF4,BCL2L1,CR2,CX3CL1,DUSP6,IL10RA,IL27,ITGAM,JUN,Ly6a,REL,SMAD7

Table 8 
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4.4 Discussion  

Binge ethanol exposure is known to impair spatial and object recognition memory [16], 

[235], [251]–[253], which utilize the dHPC and mPFC depending on the temporal timing of the 

paradigm [138], [139], [142], [143], [151]. Successful memory performance depends on a 

combination of factors including the existing structural components of neurons as well as the 

cellular composition. CBP is a multifunctional protein involved in spatial and object recognition 

tasks when short or long-term memory is tested [176], [185], [192], [193], [196]. During 

intracellular calcium-triggered transcription, CBP interacts with other proteins related to 

memory, CREB and NCOA1 [167], [175], [180], [187]. Ethanol exposure in early life decreases 

CBP protein and gene expression [59], [63], [71] which may lead to memory impairments later 

in life due to disrupted transcription or CBP’s role in histone acetylation, neurogenesis, and 

dendritic morphology [68], [188]–[190]. This study found that CREB, but not CBP protein 

expression, was altered due to ethanol exposure in a sex-dependent manner in both the dHPC and 

mPFC. Meanwhile, CRE-mediated genes did not significantly overlap with genes changed by 

adolescent ethanol exposure, at least in comparison to the Zhang [292] dataset. CREB protein 

interaction with an upstream kinase, CAMKIV, was also not altered due to ethanol. Lastly, the 

upstream regulator analysis suggests CSF2RB, CD40, and NRG1 are regulating the gene 

expression change in the adolescent ethanol-exposed brain. Together, this data suggests changes 

in CREB protein expression occur in adolescent and adult exposed cohorts following binge 

ethanol but that CREB is not an upstream regulator of gene expression changes following 

adolescent binge ethanol exposure. A summary of protein expression changes can be found in 

Table 9.  
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Table 9. Summary of Chapter 4 protein expression results  

  

Table 9

Protein Main Effect of Treatment Main Effect of Age Main Effect of Sex Main Effect of Treatment Main Effect of Age 

Main Effect of 

Sex 

CBP NS

adult-exposed > 

adolescent-exposed males > females

NCOA1 NS

adult-exposed > 

adolescent-exposed

Age X Sex 

interaction

CRTC1 ethanol > control adult-exposed > adolescent-exposed NS NS Age X Sex interaction males > females

CREB

 Treatment X Sex 

interaction adult-exposed > adolescent-exposed

Treatment X Sex 

interaction

 Treatment X Sex 

interaction NS

 Treatment X 

Sex interaction

CAMKIV NS adult-exposed > adolescent-exposed Age X Sex interaction NS

adult-exposed > 

adolescent-exposed NS

CAM

CAMKII ethanol > control adult-exposed > adolescent-exposed NS NS

adult-exposed > 

adolescent-exposed NS

PKC NS adult-exposed > adolescent-exposed NS NS

adult-exposed > 

adolescent-exposed NS

PKA NS adult-exposed > adolescent-exposed NS

NS NS

Prefrontal Cortex Hippocampus

NS

NS

NS
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We hypothesized that CBP, NCOA1, and CRTC1 protein expression would be decreased due 

to adolescent but not adult ethanol exposure, while CREB and upstream kinases might also be 

decreased due to ethanol. This study showed three proteins, CREB, CRTC1, and CAMKII, were 

altered in the mPFC due to an ethanol*sex interaction or ethanol treatment (Fig.26 D,E,& H), 

while only CREB had a treatment*sex interaction in the dHPC (Fig. 27 D). While CRTC1 and 

CAMKII were increased by ethanol in the mPFC, no significant ethanol-related comparisons 

were found for CREB. This data is not in line with other studies finding decreased or no change 

in protein expression following chronic ethanol exposure [58], [59], [61], [64], [295], [296]. This 

may reflect increased protein-mediated function of CAMKII, CRTC1, and CREB as a 

homeostasis process following chronic ethanol exposure or may reflect dysregulation due to 

ethanol. CAMKII is known to translocate AMPA receptors and is interacts with many proteins in 

the post synaptic density, while CRTC1 is involved in dendritic lengthening, in addition to aiding 

CREB in transcriptional activation [297]–[299]. Chronic ethanol exposure also decreases 

complex dendritic spine morphology but not length [97] which may be in the process of 

restoration at the timepoint the tissue was collected for this study. CRTC1 is localized to the 

dendrites in neurons and transports to the nucleus to interact with CREB following activity-

dependent dephosphorylation [300]. Following calcineurin dephosphorylation and translocation, 

CRTC1 can interact with CREB as a cofactor to mediate transcription. Increased CRTC1 

expression due to ethanol may suggest increased CREB-mediated transcription in the mPFC. 

However, our data showed there was not a significant overlap between CRE-mediated genes and 

genes changed by adolescent ethanol exposure suggesting CRE-mediated transcription was not 

altered in the mPFC by adolescent ethanol exposure. Additionally, these samples were processed 

at the basal state without a prior behavioral task that would depolarize glutamatergic neurons 
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leading to pCREB. Furthermore, this study is limited by the use of bulk tissue used rather than 

glutamatergic cell type specific samples. Other studies have found changes in CREB following 

adolescent ethanol exposure without a task [59], [64] suggesting a behavioral task is not 

necessary to observe ethanol induced protein changes in memory related proteins. Meanwhile 

our study did not observe a decrease in CREB protein expression which may be due to the 

timepoint of our study (3 weeks after ethanol) for the adolescent exposed cohort compared to the 

Pandey [64] which looked immediately after the last ethanol exposure or Zhang [59] who looked 

2 months after their ethanol exposure paradigm. Additionally, the studies looked at different 

brain regions, cingulate gyrus in the Pandey study and amygdala in the Zhang study, both 

without specifically looking at behavioral effects in their studies. Furthermore Pandey [64] 

looked at frontal, parietal, and piriform cortex finding decreased pCREB in ethanol withdrawal 

animals in those regions without changes in total CREB indicating changes in pCREB differ by 

the brain region. Lastly the Zhang study administered ethanol via I.P which would lead to a 

higher BEC due to bypassing gastric ethanol metabolism which may also account for their 

ethanol effect in addition to the selected brain region. Together, this data suggests CREB, 

CRTC1, or CAMKII mediated functions may be increased as a part of restoring homeostasis or 

due to ethanol induced dysregulation.  

CREB’s role as a transcription factor may be impacting memory performance via changes in 

synaptic plasticity. CREB has a role in late long-term potentiation (L-LTP), neurogenesis, and 

transcription of factors associated with synaptic plasticity like brain-derived neurotrophic factor 

(BDNF) [172], [301]–[304]. Although the role of CREB in L-LTP appears to be stimulation 

method and stimulation location specific while CREB mediated BDNF transcription is brain 

region specific [303]–[305]. While CREB plays a role in LTP it does not appear to be necessary 
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for synaptic plasticity with other members of the CREB family of transcription factors 

compensating for the loss of CREB [303], [306]. CREB also plays a role in neurogenesis through 

its expression and phosphorlyation levels, and the transcription of factors like BDNF [172], 

[306]. BDNF plays a role in neurogenesis by aiding in cell proliferation and cell survival [307], 

[308] and increasing dendritic branching and spine density [309]–[311]. CREB also plays a role 

in dendritic length with decreasing pCREB resulting in decreased dendritic length and 

complexity [306]. BDNF stimulates pCREB in neurons through multiple kinase pathways and 

impacts neuronal plasticity due to myelin inhibition [309]. Therefore, CREB also plays a role in 

synaptic plasticity through neurite length modulation. Through changes in neurogenesis, synaptic 

plasticity, and LTP, CREB can modulate memory and brain plasticity that may alter memory 

performance.  

CREB also plays a role in myelination with the number of CREB and pCREB-positive cells 

increasing in oligodendrocytes as maturation occurs [312]. Additionally, in an oligodendrocyte 

culture, the application of a cAMP analog increases the number of MBP-positive cells and 

complex morphology of MBP-positive cells [313]. CREB appears to play a role in myelination 

in early development with decreased pCREB and CREB in oligodendrocytes in rodents from 

adolescence (PND 21) compared to neonate (PND 4 and 11) [314]. Therefore, changes in CREB 

expression by a treatment*sex interaction may reflect changes in synaptic plasticity, 

neurogenesis, or oligodendrocyte maturation that may have played a role in the memory deficits 

three weeks following ethanol. Importantly, these changes were observed in both the adolescent 

and adult exposed cohort suggesting CREB is not the molecular difference between the cohorts 

associated with the difference in memory performance or myelin-related gene expression. 
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Our ethanol data also suggests the mPFC and dHPC react differently to ethanol and age. 

These results may reflect differences in protein functionality in different brain regions or 

differences in brain development between the two age cohorts. CREB-mediated transcription 

differs by tissue type with differences in CREB promoter gene binding between the frontal 

cortex and hippocampus with 74 overlapping promoters while 81 unique frontal cortex and 185 

unique HPC promoters [315]. While other studies have reported protein expression differences in 

adult and elderly rodents [316] or adolescents and adults [317], this is the first study to our 

knowledge examining age effects between 2-month (adolescent-exposed) and 3-month (adult-

exposed) old mice. This data suggests that in early adulthood the mouse brain is developing and 

has increased protein expression. Indeed, human studies have shown increased myelin protein 

expression from adolescence into early adulthood (the early to mid-20s) [81], [83], [84]. Memory 

performance also improved over the adolescent to adult period [318]. Therefore, memory-related 

proteins may also increase during early adulthood. Sex also impacted the protein expression of 

CBP, NCOA1, and CRTC1 in the dHPC and CREB in both brain regions with males showing 

higher protein levels than females (Fig. 26 E & Fig. 27 B & D). Our data is in line with one 

study, but not another. Auger [319] found increased CBP protein levels in males in brain regions 

with high steroid hormone receptor density, ventromedial hypothalamus, and medial preoptic 

area, but not in the cortex of PND 0 rats. The hippocampus is also a region with many steroid 

hormone receptors [320], [321], indicating it could also be another region for CBP sex 

differences in expression. CRTC1 was also found to have a sex difference in the dHPC that may 

be driven by the low number of animals tested or low band visibility. A limitation of this study is 

the low sample size, which may have led to an underpowered study. Indeed, a power analysis 

was conducted and found a small effect size and low power for most proteins in which the study 
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would need hundreds to thousands of animals for the study to be properly powered (Table 10 & 

Table 11). Therefore, we would not recommend increasing the sample size for these targets in 

future studies as the posthoc power analysis suggests the selected proteins are unlikely to be 

changed by ethanol. Meanwhile, studies have not shown CREB protein expression to differ by 

sex at birth, but pCREB levels do show a sex difference with increased pCREB in males [322]. 

This is the first study to our knowledge reporting a sex difference in the expression of CBP, 

CRTC1, or CREB possibly highlighting the lack of prior sex difference studies or brain region-

specific effects. Overall, our data shows that memory-related proteins increase during the early 

adulthood period in the mouse brain possibly due to continued brain maturation, while sex 

impacts select memory-related proteins possibly due to the specific brain regions examined and 

the inclusion of both sexes in these studies.   
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Table 10. Power analysis of chapter 4 mPFC protein expression results.  

Treatment Age Sex Treatment x Age Treatment x Sex Age x Sex Treatment x Age x Sex

Protein Name 

CBP 0.0931759 (0.1157902) [800] 0.2674823 (0.2398533) [200] 0.0770129 (0.0928641) [1250] 0.0898902 (0.1115938) [ 850 ] 0.1511991 (0.1707512) [375] 0.0523233 (0.0279394) [n>2000] 0.0836339 (0.1030117) [1000]

NCOA1 0.1114009 (0.1348894) [600] 0.3474621 (0.2736134) [150] 0.0538737 (0.0356597) [n>2000] 0.1919359 (0.1965363) [300] 0.0511811 (0.0197523) [n>2000] 0.1274844 (0.1499481) [500] 0.1319678 (0.1538074) [500]

CRTC1 0.3952913 (0.2904742) [125] 0.8503576 (0.4837713) 0.3841923 (0.2860383) [145] 0.1915511 (0.1944133) [300] 0.2759598 (0.2392699) [200] 0.0504005 (0.0114025) [n>2000] 0.0980829 (0.1193743) [750]

CREB 0.1246896 (0.1489340) [500] 0.9343858 (0.5628295) 0.3470761 (0.2761595) [150] 0.0660296 (0.0722992) [n>2000] 0.7748644 (0.4512861) [58] 0.0520537 (0.0262769) [n>2000] 0.2995360 (0.2551003) [170]

CAMKIV 0.1485203 (0.1623803) [425] 0.9943720(0.6856003) 0.0674540 (0.0725086) [n>2000] 0.0987061 (0.1178571) [800] 0.1832780 (0.1857722) [325] 0.6603794 (0.3850675) [80] 0.3172058 (0.2532274) [180]

CAM 0.0556022 (0.0419893) [n>2000] 0.1295448 (0.1488638) [500] 0.0506283 (0.0141436) [n>2000] 0.1136246 (0.1345046) [600] 0.0514167 (0.0212180) [n>2000] 0.0622659 (0.0616800) [n>2000] 0.0699333 (0.0780181) [1800]

CAMKII 0.4376457 (0.3041417) [120] 0.9936395 (0.6859471) 0.0976627 (0.1177699) [790] 0.0529398 (0.0305101) [n>2000] 0.0966349 (0.1165859) [800] 0.0569633 (0.0467414) [n>2000] 0.1608905 (0.1727875) [375]

PKA 0.1423839 (0.1592391) [440] 0.9935185 (0.6850015) 0.1500379 (0.1650210) [410] 0.2006791 (0.1979863) [280] 0.3571702 (0.2724293) [150] 0.1207947 (0.1412084) [550] 0.0675991 (0.0734778) [2000]

PKC 0.0560034 (0.0438599) [n>2000] 0.8822011 (0.5052446) 0.0666223 (0.0721594) [n>2000] 0.1551554 (0.1703476) [380] 0.3697855 (0.2802070) [144] 0.3765042 (0.2829374) [140] 0.0758802 (0.0892351) [1375]

Table 10

Power (effect size) [n=power at 0.8]

Prefrontal Cortex

3 way ANOVA 

Main Effects Interactions
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Table 11. Power analysis of chapter 4 dHPC protein expression results.

Treatment Age Sex Treatment x Age Treatment x Sex Age x Sex Treatment x Age x Sex

Protein Name 

CBP 0.1279366 (0.1488989) [495] 0.4285243 (0.3035133) [125] 0.5500648 (0.3496374) [94] 0.0562576 (0.0447661) [n>2000] 0.0748072 (0.0874531) [1430] 0.2035685 (0.2015590) [280] 0.2145938 (0.2078434) [257]

NCOA1 0.1107563 (0.1304799) [650] 0.7017633 (0.4018466) [72] 0.3057365 (0.2482488) [180] 0.0572285 (0.0471693) [n>2000] 0.0561040 (0.0433998) [n>2000] 0.4193473 (0.2943627) [130] 0.0737246 (0.0840208) [73]

CRTC1 0.0559756 (0.0518382) [n>2000] 0.1846614 (0.2253295) [220] 0.7022412 (0.4857378) [50] 0.0625902 (0.0747059) [2000] 0.0649940 (0.0813231) [1650] 0.5092418 (0.3962225) [74] 0.0686270 (0.0903105) [1340]

CREB 0.0538738 (0.0346618) [n>2000] 0.3275726 (0.2576476) [170] 0.0955283 (0.1142281) [840] 0.1053932 (0.1250635) [700] 0.4493201 (0.3057283) [120] 0.3048047 (0.2478400) [182] 0.0648956 (0.0671584) [n>2000]

CAMKIV 0.0812248 (0.0966248) [1172] 0.9600262 (0.5811069) 0.0604724 (0.0571016) [n>2000] 0.0743896  (0.0859309) [1480] 0.1037507 (0.1488989) [500] 0.1431526 (0.1598323) [430] 0.0651868 (0.0684238) [n>2000]

CAM 0.076055 (0.0878586) [1420] 0.1049962 (0.1246504) [705] 0.0500096 (0.0017321) [n>2000] 0.05617 (0.0436305) [n>2000] 0.0736889 (0.0839604) [1500] 0.067315 (0.0722293) [n>2000] 0.0518624 (0.0240902) [n>2000]

CAMKII 0.0610585 (0.0597722) [n>2000] 0.4971326  (0.3328887) [103] 0.0632408 (0.0652538) [n>2000] 0.0535966 (0.0343714) [n>2000] 0.0684292 (0.0765780) [1865] 0.0526144 (0.0293384) [n>2000] 0.0695542 (0.0787928) [1760]

PKA 0.1460244 (0.1620232) [420] 0.164481  (0.1752579) [360] 0.0821279 (0.0979342)  [1140] 0.0938728 (0.1133263) [855] 0.0704859 (0.0790494) [1750] 0.2429896  (0.2209337) [225] 0.0577778 (0.0493550) [n>2000]

PKC 0.1063511 (0.1296849) [655] 0.4264008 (0.3056305) [125] 0.051333 (0.0209808) [1100] 0.0521252 (0.0264668) [700] 0.0838533 (0.1023155) [1045] 0.1311236 (0.1530905) [470] 0.0981568 (0.1206177) [750]

Power (effect size) 

Hippocampus

Table 11

3 way ANOVA 

Main Effects Interactions
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While CREB protein expression differed by ethanol treatment and sex, CREB protein 

interaction with CAMKIV showed no effect of ethanol, age, or sex (Fig. 28 B). This is the first 

study to our knowledge to investigate CREB and CAMKIV interaction. We also probed for CBP 

and CRTC1 which did not show bands in the immunoprecipitated or input sample suggesting 

protein degradation. A limitation of this study is the inclusion of previously thawed aliquots, 

possibly leading to protein degradation that obscured effects on protein interaction. Another 

limitation is the low number of biological replicates, due to limited lysate, which influenced 

focus on the dHPC. Additionally, our samples were collected basally meaning without memory 

performance and therefore particular calcium signaling cascades may have not been stimulated 

prior to tissue collection resulting in dephosphorylated CBP or phosphorylated CRTC1 inhibiting 

interaction with CREB. Lastly, the study was limited by the choice to not include pCREB or 

pCBP, limiting the ability to look at the interaction between these two factors. If future studies 

assess protein interactions a separate cohort of animals should be used to increase the sample 

size and include analysis of the PFC, as well as include pCREB and pCBP. Our data shows that 

without cell stimulation CREB does interact with the kinase CAMKIV, suggesting transient 

ongoing CREB S133 phosphorylation within the limited sample size present.  

While we investigated if gene expression changes by adolescent ethanol exposure included a 

significant overlap of CRE-based genes, we found no significant overlap. This may be due in 

part to the reference database used from Zhang [292], in which using the 2002 mouse genome 

the lab compared the genome sequence to the full or half CRE sequence. Given the genome used 

was approximately 20 years old and the mouse genome has been updated with an expanded 

identification of genes there may be genes from both gene list that are not identified as common 

genes due to the use of different gene symbols. Still 59 genes, including some Riken gene 
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symbols, were commonly identified between the two data sets suggesting common gene symbols 

between the two lists. Next, we performed an upstream regulator analysis in the adolescent 

cohort, and identified several target candidates based on p-overlap value. We further investigated 

the top 5 targets which included CD40 and NRG1 (Table 8). Meanwhile, CREB was not on the 

list of upstream regulators. CD40 is a member of the TNF receptor family, expressed on immune 

cells including microglia, and when KO, decreases dendritic length in the hippocampus during 

development [323]. Meanwhile, NRG1 binds to a tyrosine kinase receptor, ErbB, which 

increases hippocampal cell excitability and when inhibited decreases object exploration and 

long-term object recognition [324]. While we had a microarray dataset from an adolescent 

exposed cohort, we do not have a matching dataset for the adult exposed cohort, limiting our 

ability to investigate differences in upstream regulators based on age of ethanol exposure. As 

both NRG1 and CD40 were implicated in regulating several genes altered by adolescent ethanol 

exposure and are involved in recognition memory or synaptic plasticity they may be promising 

candidates for future studies, although we are limited by the lack of adult gene expression data.   

4.5 Conclusion  

We hypothesized that the memory impairments observed in the NOR and Barnes Maze task were 

due to an underlying basal difference in CBP protein expression. This study found no ethanol 

induced changes in CBP protein expression but ethanol induced increased expression in CRTC1 

and CAMKII in the mPFC with CREB expression altered by ethanol and sex in both brain 

regions. Furthermore, age and sex effects were found in both brain regions suggesting continued 

brain development in early adulthood and novel sex differences. Meanwhile CREB-CAMKIV 

protein interaction was unchanged by ethanol and CRE mediated gene transcription did not 

significantly overlap with genes changed by adolescent ethanol. However, two candidate 
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upstream regulators, CD40 and NRG1, were identified that are known to have a role in dendritic 

length, cell excitability, and long-term object recognition memory. This suggests that ethanol 

induced memory impairments at least in adolescent exposed mice, may be changed by CD40 or 

NRG1, which have a role in memory and plasticity, but not CBP or CREB protein interaction or 

mediated transcription. Future studies may address the impact of ethanol in both cohorts on basal 

or activity dependent dendritic length. Meanwhile, CD40 and NRG1 appear as possible upstream 

targets of adolescent ethanol induced memory impairments that may be explored in future 

studies. Overall, this study found protein expression changes in CREB not CBP at the basal level 

depending on ethanol exposure and sex in both the adolescent and adult-exposed cohorts but it is 

unclear if CREB play a role in the previously observed memory impairments.  
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Chapter 5  

Discussion  

5.1 Rationale and Summary of Overall Hypothesis 

Binge alcohol consumption affects both adolescents and adults in the United States with 

alcohol the most commonly used drug among adolescents as it is easily obtained despite being 

illegal for those under 21. The adolescent brain undergoes several changes including synaptic 

pruning, increased white matter, and improved memory performance [81], [82], [238] as it 

matures into an adult brain. Ethanol can impair memory while present in the body [18], [254] 

and during abstinence following chronic ethanol exposure [16], [235], [236]. Additionally, 

ethanol paradigms in rodents have been shown to impair memory more severely following 

adolescent ethanol exposure than adult ethanol exposure [16], [235]. Meanwhile, factors like sex 

may also play a role in differences in ethanol-induced memory impairments as females have 

increased BEC compared to males [33], [34]. The mechanisms behind chronic ethanol-induced 

memory impairments that differ by developmental age have yet to be fully understood. Our lab 

found a behavioral deficit in NOR at the same timepoint as we observed a decrease in Cbp gene 

expression. CBP, a protein expressed throughout the brain with roles in memory, neurogenesis, 

and CREB-mediated transcription [175], [179], [188], [292]. To understand developmental and 

sex differences in ethanol-induced memory impairments, this dissertation aimed to examine 

forms of memory, memory-related protein expression, and memory-related protein interaction. 

We hypothesized that adolescent ethanol exposure would be more impactful than adult ethanol 

exposure on recognition memory, spatial memory, and cognitive flexibility due to changes in 

CBP protein expression in the dHPC and mPFC.  
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5.2 Data Integration, Interpretation, and Future Directions 

This research examined behavioral and molecular differences due to ethanol exposure, 

developmental age, and sex, finding adolescent ethanol exposure, but not adult ethanol exposure, 

negatively impacted short-term recognition memory, and long-term spatial memory, and 

decreased expression of more myelin-related genes. Meanwhile, only adult ethanol exposure 

decreased social interaction. Both cohorts experienced ethanol-induced locomotor tolerance 

(males in the adolescent exposed cohort and females in the adult exposed cohort), and ethanol-

induced changes in memory-related protein expression. Age differentially impacted BEC and 

memory-related protein expression, while sex impacted ethanol sedation, spatial memory 

performance, spatial learning during training, and memory-related protein expression. Together, 

these experiments show that adolescent ethanol exposure more negatively impacts memory-

related behaviors and myelin-related gene expression than adult ethanol exposure, but this is not 

due to differences in ethanol-induced expression changes in our predicted set of memory-related 

proteins, or greater blood ethanol concentration from acute ethanol exposure. However, factors 

such as sex and stress during behavioral testing play a role in learning and memory performance. 

Age effects in memory-related protein expression also intersect with ethanol exposure to produce 

different results in the adolescent-exposed and adult-exposed cohorts. More research is required 

to determine what structural deficits may impact short-term memory, if long-term spatial 

memory on the Barnes Maze is impacted by estrogen and CORT levels, and if behavioral activity 

and ethanol alter neurogenesis or de novo myelination. 

This dissertation modeled binge ethanol drinking which NIAAA defines as ethanol 

consumption that reaches above 80 mg/dL following 4-5 drinks within roughly 2 hours. Our 

ethanol model achieves a large dose of ethanol (4g/kg) following a single oral gavage, resulting 
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in a BEC between 600-400 mg/dL therefore modeling a high BEC within a short time period. 

However, unlike in humans our animal model has limitations with controlled administration of 

ethanol via gavage, very high BEC, and altered timeline of ethanol consumption than in humans. 

While ethanol exposure in human adolescents is associated with later ethanol consumption in 

life, our model stops ethanol exposure during mid adolescence. Additionally, adolescents tend to 

consume alcohol on the weekends [325] approximately a week apart, where as our model 

involved a 2-day break between ethanol exposure. Overall while our ethanol model does not 

exactly mimic binge ethanol in humans, our model achieves delivering a large volume of ethanol 

within a short time span during adolescence. This dissertation aimed to examine memory deficits 

due to the age of ethanol exposure and which memory-related proteins may be differentially 

altered following binge ethanol and abstinence. We found that memory performance in the NOR 

and Barnes Maze task differed by ethanol and sex depending on the age of ethanol exposure. 

Short-term recognition memory and long-term spatial memory were impaired by adolescent, but 

not adult ethanol exposure, while spatial learning was impacted by ethanol exposure in the 

adolescent cohort and sex in the adult cohort. The adolescent exposed cohort showed an ethanol 

effect in the spatial probe trial with decreased time in the target quadrant compared to the 

controls and an ethanol effect in spatial learning with decreased latency to the goal box during 

training. Sex also impacted the adolescent exposed spatial probe trial with females, driven by the 

control females, performing better than all the other groups. In the adult exposed cohort, sex 

affected spatial learning with females displaying decreased latency to the goal box and increased 

speed as compared to the males during training. However, no ethanol or sex effect was observed 

in the number of errors suggesting an altered search strategy but no difference in strategy was 

observed with all groups increasing use of the serial and spatial search strategy. Deficits in short-
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term NOR memory task suggests an existing structural deficit due to adolescent but not adult 

ethanol exposure. Meanwhile, the long-term spatial memory deficit in the Barnes Maze task in 

the adolescent cohort suggests an activation-related deficit that may be impacted by changes in 

circulating estrogen or CORT. The adult cohort’s performance during spatial learning may also 

be impacted by circulating estrogen or CORT in the brightly lit arena. We also found 1 myelin-

related gene, Mal, whose expression changed 24 hours after the last ethanol administration by 

adult ethanol exposure, while a previous study utilizing adolescent ethanol exposure found 4 

genes (Mag, Mbp, Mobp, Plp) were decreased by ethanol. However, no difference in myelin-

related gene expression was observed 3 weeks after the last ethanol administration in both aged 

cohorts. This suggests that during the abstinence period in the adolescent exposed cohort, myelin 

gene expression recovered, but due to the decreases in gene expression related to myelin 

formation (Mbp & Plp), axon-glia interactions (Mag), myelin stabilization/compaction (Mobp & 

Plp), and oligodendrocyte morphology and extension (Mobp) previously, the myelin three weeks 

in to abstinence may be less thick, compact, or less extensive in the adolescent cohort than the 

adult cohort possibly leading to subsequent changes in neuronal transduction and behavioral 

performance. Additionally, at the 3-week timepoint, this study found ethanol in both age groups 

increased CRTC1 and CAMKII protein expression in the mPFC while CREB was modulated by 

ethanol and sex in the mPFC and dHPC. While we found impaired spatial and recognition 

memory performance only in the adolescent ethanol-exposed cohort, both cohorts showed the 

same ethanol changes in memory-related protein expression. Therefore, the memory-related 

proteins we investigated are not likely involved in the adolescent-specific memory impairments. 

Rather, following adolescent ethanol exposure but not adult ethanol exposure, there may be 



159 
 

decreased structural synaptic plasticity or decreased activity-dependent plasticity that is impacted 

by estrogen and CORT levels.  

To determine if structural deficits that may impact short-term memory are present 

following ethanol exposure, we could perform stereotaxic surgery following our standard ethanol 

paradigm in both age cohorts to label hSyn1 positive glutamatergic neurons with a green 

fluorescent protein (GFP) adeno-associated virus (AAV) in the mPFC and dHPC. Then at the 

three-week timepoint, we could collect tissue to examine dendritic morphology and density in 

the two age groups. We hypothesize that adolescent ethanol exposure will decrease the density of 

mature spines found in both dHPC and mPFC, although more so in the mPFC, while adult 

ethanol exposure will either cause no change or increase mature spine density. We are interested 

in changes in dendritic spine morphology and density as they are associated with synaptic 

plasticity involved in memory [326]–[328], while adolescent ethanol has shown to decrease 

mature spine density [50], [96], [97] but increase mature spine density in adult ethanol exposed 

animals [50]. The use of viral injections to label neurons would allow us to co-label the tissue 

with other markers of interest (discussed below). Many of the proposed studies described in this 

chapter could be run together on the same animals but have been separated out to thoroughly 

explain rationale and interpretations. Ethanol effects in dendritic morphology and density may 

suggest deficits in synaptic plasticity or cell-to-cell connectivity which may explain deficits in 

short-term recognition memory. If our hypothesis, that adolescent binge ethanol but not adult 

binge ethanol exposure negatively impacts mature dendritic spine density, is incorrect this would 

still add to the literature by showing similar ethanol disruptions between adolescent and adults, 

that have previously not been reported. This data will clarify if basal dendritic structural changes 
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occur following binge ethanol exposure that may decrease cell-to-cell connectivity and impact 

memory performance.  

Next, we could investigate if long-term spatial memory on the Barnes Maze is impacted 

by estrogen or CORT levels following a 6-day Barnes Maze task in which saliva is collected 

following task performance daily and blood is collected on the last day following the probe trial. 

We hypothesize that estrogen levels will positively correlate with time in the target quadrant 

during the probe trial in both age cohorts, while CORT levels will be increased in the adolescent 

ethanol exposed but not adult exposed mice. We are interested in estrogen levels as other studies 

have found improved spatial memory [152] and a greater number of spines and synaptic 

connections in the HPC in proestrus than non-proestrus rats [274]. Meanwhile, CORT levels are 

increased following behavioral testing [262], [263] with adolescent ethanol exposure 

dysregulating CORT basally and following an acute challenge [264]. Therefore, examining 

CORT levels during the task and estrogen following the probe trial may further explain ethanol 

and sex effects during training and the probe trial. CORT levels have been detected in saliva in 

rodents and birds following anesthesia and in awake animals [329], [330]. Therefore, we may be 

able to collect CORT throughout the multiday testing process in awake animals. Ethanol effects 

on CORT levels following a stressor may suggest an alteration in the stress response due to 

altered HPA axis activity. Meanwhile an ethanol effect in estrogen on probe day may suggest 

changes in dendritic morphology, synaptic plasticity, and cell-to-cell connectivity that may be 

associated with memory performance. If our hypothesis, that adolescent binge ethanol but not 

adult binge ethanol exposure negatively impacts CORT levels, is incorrect this would still add to 

the literature by showing similar changes stress responses between the ages despite ongoing 

HPA axis development during adolescence. Additionally, if our hypothesis that estrogen levels 
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will positively correlate with memory performance is incorrect, this will add evidence to the 

literature that low estrogen animals can perform memory tasks as well as high estrogen animals 

suggesting estrogen mediated effects on dendritic morphology may not impact memory 

performance. This data will clarify if estrogen or activity dependent changes in CORT may occur 

following binge ethanol exposure that may alter performance on the learning and memory task.  

To causally determine if modulating estrogen or CORT alters performance in the Barnes 

Maze, we could use pharmacological tools to manipulate our factors of interest. First, to inhibit 

estradiol synthesis we can administer letrozole (LET) via I.P. to half of the water-exposed and 

ethanol-exposed female mice daily for 1 week before Barnes Mazes testing similar to Liu [331]. 

While we could also decrease estradiol via ovariectomy surgery this method is more invasive, 

would require ovary removal during puberty, and in comparison to LET administration has 

shown to impact dendritic spine density and spatial memory to a lesser extent [331]. This will 

result in 4 groups within the female cohort (water/vehicle, water/LET, ethanol/vehicle, 

ethanol/LET). We hypothesize that administering LET will decrease circulating estradiol and 

impair memory performance on the Barnes Maze in both water and ethanol-exposed animals. In 

both aged cohorts, we expect LET will result in increased latency to the goal box and decreased 

time in the target quadrant. To investigate the relationship between CORT and Barnes Maze 

performance, we can use metyrapone (MET), a CORT synthesis inhibitor, via I.P. 30 minutes 

before Barnes Maze testing in both sexes as seen in Dominguez [332]. This will result in 4 

groups within the males (water/vehicle, water/MET, ethanol/vehicle, ethanol/MET). The male 

mice will also be exposed to vehicle I.P. injections a week prior to Barnes Maze testing while the 

females undergo LET injections. As both CORT and estrogen have shown to impact memory 

performance, there may be a synergistic effect impacting the adolescent ethanol exposed females 
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with this group showing worse spatial memory performance despite reached the goal box faster 

during training in the Barnes Maze. In the female mice, we can use the same LET administered 

mice and further divide the 4 groups into 8 groups (water/vehicle/vehicle, water/vehicle/MET, 

water/LET/vehicle, water/LET/MET, ethanol/vehicle/vehicle, ethanol/vehicle/MET, 

ethanol/LET/vehicle, ethanol/LET/MET). These experiments will also include a non-injected 

group within the ethanol and water-exposed groups within each sex to control for the stress 

impact of I.P. injections, for a total of 6 groups in males and 10 groups in females. We 

hypothesize that CORT inhibition via MET will increase latency during training, and time in the 

target quadrant in the ethanol-exposed mice, resulting in a similar performance as the 

water/vehicle group. This experiment would be analyzed separately by sex with a 3-way RM 

ANOVA for the males, while a mixed-model RM ANOVA would be used for the female data, 

with a Tukey’s post hoc test used for both sexes. A sample size of approximately 15/group 

would be desired for these experiments as determined from a power analysis using Barnes maze 

data. To support the overarching hypothesis that CORT levels impact the adolescent ethanol 

animals’ performance during Barnes Maze we would need supporting data from this proposed 

experiment where adolescent ethanol animals administered MET performed similarly to the 

water/vehicle animals in latency, speed, errors, and time in the target quadrant. Meanwhile, we 

hypothesize ethanol/vehicle mice would perform as seen in this work reaching the goal box 

sooner and faster than water controls. Additionally, we hypothesize water/MET animals would 

have decreased circulating CORT than the water/vehicle and worse performance on the 

aforementioned independent variables of interest suggesting a certain level of CORT may be 

beneficial for task performance. If we see no difference in latency, speed, errors, and time in the 

target quadrant with CORT inhibition in the ethanol exposed animals, this would suggest that 
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CORT is not necessary in altering these behaviors in the Barnes Maze following ethanol. 

Meanwhile, to support the overarching hypothesis that estradiol levels impact the adolescent 

ethanol animals’ performance during Barnes Maze, we would need data that shows ethanol/LET 

animals performing worse than the vehicle counterparts in latency, speed, errors, and time in the 

target quadrant. We hypothesize there is also a synergistic effect of CORT and estradiol 

synthesis inhibition. Therefore, we expect LET/MET mice to perform worse than the respective 

LET and MET only counterparts. Additionally, we expect ethanol LET/MET mice would 

perform worse in the aforementioned independent variables than the water LET/MET 

counterparts. If no difference in latency, speed, errors, and time in the target quadrant occurs 

following LET administration, this would suggest estradiol is not involved in Barnes Maze 

performance.  

Next, we can assess activity-dependent neurogenesis, oligodendrogenesis, and de novo 

myelination by comparing a behaviorally naïve cohort to a behaviorally active cohort following a 

6-day Barnes Maze task. We can label newly dividing cells using 5-ethynyl-2'-deoxyuridine 

(EdU) administered in drinking water for a week starting immediately after the last ethanol 

administration day. Tissue can be collected following the probe trial and co-labeled with 

doublecortin (DCX) and platelet-derived growth factor receptor α (PDGFRα) to differentiate 

whether new cells are neurons or oligodendrocyte precursors. Meanwhile, another cohort can be 

used to determine de novo myelination via electron microscopy. We hypothesize activity 

dependent neurogenesis will be decreased in the dHPC following adolescent ethanol exposure 

but unchanged in adult ethanol exposed animals. Meanwhile, oligodendrogenesis and de novo 

myelination would be decreased in both the mPFC and dHPC in the adolescent ethanol exposed 

animals but unchanged in adult ethanol exposed animals. Meanwhile, the behaviorally naïve 
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cohort will show decreased neurogenesis, oligodendrogenesis, and de novo myelination due to 

adolescent ethanol which will be similar to the behaviorally active ethanol exposed cohort. 

Although we hypothesize adult ethanol exposure will not alter neurogenesis, oligodendrogenesis 

and de novo myelination in the behaviorally naïve cohort, we expect a decrease compared to the 

behaviorally active cohort. We are interested in activity-dependent cell proliferation and 

myelination as other studies have found the MWM task increases neurogenesis in the HPC and 

neuronal activation [152] while adolescent ethanol exposure decreases neurogenesis in the HPC 

in adolescence and adulthood [68], [235], [252], [333]. Meanwhile, complex wheel running 

[203] and the MWM [334] increase oligodendrocyte progenitor cells and oligodendrocytes. 

Furthermore, Steadman [334] found maze training also increased de novo myelination. Ethanol 

effects in neurogenesis, oligodendrogenesis, and de novo myelination may suggest changes in 

neuronal connectivity, neuronal transduction, and synaptic plasticity. If our hypothesis, that 

adolescent ethanol exposure decreases basal and activity dependent cell proliferation and 

myelination, is incorrect this would suggest that neurogenesis and myelination are not involved 

in age differentiated memory deficits. Overall, this study would add data regarding persistent 

changes in cell proliferation and myelination following binge ethanol exposure in an age 

dependent manner.  

Lastly, to determine if myelin integrity and thickness differs due to adolescent ethanol 

exposure, we can assess changes in myelination in another behaviorally naïve cohort using 

electron microscopy. We hypothesize that myelin integrity and thickness will be decreased in 

adolescent ethanol exposed animals, but not adult ethanol exposed mice. We are interested in the 

basal myelin state as myelin protein expression, gene expression, and density are decreased by 

adolescent ethanol exposure [63], [90]–[92] and myelination is associated with memory task 
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performance [203], [334]. Additionally, myelin deficits in thickness and integrity were found 

immediately and three weeks following adolescent ethanol exposure [91]. Meanwhile, chronic 

adult ethanol exposure has also shown to decrease oligodendrocyte progenitor cell and mature 

oligodendrocytes density in the mPFC immediately following three weeks of continual ethanol 

self-administration [335]. Ethanol effects on myelin integrity and thickness may suggest changes 

in neuronal transduction that could impact cell-to-cell communication involved in the observed 

memory deficit. If our hypothesis is not correct, that adolescent but not adult ethanol exposure 

persistently impacts myelin integrity and thickness, this would suggest short-term memory is not 

impacted by differences in myelination in the dHPC and mPFC. This study would clarify if 

changes in myelin integrity and thickness differ by age of ethanol exposure and are found 

persistently following ethanol exposure. Together, these proposed future studies could provide 

new insights into several molecular metrics that may differ between adolescents and adults 

exposed to binge ethanol that may underlie the difference in memory performance.   

5.3 Conclusions and Implications  

 Overall, this dissertation contributes to understanding the behavioral and molecular 

impacts and differences of binge ethanol in adolescence and early adulthood in the development 

of memory impairments. This study identified persistent ethanol-induced memory impairments 

in a developmental age and sex-dependent manner, but did not identify a molecular-related 

difference between the two age cohorts that may contribute to understanding the behavioral 

difference. This data contributes to a further understanding of which molecular areas to 

investigate in the future to provide a therapeutic intervention for persistent adolescent ethanol-

induced memory impairments.   
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