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Abstract

Adolescence is characterized by considerable brain maturation that coincides with the
development of adult behavior. Binge drinking is common during adolescence, and can have
deleterious effects on brain maturation due to the heightened neuroplasticity of the adolescent
brain. Using an animal model of adolescent intermittent ethanol (AIE; 5.0 g/kg, i.g., 20% EtOH
wiv; 2 days on/2 days off from postnatal day [P]25 to P55), we assessed adult brain structural
volumes and integrity on P80 and P220 using diffusion tensor imaging (DTI). While we did not
observe a long-term effect of AIE on structural volumes, AIE did reduce axial diffusivity (AD) in
the cerebellum, hippocampus, and neocortex. Radial diffusivity (RD) was reduced in the
hippocampus and neocortex of AlE-treated animals. Prior AIE treatment did not affect fractional
anisotropy (FA), but did lead to long-term reductions of mean diffusivity (MD) in both the
cerebellum and corpus callosum. Adolescent intermittent ethanol resulted in increased anxiety-like
behavior and diminished object recognition memory, the latter of which was positively correlated
with DTI measures. Across aging, whole brain volumes increased, as did volumes of the corpus
callosum and neocortex. This was accompanied by age-associated AD reductions in the
cerebellum and neocortex as well as RD and MD reductions in the cerebellum. Further, we found
that FA increased in both the cerebellum and corpus callosum as rats aged from P80 to P220.
Thus, both age and AIE treatment caused long-term changes to brain structural integrity that could
contribute to cognitive dysfunction.
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Introduction

Human neuroimaging studies find that adolescent maturation of grey and white matter
structures supports the transition of the immature child brain to the mature networks that
characterize the adult brain (Giedd, 2004). Unfortunately, adolescence is also a time when
individuals initiate alcohol use and abuse (Spear, 2011) as 5% of 8th grade, 14% of 10th
grade, and 22% of 12th grade individuals report heavy episodic drinking (i.e., >5
consecutive alcohol drinks per episode) over the past two weeks (Johnston et al., 2013). This
heavy drinking pattern continues through college as 41% of male students report binge
drinking every 2 weeks while 8% report consuming = 3 times the binge threshold during a 2-
week period (White et al., 2006). Routine binge drinking might lead to long-term changes in
adult neurobiology due to the heightened neural plasticity and structural development that
characterizes the adolescent brain (Crews et al., 2007). An earlier age of drinking onset (i.e.,
11 — 14 years of age) increases the risk of developing an alcohol use disorder later in life
(DeWit et al., 2000). Further, adolescent binge drinking is associated with diminished
impulse inhibition (White et al., 2011), reduced attentional functioning (Koskinen et al.,
2011), deficits in visuospatial ability (Tapert et al., 2002), and impaired executive
functioning (White et al., 2011). These findings support the hypothesis that adolescent binge
drinking alters neuromaturational processes that culminate in long-term behavioral changes.

Over the past decade, non-invasive neuroimaging technologies have been used to elucidate
the neuroarchitectural changes associated with adolescent binge drinking. Magnetic
resonance imaging (MRI) studies of adolescent binge drinkers reveal altered structural
volumes in several brain regions, including the hippocampus, prefrontal cortex, and
cerebellum (for review, see Welch et al., 2013). Diffusion MRI, also known as diffusion
tensor imaging (DTI), provides a measure of grey and white matter integrity by assessing the
magnitude and orientation of water molecule diffusion in the brain (Oguz et al., 2012).
During adolescent brain development, white matter structures mature hierarchically and
become highly organized, which is concomitant with maturation of cognitive faculties (Bava
and Tapert, 2010; Lenroot and Giedd, 2006). Several DTI studies have reported altered
diffusivity measures in white matter structures of human binge drinkers (Jacobus et al.,
2009; McQueeny et al., 2009), but these data are difficult to interpret as it is unknown
whether alcohol exposure or a pre-existing condition led to heavy binge drinking, and the
subsequent brain and behavioral changes. Thus, animal neuroimaging studies provide a
useful tool for directly assessing the effects of alcohol on the developing brain because they
allow for the systematic control of extraneous variables.

Similar to human studies, animal models of adolescent binge drinking find ethanol-induced
alterations of brain structural volumes (Coleman et al., 2011; Ehlers et al., 2013). For
instance, Ehlers and colleagues (2013) found adolescent maturational changes in
hippocampal volumes of young adult rats following adolescent binge ethanol exposure,
which was correlated with measures of anxiety-like behavior. However, the effect of
adolescent binge ethanol exposure on the structural integrity of grey and white matter
regions is unknown. In this study, DTI was used to test the hypothesis that adolescent
intermittent ethanol (AIE) treatment of male Wistar rats leads to long-term alterations in
grey and white matter integrity from P80 to P220. From the DTI, we assessed four scalar
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variables: mean diffusivity (MD), the overall magnitude of water diffusion; fractional
anisotropy (FA), a measure of the directional coherence of water diffusion; axial diffusivity
(AD), the magnitude of water diffusion parallel to axons; and radial diffusivity (RD), the
magnitude of water diffusion perpendicular to the axon. Fractional anisotropy is related to
increased axon density and/or myelination (Beaulieu, 2002), but alone will not help to
explain the nature of the white matter microstructure. Therefore, both AD and RD were also
investigated. These studies provide insight into the impact of adolescent binge drinking
models and age on adult brain structure.

Materials and Methods

Animals

Young pregnant female Wistar rats (embryonic day 17; Harlan Sprague-Dawley,
Indianapolis, IN) were acclimated to our animal facility prior to birthing at the University of
North Carolina at Chapel Hill. On P1 (24 hr after birth), litters were culled to 10 pups and.
housed with their mother until group housing with same-sex littermates at the time of
weaning on P21. All animals were housed in a temperature- (20°C) and humidity-controlled
vivarium on a 12 hr/12 hr light/dark cycle (light onset at 0700 hr), and provided ad /ibitum
access to food and water. Experimental procedures were approved by the IACUC of the
University of North Carolina at Chapel Hill, and conducted in accordance with NIH
regulations for the care and use of animals.

Adolescent Intermittent Ethanol Treatment Paradigm

On P21, male Wistar rats (N = 32) were weaned, group housed (n = 4 per cage), and
randomly assigned to either (i) adolescent intermittent ethanol (AIE; n = 16) or (ii) water-
treated control (CON; n = 16). Subjects were further divided into the P80 (CON = 8 and
AIE=8) and P220 (CON = 8 and AIE= 8) age groups. Beginning on P25, AlE-treated
animals received intragastric (i.g.) administration of ethanol (5.0 g/kg, 20% ethanol w/v) on
a 2-day on/2-day off schedule until P55. Animals in the CON condition received comparable
volumes of H,O on the same schedule. As seen in Fig. 1, all subjects gained weight during
the course of experimentation. There was no difference in body weight (mean + S.D.) during
AIE treatment (o> 0.4) as all subjects grew from 73 (£10) g on P25 to 301 (+28) g on P57,
with CONs weighting 311 (£27) g and AIEs weighing 291 (+27) g. Body weight did not
differ as a function of treatment at the time of sacrifice in the P80 group (p> 0.2), but did
differ at the time of sacrifice in the P220 group (p < 0.05).

Blood samples were collected from the tail on P38 and P54 and blood ethanol content
(BECs) was analyzed using a GM7 Analyzer (Analox; London, UK). Mean BEC levels
(mean £ S.D.) on P38 were 168 (+47) mg/dL and at P54 were 178 (£66) mg/dL, which are
consistent with previous studies from our laboratory (Vetreno and Crews, 2012). Following
the conclusion of AIE treatment, subjects were housed in pairs (n = 2 per cage), and
maintained on ad /ibitum access to food and water for the duration of the experiments. Prior
to behavioral testing, subjects were only handled during treatment and weighing sessions.
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Behavioral Assessment: Open-field Object Recognition Memory

Obiject recognition memory was assessed from P163 to P165 using an open-field apparatus
(65 cm x 65 cm x 47 cm), which was constructed of wood and painted black. The testing
environment was brightly illuminated by four 100 watt lights suspended above the apparatus
and white noise provided by a white noise generator. An automated tracking system
(Ethovision XT 8.0, Noldus Ethovision; Leesburg, VA) was used to monitor behavior, and
between each trial the open-field and each object was thoroughly cleansed (Roccal-D Plus,
Fisher Scientific; Pittsburgh, PA) to remove all olfactory cues. Before each trial, subjects
were habituated to the testing environment for 10 min. On the first day of testing
(habituation phase), individual rats were placed on the open-field in the bottom right facing
the corner. The subject was allowed to freely explore the open-field for 5 min, and distance
traveled (cm), latency to enter the center (s), and duration (s) and entries into the center were
recorded. Twenty-four hrs later during the familiarization phase (Trial 2), two texturally and
visually different objects (glass Mason jar [A] and plastic bottle [B]) were placed in opposite
corners in the middle of the open-field apparatus. The subject was allowed to freely explore
the open-field and objects for 5 min. Duration (s) and number of contacts with each object
was quantified as was the distance traveled (cm). Twenty-four hrs later on the third day of
testing (testing phase), Object B was replaced with novel Object C (ceramic mug), and the
duration (s) and number of contacts with the familiar (F) and novel (N) object was quantified
as was the distance traveled (cm). A contact was defined as the subject directing the nose <2
cm from the object, or directly touching it. The discrimination ratio, which provides a
measure of novel object exploration (Antunes and Biala, 2012; Bartolini et al., 1996), was
calculated by: (Novel — Familiar)/(Novel + Familiar). The discrimination ratio varies
between +1 and -1, with a positive ratio signifying more time spent exploring the novel
object while a negative ratio reflects more time spent with the familiar object. A ratio of 0
indicates that equal time was spent exploring both objects (Antunes and Biala, 2012).

Behavioral Assessment: Behavior in the Light/Dark Box

On P219, anxiety-like behavior was assessed in the light/dark box (68 cm x 21 cm x 36 cm;
San Diego Instruments, San Diego, CA) and was divided into two equal chambers (34 cm x
21 cm x 36 cm). The dark box was opaque while the light box was brightly illuminated with
a chamber light that was positioned 36 cm above the base. An opaque divider separated the
light and dark boxes with a small opening at the base that allowed passage of the animal
between chambers. An automated tracking system (Photobeam Activity System, San Diego
Instruments), consisting of infrared photocell beams placed 2 cm above the floor, was used
to track each subjects movement. On the day of testing, each rat was individually transported
to the testing room, which was dark and filled with white noise, and habituated to the testing
environment for 10 min. Following habituation, each subject was placed into the center of
the dark box and allowed to freely explore the apparatus for 5 min. Latency to enter the light
box (s), entries into the light box, and duration in the light box (s) was measured throughout
the session. Between each subject, the apparatus was thoroughly cleansed to remove all
olfactory cues.
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Tissue Perfusion for Neuroimaging

On P80 and P220, subjects were anesthetized with an overdose of sodium pentobarbital (100
mg/Kkg, i.p.). Animals were transcardially perfused at a flow rate of 30 mL/min on a heating
pad with a 1:10 solution of ProHance® (Bracco Diagnositics, Princeton, NJ) in 0.9% saline
at 37°C, followed by 1:10 solution of ProHance® in 10% formalin (pH 7.4) at room
temperature (Oguz et al., 2013). ProHance is a contrast agent that improves scan resolution.
The skull with brain intact was stored in a specimen container in a 10% formalin solution at
4 ° C. Twenty-four hr later, the skull with brain intact was transferred to a 1:100 solution of
ProHance® in phosphate-buffered saline (PBS, pH 7.4) at 4 °C until the DTI session.

DTI Acquisition

A total of 32 rat skulls with brain intact were sent to the University of North Carolina at
Chapel Hill Biomedical Research Imaging Center (BRIC) for DTI in a dedicated 9.4T
Bruker small animal scanner. The acquisition of DTI enabled the analysis of structural
volume and diffusion data. Diffusion tensor images were acquired with isotropic voxels
(0.16 mm x 0.16 mm x 0.16 mm) were acquired using a diffusion-weighted 3D RARE
sequence with 12 quasi-uniformly distributed diffusion encoding gradient directions and 3
baseline images. The total scan time was approximately 15 hrs per subject. Although
acquiring a higher number of diffusion directions would have increased the accuracy of the
DTI measurement computation, we decided against acquiring a higher number of diffusion
directions (e.g., 20) as it would have significantly impacted spatial resolution or the Signal-
to-Noise ratio (SNR). Further, we wanted to maintain consistency in reported methods in the
recently published atlas manuscripts (Calabrese et al., 2013; Chuang et al., 2011).

Image Processing

The DTI data was processed using our fully automatic pipeline (Budin et al., 2013) with
thorough quality control checks after each step. After the raw data were bias corrected,
diffusion tensors were estimated and diffusion property maps, including AD, RD, MD, and
FA, were computed for each subject (see Fig. 2A). These images were rigidly aligned
(translation and rotation) with a pre-existing atlas (Rumple et al., 2013) using mutual
information. The entire diffusion tensor field was transformed using these rigid transforms
according to Log-Euclidean interpolation (Arsigny et al., 2006) and the diffusion property
maps were recomputed in this atlas space.

The rigidly registered MD images were used for skull stripping the images using an atlas-
based tissue classification method (see Oguz et al., 2011). The skull stripped images were
deformably co-registered in a group-wise manner to compute an unbiased population
average (Joshi et al., 2004). The pre-existing atlas was registered to the population average,
and the accompanying segmentation into 7 regions of interest (ROI), which included the
amygdala, cerebellum, corpus callosum, hippocampus, hypothalamus, neocortex, and
striatum) were propagated along these computed deformation fields, first to the population
average and then to the individual subjects. Of these regions, we focused our analyses on the
cerebellum, corpus callosum, hippocampus, and neocortex (see Fig. 2B) as these brain
regions are typically reported as vulnerable to the effects of alcoholism in the human
literature (De Bellis et al., 2000; De Bellis et al., 2005; Lisdahl et al., 2013; McQueeny et
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al., 2009). Rigorous quality control was performed after each step to ensure automatic
processing performance was satisfactory.

The prolonged postmortem scan allows the acquisition of isotropic DTI data with a high
resolution both in-plane and out-of-plane. Therefore, we were able to align and segment the
images in 3D and compute the volume of each structure in each subject. Additionally, the
atlas-based segmentation of the entire brain at once allowed for smooth and accurate
boundaries between neighboring regions, compared to a region-by-region basis that may
have biased the analysis based on the order of processing.

Statistical Analysis

Results

The Statistical Package for the Social Sciences (SPSS; Chicago, IL) was used for all
statistical analyses. The effect of AIE on body weight was assessed using a repeated
measures ANOVA. One-way ANOVAs were used to assess BECs and all behavioral data.
Independent ANOVAS (AGE [P80 vs. P220] x TREATMENT [CON vs. AIE]) were used to
assess the effect of AIE on volume and diffusivity measures. DTI data was also analyzed
with independent sample t-tests to determine the effects of AIE on volume and diffusivity
measures in each age group. Since performing multiple comparisons can increase the
incidence of Type | Errors, the Benjamini-Hochberg procedure (B-H Critical) for controlling
false positives was calculated (Thissen et al., 2002). Although the experiment began with 8
subjects per group, several subjects were lost due to technical issues during DTI scanning
procedure. Consequently, there were a total of 5 subjects per treatment in the P80 age group
and 7 subjects per treatment in the P220 age group for the imaging studies. Pearson
correlations (r) were used to assess the association between brain volumes (mms3) obtained
from DT with wet brain volumes (g) as well as correlations between behavioral measures
and the structural diffusivity data. All values are reported as mean = SEM, and significance
was defined at a level of p< 0.05.

Structural analysis reveal increased overall brain and discrete brain regional growth with

age

To model human adolescent drinking behavior, we used an intermittent schedule consistent
with known patterns of heavy weekend drinking, but not daily drinking associated with adult
alcoholism. To determine the effects of aging and AIE on brain morphology, we used
structural DTI to assess volumes of the whole brain as well as brain regions predicted to
change in P80 and P220 CON- and AIE-treated rats. Analysis of total brain volume revealed
a significant 10% (£1%) increase from P80 to P220 (see Fig. 3A). To determine the
association of the total brain volume with physiological measures, we correlated total brain
volume (cm3) with wet brain weight (g). As depicted in Fig. 3B, total brain volume was
positively correlated with wet brain weight. Brain regional volume analysis found two brain
regions to be increased significantly with age. The corpus callosum increased by 28% (+3%)
from P80 to 220 (see Fig. 4A) and. the volume of the neocortex increased by 13% (+1%)
from P80 to P220 (see Fig. 4B). No other main effects or interactions were observed in the
other brain regional volumes assessed (see Table 1). Together, these data reveal an age-
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associated increase in whole brain, neocortical grey matter, and corpus callosum white
matter volumes from P80 to P220.

Diffusion tensor imaging reveals that AIE and aging affect measures of water diffusivity

Diffusion tensor imaging allows for non-invasive assessment of grey and white matter
structural integrity by measuring the magnitude and direction of water diffusion. Across age,
we found that AD was reduced by 20% (£2%) in the cerebellum. We found a similar age-
associated 11% (+2%) reduction of AD in the neocortex from P80 to P220. In addition, AD
was reduced by 18% (+2%) in the amygdala (main effect of AGE: Ay 20y = 5.5, p< 0.05)
and by 27% (+2%) in the hypothalamus (main effect of AGE: £ 50y = 9.7, p< 0.01) from
P80 to P220. Analysis of the cerebellum revealed an AlE-induced 15% (+4%) reduction of
AD in adult rats, relative to CONs. Within the hippocampus, AD was also reduced by 11%
(x1%) in the AlIE-treated adult animals, relative to the CONs. Further, analysis of the
neocortex also revealed a significant 12% (£2%) reduction of AD in the AlE-treated
animals, relative to the CONs (see Fig. 5). There were no other main effects or interactions
with AIE treatment (see Table 2). These data reveal that AD undergoes region specific age-
associated decline from P80 to P220 while it is decreased in the adult cerebellum,
hippocampus, and neocortex following AIE treatment.

From P80 to P220, RD was reduced by 25% (+2%) in the cerebellum. Further, RD was
reduced by 22% (+2%) in the amygdala (main effect of AGE: Ay »g) = 6.7, p < 0.05) and
35% (£3%) in the hypothalamus (main effect of AGE: /3 29) = 11.9, p< 0.01) from P80 to
P220. In the hippocampus, RD was reduced by 11% (x2%) in adult animals following AIE
treatment. Radial diffusivity was also reduced by 12% (+2%) in the neocortex of AIE-
treated adult animals, relative to the CONs (see Fig. 6). There were no other main effects or
interactions with AIE treatment (see Table 3). Together, these data reveal region specific
decreases in RD with age from P80 to P220, and that AIE treatment leads to long-term
reductions of RD in the hippocampus and neocortex.

Mean diffusivity declined by 10% (£2%) in the cerebellum from P80 to P220. Similarly,

MD was reduced by 17% (£3%) in the hypothalamus of P220 animals when compared to the
P80 animals (main effect of AGE: A1 »0) = 17.3, p< 0.01). Adolescent intermittent ethanol
resulted in a significant by 17% (£3%) reduction of MD in the adult cerebellum, relative to
the CONs. We also found that AIE treatment resulted in a similar 10% (+2%) reduction of
MD in the corpus callosum of adult rats, relative to CONs (see Fig. 7). There were no other
main effects or interactions for MD (see Table 4). These data reveal brain regional specific
reductions of MD from P80 to P220, and that MD was reduced by AIE treatment in the adult
cerebellum and corpus callosum.

Fractional anisotropy was significantly increased by 13% (£2%) in the cerebellum from P80
to P220. Similarly, there was a significant 37% (+3%) increase in FA in the corpus callosum
from P80 to P220 (see Fig. 8). Further, FA was increased in the hypothalamus from P80 to
P220. There were no other main effects or interactions (see Table 5). Together, these data
reveal an age-associated increase in FA in the cerebellum, corpus callosum, and
hypothalamus from P80 to P220.
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Object recognition memory is impaired in adult rats following AIE treatment

Previous studies found that adolescent binge ethanol treatment of mice reduces object
recognition 3 weeks after ethanol treatment (Pascual et al., 2007). We used the open-field
novel object recognition task to assess object recognition memory from P163 to P165 in
adult rats following adolescent binge ethanol treatment. During the habituation phase, AIE-
treated animals evidenced greater latencies to enter the center of the apparatus, relative to
CON:s (see Fig. 9A). There was no effect of AIE treatment on distance traveled, duration in
the center, or number of entries into the center (all p’s > 0.08). Adolescent binge ethanol
exposure did not affect any of the measures during the familiarization phase (all p’s > 0.1).
During the testing phase, AIE treatment significantly reduced the discrimination ratio
relative to CONSs (see Fig. 9B). Together, these data reveal that AIE treatment leads to long-
term impairments of object recognition memory and increased the latency to enter the center
of the maze.

Adolescent intermittent ethanol treatment leads to long-term anxiety-like behavior in adult

rats

Given our finding of AIE-induced thigmotaxis on the object recognition task, we assessed
anxiety-like behavior on P219 using the light/dark box. Time spent in the light box was
reduced by 30% (x7%) in the AlE-treated animals, relative to the CONs (see Fig. 10). There
was no difference in latency or number of entries into the light box (both p’s > 0.5). Thus,
these data, coupled with the increase in thigmotaxis, reveal that AIE treatment leads to long-
term increases in anxiety-like behavior.

Diffusion tensor measures of AD correlate with object recognition memory performance in

adulthood

Brain structures and white matter tracts that support the integration of executive and emotive
function continue to mature through adolescence into adulthood (Wu et al., 2014). We
sought to determine whether there was a relationship between DTI measures and
performance on the object recognition memory task and light/dark box. Diffusion measures
correlated with object recognition memory as assessed with the discrimination index (see
Table 6). Object recognition memory was positively correlated with AD in the neocortex,
hippocampus, and cerebellum. A comparison of AD in each of these brain regions with the
discrimination index reveals that lower AD measures were associated with diminished
performance on the object recognition task (see Fig. 11). Performance on the light/dark box
did not correlate with DTI measures (data not shown). These correlations are consistent with
altered axonal integrity contributing to the cognitive impairments associated with adolescent
binge ethanol exposure.

Discussion

This is the first experiment to use DTI to assess the effect of AIE treatment on the structural
integrity of the aging rat brain. We tested the hypothesis that AIE leads to long-term
structural alterations in grey and white matter integrity that may be related to altered
cognitive processes in adulthood. While AIE exposure did not affect structural volumes, we
did find AlE-induced reductions of AD in the cerebellum, hippocampus, and neocortex.
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Further, RD was reduced in the hippocampus and neocortex of AIE-treated animals. Prior
AIE treatment did not affect measures of FA, but did lead to long-term reductions of MD in
both the cerebellum and corpus callosum. Across age groups, whole brain volume increased,
as did corpus callosum and neocortex volumes from P80 to P220. These increased volumes
were accompanied by age-associated AD reductions in the cerebellum and neocortex as well
as RD and MD reductions in the cerebellum. Further, we found that FA increased in both the
cerebellum and corpus callosum as rats aged from P80 to P220. Behaviorally, AIE treatment
resulted in increased anxiety-like behavior and diminished object recognition memory, the
latter of which was positively correlated with DTI measures. Taken together, these data
reveal that AIE treatment leads to long-term alterations of structural integrity in brain
regions critically involved in cognitive processes that might contribute to the behavioral
dysfunction observed in adulthood.

Human neuroimaging studies provide considerable evidence of brain regional volume
deficits in adult alcoholics (see e.g., Pfefferbaum et al., 1996). Similar morphological
changes have been observed in the brains of adolescent binge drinkers (De Bellis et al.,
2000; Lisdahl et al., 2013). However, there is considerable variation in the adolescent
findings, which is likely a consequence of both differences in brain maturation across
individuals and varied statistical power to identify small differences. For instance, Lisdahl
and colleagues (2013) found that heavy alcohol use during adolescence reduced volumes of
the cerebellum as measured using MRI while others report that cerebellar volumes were
unaffected (De Bellis et al., 2005). In the present study, we focused our assessment on major
brain regions that undergo maturational changes during adolescence. Our volumetric DTI
analysis did not reveal an effect of AIE treatment on overall or brain regional volumes in
adulthood. Similarly, Ehlers and colleagues (2013) found that AIE treatment did not affect
volumes of the total brain or corpus callosum. However, they did report an interaction of age
by treatment in the hippocampus. Our lack of an AIE effect on hippocampal volumes in the
present study might be due to the loss of statistical power associated with the small sample
size. Thus, our AIE model does not lead to statistically significant long-term alterations in
adult brain regional volumes.

The advent of DTI, which allows for inferences of structural integrity by measuring the
magnitude and directionality of water movement, provides further insight into the effects of
AIE on brain morphology. The majority of human adolescent studies focused on white
matter tracts, often reporting that increased alcohol consumption is associated with altered
white matter integrity (McQueeny et al., 2009). Our finding of AIE-induced reductions of
AD in the neocortex, hippocampus, and cerebellum of adult rats is indicative of axonal
injury and/or reduced axonal density (Mac Donald et al., 2007; Song et al., 2003), which
might contribute to cognitive dysfunction. Further, RD was decreased in the hippocampus
and neocortex of AlE-treated adult rats, which might be attributable to increased tissue
density in these gray matter structures. Indeed, extracellular matrix (ECM) proteins, which
are a complex network of neurophil that aggregate to form perineuronal nets, are increased
in the adult brain following AIE treatment (Coleman et al., 2014). Ethanol exposure leads to
ECM reorganization and/or deposition (Wright et al., 2003) that could increase tissue
density resulting in diminished RD values in the AlE-treated adult animals. We also found
reduced MD values in the cerebellum and corpus callosum of AIE-treated animals. Lower
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MD values are associated with increased tissue density (Roberts and Schwartz, 2007).
Consistent with our findings, De Bellis and colleagues (2008) found increased FA and
decreased MD values in the corpus callosum of adolescent binge drinkers, indicative of
accelerated myelination relative to age-matched controls. Together, these data reveal that
adolescent binge ethanol exposure leads to long-term alterations to brain regional anisotropy.

During adolescence, the brain undergoes significant refinement that parallels the attainment
of adult cognitive processes (Ernst et al., 2009). Heavy patterns of binge drinking might lead
to long-term changes in adult neurobiology due to the heightened neural plasticity and
structural development that characterizes the adolescent brain (Crews et al., 2007). We found
long-term object recognition memory impairments and increased anxiety-like behavior in
adult rats following AIE treatment. These findings are consistent with data from our
laboratory (Coleman et al., 2011; Vetreno and Crews, 2012) and others (Ehlers et al., 2013)
of cognitive and emotive dysfunction in young adult rats and mice following AIE treatment.
In humans, adolescent binge drinking is also associated with diminished attentional and
executive functioning (Koskinen et al., 2011; White et al., 2011). Although anxiety-like
behavior did not correlate with measures of diffusivity, object recognition memory
impairments were correlated with structural integrity, particularly in the neocortex,
hippocampus, and cerebellum. This is consistent with the emerging interactions of the
neocortex with the cerebellum (Jung et al., 2014) as well as the role of the hippocampus
(Squire, 1992), in learning and memory. For instance, Jung and colleagues (2014) found that
cognitive dysfunction in recovering human alcoholics is associated with compromised
cortical-cerebellar circuitry. Thus, alterations in axonal and structural integrity might
contribute to cognitive dysfunction due to dysregulation of pruning processes necessary to
refine the circuitry and remove redundant signaling pathways. Clearly, further research is
necessary to fully investigate this finding as it relates to altered cognitive processes.

Diffusion tensor imaging allows for the elucidation of the maturational brain changes that
occur during adolescence. In rats, developmental increases in total brain volume and
regional volumes are observed from P28 to P80 (Oguz et al., 2013). Interestingly, in the
present study we found that total brain volume, neocortical grey matter, and corpus callosum
white matter volumes continue to increase through adulthood. We also observed age-
associated FA increases and MD reductions in the corpus callosum and cerebellum,
suggesting that structural refinement might also continue into adulthood. In the human
adolescent brain, DTI revealed FA increases and MD decreases in white matter structures,
which is consistent with increased myelination (Wang et al., 2012). Indeed, FA increases and
MD decreases from early adolescence to early adulthood were observed in the corpus
callosum and cerebellum of the rhesus monkey (Shi et al., 2013).

In summary, aging and adolescent binge ethanol treatment led to long-term changes in the
structural integrity of brain structures critically involved in cognitive processes. Further, AIE
treatment led to long-term memory deficits and increased anxiety-like behavior in adults.
The memory deficits on the object recognition task were positively correlated with DTI
measures supporting our hypothesis that AIE induces maturational changes to the brain that
persist into adulthood and contribute to neurocognitive dysfunction. Together, these data are
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consistent with underage binge drinking producing long lasting morphological changes in
the developing CNS that impact adult neurocognitive function.
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Figure 1. Graphical representation of the adolescent intermittent ethanol (AIE) treatment

paradigm

Rats received either ethanol (5.0 g/kg, 20% ethanol wi/v, i.g.) or a comparable volume of
water from postnatal day (P)25 to P55 on a 2-day on/2-day off administration schedule.
Blood ethanol concentrations (BECs) were assessed one hr after ethanol exposure on P38
and P54. Subjects in the first age group were sacrificed on P80 for diffusion tensor imaging
(DTI) analysis. Subjects in the second age group were behaviorally tested on the open-field
object recognition task from P163 to P165 and on the light/dark box anxiety test on P219.

The subjects were then sacrificed on P220 for DTI analysis.
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Figure 2. Diffusion tensor imaging (DT1) schematics
(A) Representative scans depicting axial diffusivity, radial diffusivity, mean diffusivity, and

fractional anisotropy from a CON subject in the postnatal (P)220 age group. Axial
diffusivity provides a measure of the magnitude and directionality of water movement
parallel to the axon. It allows for inferences of axonal integrity, and/or cellular organization
(zhang et al., 2012), with higher values indicative of increased axonal integrity. Radial
diffusivity provides a measure of the magnitude of water diffusion perpendicular to the axon,
and decreased values are associated with to increased tissue density (Giorgio et al., 2008;
Snook et al., 2005). Mean diffusivity is an overall indication of the magnitude of the
diffusion of water and allows for inferences regarding cellular size and integrity (Cercignani
etal., 2001). Lower mean diffusivity values are associated with increased tissue density
(Roberts and Schwartz, 2007). Fractional anisotropy provides the degree of directionally-
dependent water diffusion and is related to axonal density and/or myelination (Beaulieu,
2002). (B) Schematic depicting neocortex, corpus callosum, hippocampus, and cerebellum
from a CON subject in the P220 age group.
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Figure 3. Diffusion tensor imaging (DT]I) reveals that whole brain volumes increase from
postnatal day (P)80 to P220 and correlate with wet brain weight

(A) DTI analysis revealed that whole brain volume (mm3) increased from P80 to P220 (main
effect of AGE: F1 20) = 65.6, p< 0.01) that did not interact with adolescent intermittent
ethanol (AIE) treatment. **, p< 0.01. (B) Pearson’s r correlation found that whole brain
volumes (mm3) were positively correlated with wet brain weights (g; r = 0.96, n = 24, p<

0.01).
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Figure 4. \olumes of corpus callosal white matter and neocortical grey matter increase from

postnatal day (P)80 to P220

Diffusion tensor imaging revealed that (A) corpus callosum volume (main effect of AGE:
F1,20) = 20.3, p< 0.01) and (B) neocortex volume (main effect of AGE: A1 20) = 31.7, p<
0.01) continued to increase from P80 to P220. Adolescent intermittent ethanol (AIE)
treatment did not affect brain regional volumes at these ages. Depicted are means + S.E.M.

** < 0.01.
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Figure 5. Adolescent intermittent ethanol (AIE) exposure and aging lead to brain regional
specific alterations of axial diffusivity (AD) in the adult brain

(A) Within the cerebellum, AD declined from postnatal day (P)80 to P220 (main effect of
AGE: F(1,20) = 6.9, p<0.05), and was significantly reduced in the AIE-treated animals,
relative to the CONs (main effect of TREATMENT: A 2q) = 4.4, p< 0.05). (B) Corpus
callosum AD was unaffected by aging or AIE treatment. (C) Axial diffusivity was
significantly decreased in the hippocampus of AlE-treated animals, relative to CONs (main
effect of TREATMENT: £1 50y = 4.8, p< 0.05). (D) Neocortical AD declined from P80 to
P220 (main effect of AGE: A 20) = 4.9, p< 0.05, and was significantly decreased by AIE
treatment (main effect of TREATMENT: A1 5y = 6.2, p < 0.05). Depicted are means

+S.E.M. * p<0.05.
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Figure 6. Radial diffusivity (RD) is altered across aging and by adolescent intermittent ethanol
(AIE) treatment in the adult brain

(A) Radial diffusivity in the cerebellum declined from postnatal day (P)80 to P220 (main
effect of AGE: F1 20y = 8.0, p=0.01). (B) Corpus callosal RD was unaffected by aging or
AIE treatment. (C) Within the hippocampus, RD was significantly reduced in the AIE-
treated animals, relative to the CONs (main effect of TREATMENT: £ 20y = 4.2, p=0.05).
(D) There was a significant AIE-induced decrease of RD in the neocorte, relative to CONs
(main effect of TREATMENT: A 2q) = 4.5, p< 0.05). Depicted are means + S.E.M. * p<
0.05, ** p<0.01.
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Figure 7. Diffusion tensor imaging reveals that aging and adolescent intermittent ethanol (AIE)
affect mean diffusivity (MD) in the adult brain

(A) Cerebellar MD declined from postnatal day (P)80 to P220 (main effect of AGE: Ay 2q) =
5.8, p<0.05), and was significantly decreased by AIE treatment, relative to CONs (main
effect of TREATMENT: A1 50y = 8.6, p< 0.01). (B) Adolescent intermittent ethanol
treatment significantly reduced MD in the corpus callosum, relative to CONs (main effect of
TREATMENT: A 20y = 6.1, p< 0.05). (C) Hippocampal MD was unaffected by aging or
AIE treatment. (D) Neocortex AD was unaffected by aging or AIE treatment. Depicted are
means = S.E.M. * p<0.05, ** p< 0.01.
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Figure 8. Diffusion tensor imaging reveals that factional anisotropy is increased in both grey and
white matter structures across aging

Fractional anisotropy was significantly increased in the (A) cerebellum (main effect of AGE:
F1,20) = 10.4, p<0.01) and (B) corpus callosum (main effect of AGE: A1 20) = 7.6, p<
0.05) from postnatal day (P)80 to P220. (C) Hippocampal FA was unaffected by aging or
AIE treatment. (D) Neocortex FA was unaffected by aging or AIE treatment. Adolescent
intermittent ethanol (AIE) treatment did not affect brain regional volumes at these ages.
Depicted are means + S.E.M. *, p< 0.05, ** p< 0.01.
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Figure 9. Adolescent intermittent ethanol (AIE) treatment leads to long-term deficits in object
recognition memory

(A) Latency to enter the center of the open-field apparatus during the first trial, which
provides a measure of thigmotaxis, was significantly increased in adult rats following AIE
treatment (one-way ANOVA!: Ay 13) = 6.3, p < 0.05). (B) Adolescent intermittent ethanol
treatment significantly reduced the discrimination index, which is indicative of impaired
object recognition memory, in adult rats relative to CONs (one-way ANOVA: £ 13) = 16.3,
p <0.01). Depicted are means + S.E.M. * p<0.05, ** p<0.01.
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Figure 10. Adolescent intermittent ethanol (AIE) treatment leads to long-term alterations in
light/dark box behavior

Neither the latency to enter the light box (A) nor light box entries (B) was affected in
adulthood by prior AIE treatment. However, duration in the light box (C) was significantly
reduced by AIE treatment in adulthood, relative to CONs (one-way ANOVA: £ 13)=6.1, p
< 0.05). Depicted are means = S.E.M. *, p< 0.05.
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Figure 11. Axial diffusivity (AD) in the neocortex, hippocampus, and cerebellum is correlated
with object recognition memory performance in adulthood

Performance on the open-field object recognition memory test is positively correlated AD
measures in the (A) neocortex (r = 0.56, n = 14, p< 0.05), (B) hippocampus (r = 0.54, n =
14, p< 0.05), and (C) cerebellum (r =0.70, n = 14, p< 0.01).
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