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Abstract

Prolonged adolescent binge drinking can disrupt sleep quality and increase the likelihood of 

alcohol-induced sleep disruptions in young adulthood in rodents and in humans. Striking changes 

in spine density and morphology have been seen in many cortical and subcortical regions after 

adolescent alcohol exposure in rats. However, there is little known about the impact of alcohol 

exposure has on dendritic spines in the same motor and sensory cortices that EEG sleep is 

typically recorded from in rats. The aim of this study is to investigate whether an established 

model of chronic intermittent ethanol vapor in rats, that has been demonstrated to disrupt sleep 

during adolescence (AIE) or adulthood (CIE), also significantly alters cortical dendritic spine 

density and morphology. To this end, adolescent and adult Wistar rats were exposed to 5 weeks 

of ethanol vapor or control air exposure. After a 13-day withdrawal, primary motor cortex (M1) 

and primary/secondary visual cortex (V1/V2) layer V dendrites were analyzed for differences in 

spine density and morphology. Spines were classified into 4 categories (stubby, long, filopodia, 

and mushroom) based on the spine length and the width of the spine head and neck. The 

main results indicate an age-specific effect of AIE exposure decreasing spine density in the 

M1 cortex compared to age-matched controls. Reductions in the density of M1 long-shaped 

spine subclassifications were seen in AIE rats, but not CIE rats compared to their air-controls. 

Irrespective of age, there was an overall reduction produced by ethanol exposure on the density of 

filopodia and the length of long-shaped spines in V1/V2 cortex as compared to their air-exposed 

controls. Together, these data add to growing evidence that some cortical circuits are vulnerable 

to the effects of alcohol during adolescence and begin to elucidate potential mechanisms that may 

influence brain plasticity following early alcohol use.
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Introduction

Sleep can play a significant role in psychological health during adolescence (Crowley, 

Wolfson, Tarokh, & Carskadon, 2018). Many lines of research have demonstrated that 

receiving adequate sleep is important for facilitating and maintaining spine dynamics and 

synaptic efficacy (Abel, Havekes, Saletin, & Walker, 2013; De Vivo et al., 2017; Frank, 

2015; Tononi & Cirelli, 2014). Consequently, deviations from normal sleep can lead to 

disruptions in synaptic homeostasis potentially resulting in maladaptive learning, memory, 

and mood (De Vivo et al., 2014; Raven, Van der Zee, Meerlo, & Havekes, 2018; Spano et 

al., 2019; Tononi & Cirelli, 2014). Alcohol misuse is one factor that can produce long-term 

deviation in sleep, and this effect is particularly concerning during adolescence as it has 

the potential to impact adolescent brain development. If begun early in adolescence, heavy 

drinking can lead to a higher risk of alcohol-related problems in adulthood (Aiken et 

al., 2018; Patrick, Evans-Polce, & Terry-McElrath, 2019). Specifically, human and rodent 

research has shown that adolescent alcohol exposure can disrupt sleep quality and increase 

the likelihood of alcohol-induced sleep disruptions, such as insomnia in young adulthood 

(Amodeo, Wills, Sanchez‐Alavez, & Ehlers, 2020; Ehlers, Gilder, Criado, & Caetano, 2010; 

Ehlers, Wills, & Gilder, 2018; Sanchez-Alavez, Wills, Amodeo, & Ehlers, 2018). Recent 

research has begun to elucidate some of the cellular mechanisms by which deviations in 

sleep may alter synaptic plasticity, however, little is still known about how alcohol use may 

influence this relationship.

Our laboratory has established that intermittent ethanol exposure in rats can produce long-

term changes in the sleep EEG, which mimics the human condition (Amodeo, Wills, 

Sanchez-Alavez, & Ehlers, 2020; Ehlers et al., 2018). Chronic intermittent ethanol in 

adolescent rats (AIE) using an established ethanol exposure model of vapor inhalation has 

resulted in lasting reductions in delta and theta during slow wave (SW) sleep (Amodeo 

et al., 2020; Ehlers, Sanchez-Alavez, & Wills, 2018), as well as decreases in synchrony 

between cortical neuronal networks (Ehlers, Wills, Desikan, Phillips, & Havstad, 2014; 

Sanchez-Alavez, Benedict, Wills, & Ehlers, 2019). Reduced delta and theta power during 

sleep has also been repeatedly demonstrated in clinical populations with alcohol use disorder 

(AUD) (Colrain, Turlington, & Baker, 2009; Irwin, Miller, Christian Gillin, Demodena, & 

Ehlers, 2000). Neocortical theta and delta oscillations are thought to originate exclusively 

from coordinated firing of interconnected excitatory networks in cortical layer V neurons 

(Chagnac-Amitai & Connors, 1989). These rhythms also appear to have an intimate 

relationship with sleep/wake cycles (Morikawa, Hayashi, & Hori, 1997) and specifically 

mature across adolescent development (Campbell & Feinberg, 2009). For instance, sleep 

deprivation in adolescence can lead to decreases in the activity of visual and frontal cortical 

layer V pyramidal cells and reductions in experience-dependent synapse elimination, both of 

which are important for neural refinement during development (Zhou et al., 2020).

Findings from both human postmortem studies and rodent models have also demonstrate 

that heavy or long-term drinking during adolescence can produce neuroadaptive changes in 

dendritic arborization and/or spines (Carpenter-Hyland & Chandler, 2007; Cui et al., 2013; 

Mulholland & Chandler, 2007; Mulholland, Chandler, & Kalivas, 2016). Chronic AIE can 
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result in persistent changes in dendritic spine density and spine subpopulations in cortical 

and subcortical regions (Jury et al., 2017; Kyzar, Zhang, & Pandey, 2019; Mulholland et al., 

2018; Pandey, Sakharkar, Tang, & Zhang, 2015; Risher et al., 2015; Trantham-Davidson et 

al., 2017). Subcortical regions such as the central and medial amygdala, but not basolateral 

amygdala, show reduced total dendritic spine density after adolescent AIE exposure (Jury 

et al., 2017; Pandey et al., 2015). Adolescent AIE also produces long-lasting decreases 

in dendritic spine density and changes in Fmr1 gene expression in the hippocampus, a 

possible mechanism underlying AIE-induced cognitive and affective deficits (Mulholland et 

al., 2018). Conversely, adolescent AIE increases spine density in the medial prefrontal cortex 

(Jury et al., 2017; Trantham-Davidson et al., 2017) and in the lateral orbitofrontal cortex 

of chronic intermittent ethanol in adult (CIE) mice after 7 days of withdrawal (McGuier, 

Padula, Lopez, Woodward, & Mulholland, 2015). Despite a small but significant area of 

cortical thinning in the prefrontal cortex, overall increases in cortical thickness (particularly 

in the posterior cingulate cortex) were shown in adolescent AIE rats (Vetreno, Yaxley, 

Paniagua, Johnson, & Crews, 2017).

Striking changes in spine density and morphology have been seen in many cortical and 

subcortical regions after AIE exposure. However, there is little known about the impact 

of ethanol exposure on dendritic spines in the same motor and sensory cortices at the 

sites of EEG sleep recordings. In this study, we targeted layer V in primary motor (M1) 

and primary/secondary visual (V1/V2) cortex. Cells in this layer have extensive apical and 

basal dendritic fields that allow them to integrate excitatory signals from all cortical layers 

(Schubert et al., 2001), including wide lateral intracortical connectivity (Kim, Juavinett, 

Kyubwa, Jacobs, & Callaway, 2015; Markram et al., 2015), which makes them well-suited 

to coordinate theta and delta activity within and between neocortical columns. Additionally, 

electrodes used to record EEG during sleep are positioned just above and record from this 

cortical layer. The aim of the current study was to use an established ethanol exposure model 

of vapor inhalation to investigate cortical dendritic spine density and morphology in M1 and 

V1/V2 cortices in adolescent (AIE) and adult (CIE) Wistar rats.

Materials and Methods

Animals

Eighteen male adolescent Wistar rats and 18 male adult Wistar rats (Charles River, USA) 

were used in the study. Adolescent rats arrived on postnatal day (PD) 21, whereas rats in the 

adult group were received on PD 90. Rats were housed in standard polycarbonate cages in 

sets of 3-4 rats with same-sex littermates at the Scripps Research Institute animal facilities. 

Temperature- (20°C) and humidity-controlled room with a 12-hour light/dark cycle (lights 

on 08:00). Food and water were available ad libitum. Subjects were cared for in accordance 

with the guidelines of the NIH Guide for the Care and Use of Laboratory Animals (NIH 

publication No. 80-23, revised 1996), and approved by the Institutional Animal Care and 

Use Committee of The Scripps Research Institute.
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Intermittent Ethanol Exposure

Rats were randomly divided into chronic intermittent ethanol vapor exposure or air-control 

(Control) groups for adolescent rats (AIE), (Control = 9; AIE = 9) and adult rats (CIE), 

(Control = 8; CIE = 10). The ethanol exposed rats (AIE, CIE) were group-housed in 

sealed polycarbonate chambers, infused with vaporized 95% ethanol in a 14 hr-on/10 hr-off 

pattern (vapor beginning at 20:00) for 5 consecutive weeks beginning on PD 22-57 for 

AIE rats and on PD 91-126 for CIE rats. This intermittent ethanol inhalation procedure, 

in both adolescent and adult rats, has also been previously described (Ehlers et al., 2011; 

2013; 2018a). To assess blood ethanol concentrations (BEC), blood samples (200 μL) 

were taken from the tip of the tail every 3 to 4 days during the 5-week exposure period. 

Samples were immediately centrifuged at 1500rpm for 15 minutes, with plasma extracted 

and stored at −80°C until further analysis using the Analox microstatAM1 (Analox Instr. 

Ltd., Lunenberg, MA). Adolescent and adult control rats experienced the same blood draw 

schedule as ethanol-treated animals but BEC’s were not analyzed. After the first three days 

of exposure in the ethanol vapor chambers, BECs stabilized and averaged 251.21 ± 9.94 

mg/dL (ranging 200.31 – 287.61 mg/dL) for AIE rats and 232.61 ± 6.45 mg/dL (ranging 

209.34 – 259.24 mg/dL) for CIE rats. The mean BECs were not significantly different 

between age groups [t(17)=1.60, p=0.128]. Following 5-weeks of ethanol exposure, rats 

were transferred to standard polycarbonate cages where they were group-housed for the 

duration of the experiment. Control animals were handled identically to ethanol rats, except 

they were not exposed to ethanol vapor and were maintained in standard cages throughout 

the experiment.

Dendritic spine analysis

Rats in each group (AIE, CIE) were exposed to a total of 5 weeks of intermittent 

vapor ethanol or air and euthanized 13 days following withdrawal (PD 70 for adolescent 

exposure and PD 139 for adult exposure animals). Animals were euthanized during a 

3.5-hour period occurring between 9am-12:30pm in alternating groups so that ethanol 

and control tissue samples were represented across that time period. Following previously 

described methods (see Mulholland et al., 2018), rats were anesthetized with urethane 

(3 g/kg, i.p.) and perfused transcardially with room-temperature 0.1 M phosphate buffer 

(PB) and 1.5% paraformaldehyde (PFA) for 15-20 minutes. Brains were extracted and 

post-fixed in 1.5% PFA for 30 minutes and stored 0.1 M PB at 4°C. Fixed brains were 

shipped to the Medical University of South Carolina overnight. Coronal sections (150 

μm) were sliced via vibratome (Leica VT1000S; Leica Biosystems) and then labeled with 

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI)-coated tungsten 

particles (1.3 μm diameter) using a biolistic delivery system (Helios Gene Gun, Biorad) 

fitted with a polycarbonate filter (3.0 μm pore size; BD Biosciences; San Jose, CA). Slices 

were incubated in PB for overnight at 4°C before being post-fixed in 4% PFA in PB for 1 

h at room temperature. After mounting with Prolong Gold Antifade mounting media (Life 

Technologies; Carlsbad, CA), second-order dendritic sections (~50-80 μm in length) that 

started >75 μm from the soma of pyramidal neurons in layers V of the primary motor cortex 

(M1) and primary visual cortex (V1/V2) were acquired with an Airyscan super-resolution 

detector on a confocal microscope (LSM 880; Carl Zeiss Microscopy). A series of optical 

sections (voxel size: 45 x 45 x 130 nm; 2 frame average) were captured for each dendritic 
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section with a 63× water-immersion objective (Plan-Apochromat, Carl Zeiss, NA = 1.4, 

working distance = 190 μm) with 2.5× zoom. Raw Airyscan images were post-processed 

(linear Wiener filter-based deconvolution with pixel reassignment) in ZEN Black Software 

(version 14; Carl Zeiss) using the automatic filter strength setting. Imaris XT (version 9.1; 

Bitplane; Zurich, Switzerland) was used to generate a filament of the dendritic shaft and 

spines.

As previously described (Cannady et al., 2021; McGuier et al., 2015; Uys et al., 2016), 

spines were then classified into 4 categories (stubby, long, filopodia, and mushroom) based 

on the spine length and the width of the spine head and neck, where L is spine length, 

DH is spine head diameter, and DN is spine neck diameter. Long spines were identified as 

having a L ≥ 0.75 μm and L < 3 μm, mushroom spines had a L < 3.5 μm, DH > 0.35 

μm and a DH > DN, stubby spines had a L < 0.75 μm, and filopodia were identified as 

having a L ≥ 3 μm. The density of multi-headed spines was not measured in this study. An 

example of a dendritic section and spine subclasses is shown in Fig 1. Data on dendritic 

spine parameters were averaged for each dendritic section and were collated from the Imaris 

output via custom scripts written in Python. The experimenter that acquired the confocal 

images and performed the Imaris image analyses was blind to the treatment groups.

Data analysis

Dendritic spine data were analyzed as a general linear mixed model (SAS PROC MIXED; 

version 9.4) using Tukey post-hoc tests, when applicable, following our previous methods 

(McGuier et al., 2015; Mulholland et al., 2018). The dendritic spine variables were nested 

within each rat and were further nested across the sequential slices. Data are presented as 

mean ± standard error of the mean (SEM) and statistical significance was established with α 
= 0.05.

Results

Dendrites and Dendritic Spine Density in M1 cortex

Ethanol-induced changes in morphology of dendrites and dendritic spines was assessed 

in the M1 cortex (n = 8 – 10 rats/group, n = 3 – 7 dendritic sections/rat, 38-50 sections/

treatment group; 179 total dendritic sections; 15,283 total spines). There was a significant 

interaction between age and exposure in total spine density in M1 neurons [F(1,32) = 5.05, 

p = 0.032, Figure 2A]. Post-hoc analysis revealed that AIE vapor exposure significantly 

decreased total dendritic spine density compared to adolescent controls (p = 0.0031), an 

effect not seen in adults. While the mean diameter of the dendrites analyzed were not 

impact by ethanol exposure (Figure 2B), dendrite diameter was significantly affected by age 

[F(1,32) = 18.70, p < 0.001], with the dendritic diameter significantly smaller in adolescent 

rats compared to adults.

Spine Subclass Density and Morphology in M1 cortex

Spines were classified into four subclasses (i.e., filopodia, stubby, mushroom, and long) 

according to their length and head/neck diameters (Mulholland et al., 2018). For each 

of these subclassifications of spines, the density, diameter, length, volume, neck diameter 
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and neck length of the spines were calculated. The results for these analyses are shown 

in Figure 3. The density of long-shaped spines were significantly impacted by exposure 

[F(1,32) = 12.80, p = 0.001] and an interaction between exposure x age F(1,32) = 5.56, 

p = 0.025; Figure 3A]. Adolescent AIE exposure significantly reduced the overall density 

of long-shaped spines compared to age-matched controls (p < 0.001). Stubby-shaped spine 

neck diameter was significant impacted by exposure [F(1,32) = 7.86, p = 0.009; Figure 3E], 

with an increase in neck diameter for AIE exposure compared to air-controls. There was also 

a significant effect of age on long-shaped spine subtype. Adolescent rats had significantly 

smaller long spine diameter [F(1,32) = 4.48, p = 0.042; Figure 3B] and smaller spine neck 

diameter [F(1,32) = 4.22, p = 0.048; Figure 3E] compared to adults. Long-shaped spines 

also exhibited overall longer spine length [F(1,32) = 4.65, p = 0.039; Figure 3C] and spine 

neck length [F(1,32) = 7.51, p = 0.001; Figure 3D] for adolescents compared to adults. 

Mushroom or filopodia spine subclasses were unaffected by ethanol exposure or age.

Ethanol-induced changes in morphology of dendrites and dendritic spines was assessed in 

the V1/V2 cortex (n = 5 – 10 rats/group, n = 3 – 6 dendritic sections/rat, 19 – 44 sections/

treatment group; 140 total dendritic sections; 10,765 total spines). Ethanol exposure had 

no impact on total V1/V2 dendritic density (Figure 4A). However, there was a significant 

interaction between age and exposure for dendritic diameter [F(1,28) = 12.22, p = 0.002; 

Figure 4B], with CIE vapor in adulthood significantly reducing dendritic diameter compared 

to control-air exposure in adults rats, (p = 0.010).

Spine Subclass Density and Morphology in V1/V2 cortex

Filopodia spine density was significantly altered by exposure [F(1,28) = 9.20, p = 0.005; 

Figure 5A]. Overall, ethanol exposure in both adolescent and adult exposed reduced the 

density of filopodia spines in the V1/V2 cortex compared to air-controls. While long-shaped 

spine length significantly increased with age [F(1,28) = 13.37, p = 0.001; Fig. 5C], ethanol 

exposure significantly decreased spine length compared to controls [F(1,28) = 5.87, p 

= 0.022]. There was also a significant increase in the length of long spine neck from 

adolescence to adulthood [F(1,28) = 14.91, p = 0.001; Fig. 5D]. Stubby-shaped spines were 

impacted by the age of the animal with overall larger volume [F(1,28) = 5.24, p = 0.030, 

Figure 5F] and density [F(1,28) = 6.73, p = 0.015; Figure 5A] of these spines in adolescent 

V1/V2 cortex compared to adult. Total spine diameter (Fig. 5B) and spine neck diameter 

(Fig. 5E) were not impacted by ethanol exposure or age of the animal in any of the spine 

subclassifications. Mushroom spine subclasses were also unaffected by ethanol exposure or 

age.

Discussion

High levels of ethanol exposure during adolescence or adulthood can have a significant 

impact on morphology of cortical dendrites (Crews et al., 2019; Frost, Peterson, Bird, 

McCool, & Hamilton, 2019; Mulholland et al., 2016). The current study compared the 

effects of chronic intermittent ethanol exposure during adolescence (AIE) and adulthood 

(CIE) on dendritic spine density and morphology in primary motor (M1) and primary/

secondary visual (V1/V2) cortices. Adolescent exposure resulted in reduced spine density in 
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the M1 cortex compared to age-matched controls, an effect not seen in adult-exposed spine 

morphology. Reductions in the density of long-shaped spine subclassifications were also 

seen after AIE in adolescence. Irrespective of age, ethanol exposure reduced the density of 

filopodia and the length of long-shaped spines in V1/V2 compared to air-exposed controls.

The impact that ethanol exposure has on adolescent and adult dendritic spines is complex, 

varying by brain region and duration of withdrawal (Cannady et al., 2021; Frost et al., 2019; 

Jones & Hassani, 2013; Jury et al., 2017; Kamarajan et al., 2015; Mulholland et al., 2018; 

Pandey et al., 2015; Trantham-Davidson et al., 2017). The current results expand on this 

literature to include reductions in the density of M1 basal dendrites in layer V cortex from 

ethanol-exposed adolescent, but not adult rats. While spine measurements were assessed 

13 days post-ethanol, it is possible that adult exposure produces spine changes early in 

withdrawal that do not persist into extended abstinence. Additionally, these results suggest 

that changes in cortical EEG recordings from at least two weeks after withdrawal, could at 

least theoretically be attributed to altered synaptic dynamics and morphology. We did not 

directly record sleep EEG in this set of animals in order to allow the removal of the brains 

for image analyses to coincide exactly with when sleep changes following ethanol exposure 

are known to occur from previous studies (see Amodeo et al., 2020; Ehlers, Benedict, Wills, 

& Sanchez-Alavez, 2020; Ehlers et al., 2018). Additional longitudinal studies are needed 

to directly measure whether changes in spine density/morphology seen in AIE exposure 

animals correlate with sleep patterns in adulthood.

There is an abundant literature showing that sleep promotes molecular mechanisms of 

synaptic plasticity (Da Souza & Ribeiro, 2015; Navarro-Lobato & Genzel, 2019; Puentes-

Mestril & Aton, 2017), and decreases in synaptic density have been shown to drive decline 

in SW sleep EEG power across adolescence (Campbell & Feinberg, 2009; Huttenlocher, 

1979). Increased daytime sleepiness across adolescence has also been shown to be related 

to declining delta and theta power density in humans (Campbell, Higgins, Trinidad, 

Richardson, & Feinberg, 2007). Since EEG potentials are produced by large populations 

of interconnected cortical neurons that oscillate synchronously, declining synaptic density 

would be predicted to decrease the amplitude of these summed membrane potentials 

(Steriade, Nunez, & Amzica, 1993; Steriade, McCormick, & Sejnowski, 1993).

In the present study, the average dendritic diameter in M1 cortex increased from the end 

of adolescence (PD 70) to adulthood (PD 140). In particular, long-shaped spines in M1 

decreased in length and increased in diameter with age. In the visual cortex, increases in the 

structure of long-shaped spines, and in the density of stubby-shaped spines, were found to 

occur at the end of adolescence and into late adulthood. These results expand on the current 

literature demonstrating changes in dendritic morphology across adult development. These 

maturational changes in spine morphology, including size, shape and density, are thought 

to reflect normal changes in glutamatergic synaptic transmission and plasticity that occur 

during aging (Dickstein, Weaver, Luebke, & Hof, 2013). It is plausible that these structural 

changes may lead to changes in the function of memory and learning, however a causal link 

is currently unsubstantiated (Dumitriu et al., 2010; Morrison & Baxter, 2012).
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Studies have shown reduced spine density and retracted arborization in cortical motor areas 

in postmortem AUD individuals (Corbett & Harper, 1990; Ferrer, Fábregues, Rairiz, & 

Galofré, 1986), rodents (Charlton et al., 2019), and in macaque monkeys exposed to prenatal 

alcohol (Miller, 2006). Topography organized connections between motor cortex, basal 

ganglia, and cerebellum interact synergistically to influence the functioning of all related 

motor structures (Houk & Wise, 1995). Therefore, loss of M1 plasticity could potentially 

reflect a loss of coordination among cortical and subcortical inputs leading to abnormal 

plasticity of motor maps within M1 in individuals with AUD. While research is limited, 

ethanol exposure has also been shown to decreased number of dendritic spines in the mouse 

visual cortex and increased mean length of pyramidal neuron dendrites after prenatal ethanol 

(Cui et al., 2010). Repeated ethanol exposure in adult rodents can also reduce visual-evoked 

potentials in visual cortex neurons (Begleiter & Porjesz, 1977; O’Herron, Summers, Shih, 

Kara, & Woodward, 2020). In the current study, CIE significantly reduced dendrite diameter 

in the visual cortex. These results were specific to adulthood and were not seen in AIE rats 

perhaps suggesting a unique vulnerability of older adults to changes in dendritic morphology 

in the visual cortex.

In conclusion, intermittent ethanol exposure can significantly alter cortical dendritic spines 

with a unique impact on M1 neurons when exposure occurs during adolescence. Together, 

these data add to growing evidence that cortical circuits are vulnerable to the effects of 

alcohol during adolescence and began to elucidate that early alcohol use may alter sleep 

through morphological adaptations in motor and visual cortices. Further research is needed 

to better understand how cortical circuits are uniquely impacted by alcohol use and develop 

therapeutics to treat alcohol-induced sleep disorders.
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Highlights:

• Adolescent ethanol exposure reduced spine density in the primary motor 

cortex

• Reductions in M1 spine morphology were age-specific

• Ethanol exposure reduced spine morphology in primary/secondary visual 

cortex
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Figure 1. 
(A) Representative fluorescent labeling of a dendritic section in the visual cortex acquired 

using a super-resolution confocal microscope. (B) Imaris software was used to generate a 

3D reconstruction of the dendritic shaft and spines from the fluorescent signal using the 

Filament function. An example of a dendritic section from the white box in Panel A shows 

the Imaris Filament and the four distinct morphological subtypes of dendritic protrusions: 

mushroom spines, long spines, stubby spines, and filopodia.
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Figure 2. 
Effects of ethanol vapor exposure in adolescent (AIE) and adult (CIE) rats on dendrite 

diameter and total dendritic spine density in primary motor (M1) cortical neurons. (A) 

Quantitation of total dendrite spine density and (B) dendrite diameter in M1 cortex from AIE 

and CIE rats or age-matched control. Ethanol exposure decreased M1 spine density in AIE 

rats compared to air-control rats, an effect not seen in CIE rats. Irrespective of exposure, M1 

dendritic diameter was significantly increased in the adult rat group compared to adolescent 

group. **p > 0.05 compared to age-matched control, # p > 0.05 main effect of age.
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Figure 3. 
Adaptations in dendritic morphology in M1 cortical neurons after almost two weeks of 

withdrawal from ethanol vapor in adolescent (AIE) and adult (CIE) rats or age-matched 

air-control exposure. Panel (A) depicts total dendrite spine density for mushroom, long, 

stubby and filopodia in primary motor cortex of AIE and CIE rats or air-control. The 

density of long spines in M1 was significantly reduced in AIE rats compared to age-matched 

controls. Quantification of M1 spine (B) diameter (C) length (D) neck length and (E) neck 

diameter resulted in a significant increase in the long spine subtype of CIE and AIE rats. 

Irrespective of age, ethanol exposure significantly increased stubby spine neck diameter 

compared to air-control. (F) M1 spine volume was not impacted by age or exposure group. 

***p > 0.001 compared to age-matched control, # p > 0.05 main effect of age.
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Figure 4. 
Effects of ethanol vapor exposure in adolescent (AIE) and adult (CIE) rats on dendrites 

and total dendritic spine density in adult V1/V2 cortical neurons. Quantitation of total 

(A) dendrite spine density and (B) dendrite diameter in AIE and CIE rats or age-matched 

control. Decreases in V1/V2 spine density were seen in CIE rats compared to air-controls, an 

effect not seen in AIE rats. **p > 0.05 compared to age-matched control.
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Figure 5. 
Adaptations in dendritic morphology in V1/V2 cortical neurons after withdrawal from 

ethanol vapor in adolescent (AIE) and adults (CIE) or air-control exposure. Figure depicts 

quantification of mushroom, long, stubby, and filopodia spine subtypes. Quantification of 

(A) spine density in V1/V2 resulted in a significant decrease in filopodia density in ethanol 

vapor rats compared to air-control. There was also an age-dependent effect in subby spines 

with a reduction in density in adult compared to adolescent exposed rats. (B) V1/V2 

diameter of the spines and (E) diameter of the spine neck subtypes did not result in any 

differences. However, differences were seen in (C) spine length and (D) spine neck length 

subclassifications. Length of spine and spine neck for the long subclass were longer in 

adult rats compared to adolescent. There was a significant decrease in long spine length for 

ethanol animals compared to controls. Additionally, there is a main effect of age with greater 

long spine length in adult compared to adolescent rats. (E) Age of group did impact stubby 

spine volume with deceases with age. **p > 0.05 compared to age-matched control, # p > 

0.05 main effect of age.
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