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Rationale—Ventricular enlargement is a robust phenotype of the chronically dependent
alcoholic human brain, yet the mechanism of ventriculomegaly is unestablished. Heterogeneous
stock Wistar rats administered binge EtOH (3 g/kg intragastrically every 8 h for 4 days to average
blood alcohol levels (BALSs) of 250 mg/dL) demonstrate profound but reversible ventricular
enlargement and changes in brain metabolites (e.g., N-acetylaspartate (NAA) and choline-
containing compounds (Cho)).

Objectives—Here, alcohol-preferring (P) and alcohol-nonpreferring (NP) rats systematically
bred from heterogeneous stock Wistar rats for differential alcohol drinking behavior were
compared with Wistar rats to determine whether genetic divergence and consequent
morphological and neurochemical variation affect the brain’s response to binge EtOH treatment.

Methods—The three rat lines were dosed equivalently and approached similar BALs. Magnetic
resonance imaging and spectroscopy evaluated the effects of binge EtOH on brain.

Results—As observed in Wistar rats, P and NP rats showed decreases in NAA. Neither P nor NP
rats, however, responded to EtOH intoxication with ventricular expansion or increases in Cho
levels as previously noted in Wistar rats. Increases in ventricular volume correlated with increases
in Cho in Wistar rats.

Conclusions—The latter finding suggests that ventricular volume expansion is related to
adaptive changes in brain cell membranes in response to binge EtOH. That P and NP rats
responded differently to EtOH argues for intrinsic differences in their brain cell membrane
composition. Further, differential metabolite responses to EtOH administration by rat strain
implicate selective genetic variation as underlying heterogeneous effects of chronic alcoholism in
the human condition.

Keywords

Alcoholism; Genetics; Selective breeding; Ventriculomegaly; Choline; Magnetic resonance (MR)
imaging; MR spectroscopy

Introduction

Magnetic resonance imaging (MRI) of the brains of chronically dependent alcoholic human
adults commonly reveals a robust phenotype of ventriculomegaly (for review, Oscar-
Berman and Marinkovic 2007; Sullivan and Pfefferbaum 2005). Abstinence is associated
with at least partial reversibility of ventricular enlargement (Pfefferbaum et al. 1995;
Zipursky et al. 1989). The mechanisms of alcohol-induced brain changes, including
reversible ventriculomegaly, however, remain controversial. Early brain recovery through
abstinence, once considered to reflect rehydration (e.g., Goldstein 1983; Mann et al. 1993),
is now hypothesized to reflect white matter remylination (e.g., Ruiz et al. 2013). In vivo
study of animal models, by permitting longitudinal quantification of brain changes, their
development and progression, as well as their potential resolution, can help determine the
mechanisms underlying acute versus chronic effects of ethanol (EtOH) with the potential of
identifying targets for therapeutics.

Longitudinal MRI of heterogeneous stock Wistar rats before (baseline), during (binge), and
after (recovery) exposure to binge EtOH (i.e., 3 g/kg every 8 h for 4 days) to blood alcohol
levels (BALSs) of 258 mg/dL showed ventricular enlargement at the binge time point to 115
% of baseline (Zahr et al. 2010b); BALSs of 292 mg/dL resulted in ventricular enlargement to
122 % of baseline (Zahr et al. 2013). Ventricular volume returned to baseline with 1 week of
recovery. By contrast, chronic EtOH treatment via vapor chambers to BALs of 444 mg/dL
achieved over 24 weeks resulted in only marginal ventricular expansion to 30 % above
baseline when evaluated at the 24-week time point (Pfefferbaum et al. 2008). Differences in
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the volume of ventricular expansion argue for adaptive mechanisms in chronic versus acute
exposure to EtOH.

MR spectroscopy (MRS) of the same groups of binge EtOH exposed rats revealed
significantly lower levels of N-acetylaspartate (NAA) and higher levels of choline-
containing compounds (Cho) at the binge compared with the baseline time point that were
completely reversed with 1 week of recovery (Zahr et al. 2010b, 2013). Total creatine (tCr)
levels were also reversibly lower in both groups of EtOH-exposed rats at the binge time
point, but reached significance only in one of the two studies (i.e., Zahr et al. 2010Db). In the
chronic exposure model, decreases in NAA and tCr in response to EtOH treatment were
moderate and did not reach significance, while increases in Cho were significant (Zahr et al.
2009). Although widely used as in vivo markers in clinical and research settings, the
functions of MRS-detectable NAA, tCr, and Cho remain largely speculative. There are few,
if any, pharmacological treatments that can directly modulate the levels of these
metabolically important neurochemicals.

Selective, systematic, bi-directional breeding of rats for EtOH preference over successive
generations has resulted in divergent lines that exhibit the extremes of EtOH preference
without environmental manipulations (cf., Bell et al. 2012). Alcohol-preferring (P) and
alcohol-nonpreferring (NP) lines of rats were developed by selection from a Wistar
foundational stock at Indiana University School of Medicine in Indianapolis, IN, USA
(Lumeng et al. 1977). P rats drink greater than 5 g/kg/day, whereas NP rats drink less than 1
g/kg/day EtOH under similar conditions (Lankford et al. 1991; Li et al. 1987). P rats satisfy
criteria for an animal model of alcoholism (Cicero et al. 1971; Lester and Freed 1973)
because they (1) orally self-administer EtOH, (2) consume EtOH to pharmacologically
relevant BALs, (3) consume EtOH for its post-ingestive pharmacological effects (not strictly
for caloric value or taste), (4) work for EtOH (positive reinforcement), (5) express metabolic
and functional tolerance, and (6) show dependence, as indicated by withdrawal symptoms
after access to EtOH is terminated (e.g., Bell et al. 2001, 2006a, 2012; Kampov-Polevoy et
al. 2000; McBride and Li 1998; Murphy et al. 2002; Rodd-Henricks et al. 2000).

Compared with NP rats, P rats have altered serotonergic (Murphy et al. 1987, 1988; Weiss et
al. 1993; Zhou et al. 1991), dopaminergic (McBride et al. 1993; Murphy et al. 1987; Zhou et
al. 1995), GABAergic (Hwang et al. 1990; Thielen et al. 1993, 1997), and opiate (McBride
and Li 1998) neurotransmitter systems. Their neuromodulatory systems (e.g., neuropeptide
Y and corticotropin-releasing factor, Ehlers et al. 1992, 1998, 1999; Hwang et al. 2004a, b)
are also modified. Because multiple neurotransmitter and neuromodulatory systems have
been changed in the process of breeding rats with disparate alcohol-drinking behaviors (cf.,
Bell et al. 2012), it was predicted that these three rat lines would also demonstrate intrinsic
differences in levels of MRS-detectable neurochemicals and, as a consequence, show
differential responsiveness to binge EtOH treatment. We proposed that divergent MR
findings in P and NP rats compared with heterogeneous stock rats could provide insight into
the mechanisms underlying binge EtOH-induced ventricular expansion.

This study included two separate experiments: One studied 19 male P rats (339.0+4.5 g), the
other 21 male NP rats (383.9+4.3 g, baseline weights) (Indiana University). All animals
were singly housed with free access to food and water with lights on for 12 h starting at 8:00
a.m. Results are compared with previously published data from 19 male heterogeneous stock
Wistar (W) rats (Charles River Laboratories, 264.5+4.5 g) (Zahr et al. 2010b). Animals used
in these experiments were maintained in facilities fully accredited by the Association of the
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Assessment and Accreditation of Laboratory Animal Care. The Institutional Animal Care
and Use Committees (IACUC) at SRI International and Stanford University approved all
research protocols in accordance with the guidelines of the IACUC of the National Institute
on Drug Abuse, National Institutes of Health, and the Guide for the Care and Use of
Laboratory Animals (The Guide 1996).

All 59 rats underwent baseline scanning after which 11 W, 12 P, and 12 NP rats were
assigned to the EtOH-treatment group. These 35 rats received an initial “loading” dose of 5
g/kg 25% EtOH wi/v via oral gavage, then a maximum of 3 g/kg every 8 h for 4 days
(supplementary Figs. 1 and 3). On each of the 4 days, animals were weighed; tail vein blood
samples were collected four times per day: ~90 min before each dose to determine the level
of intoxication before further dosing or 90 min after the second dose of the day (i.e., 15:00)
to determine peak BALS (supplementary Figs. 2 and 3). Plasma was assayed for alcohol
content based on direct reaction with the enzyme alcohol oxidase (Analox Instruments Ltd.,
UK). Ethanol was administered according to body weight (supplementary Fig. 4), BALSs,
and behavioral intoxication state assessed using a modified Majchrowicz scale (range 0-5: 0
—neutrality, 1—sedation, 2—mild ataxia, 3—moderate ataxia, 4—severe ataxia, 5—loss of
righting reflex) (Majchrowicz 1975). There were no line differences (F(2, 34)=2.28, p
=0.1182) in cumulative EtOH dose (i.e., 43.0+ 0.76 g/kg/animal) across 4 days of treatment
(Fig. 1a). However, a comparison of average BALS across the 4 binge days (i.e., 255.0+6.06
mg/dL) was significant (F(2,34)=3.5, p = 0.0424): P EtOH (PE) had significantly higher
average BALs than NP EtOH (NE) rats (p =0.0131) (Fig. 1b). Peak BALSs (i.e., 406.5+
10.78), defined as the highest measured BALS for each animal during the 4 days of
treatment, were typically based on measurements taken 90 min after dosing. Peak BALs
were significantly different across strains (F(2,34)= 4.1, p =0.0259) with PE>NE (p
=0.0096) (Fig. 1c). The control (Ctrl) animals (W Ctrl (WC)=8, P Ctrl (PC)=7, N Ctrl
(NC)=9) were treated and scanned in the same sessions as their respective EtOH rats and
received volumes of 5 % dextrose equivalent to 3 g/kg EtOH at comparable times to the
experimental animals, i.e., ~7:00, 15:00, and 23:00. In an attempt to maintain similar
weights between animals in the EtOH and Ctrl groups, food was restricted to a maximum of
two pellets (Certified Rodent Diet; LabDiet, Richmond, IN, USA) per animal per day.
Experience from earlier experiments (e.g., Zahr et al. 2010b) indicated that binge EtOH-
treated animals typically consume no more than two pellets per day and therefore lose
weight. In an effort to weight-yoke the two groups of animals, all Ctrl animals were limited
to two food pellets per day.

MR scanning procedures and data analysis

Schedule—Animals were scanned at baseline (time 1), after 4 days of binge EtOH
treatment (binge, time 2), and after 7 days of recovery (recovery, time 3; Fig. 1d).

Anesthesia and monitoring—Animals were held in an MR-invisible structure providing
support for a radiofrequency (RF) coil and a nose cone for delivery of isoflurane anesthesia
(1.5-3 %) and oxygen (1.5 L/min) (Adalsteinsson et al. 2004). For each rat, blood oxygen
saturation, pulse rate, rectal temperature, and respiration were monitored throughout the ~2-
h MR scan.

MRI acquisition—The scans were conducted on a clinical 3-T GE Signa MR scanner. A
custom-made rat brain quadrature head coil (@=44 mm) was used for both RF excitation and
signal reception. A gradient-recalled echo localizer scan was used to position the animals in
the scanner and for graphical prescription of the subsequent scans. High resolution,
dualecho, fast spin-echo (FSE) images were acquired in the rat axial plane, coronal to the
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magnet system bore (TE1/TE2/ TR=11.3/56.7/5,000 ms, field of view=64x48 mm2, 256x
192 matrix, echo train length=8, 50 slices, 0.3 mm thick, 0 mm separation, in-plane
resolution=0.25x0.25mm?, four separate acquisitions each with two NEX).

Image post-processing—Motion-corrected FSE images were computed by aligning the
second dual-echo acquisition for each animal with the first using rigid (translation and
rotation) image-to-image registration of the early-echo channel. The aligned early- and late-
echo images were then averaged. From each motion-corrected early-echo image, a second-
order multiplicative intensity bias field was then estimated by entropy minimization (Likar
et al. 2001). The same bias field was applied to the corresponding late-echo image to
preserve quantities derived from the early-to-late echo ratio such as transverse relaxation
time (T2).

A preliminary brain mask was computed for each FSE image pair by (1) thresholding the
late-echo image at the 99th percentile, (2) eroding the resulting mask by four pixels, (3)
computing connected components, (4) selecting the largest connected component, and (5)
dilating the resulting region by seven pixels. The purpose of this coarse, slightly enlarged,
approximate brain mask was to exclude the majority of non-brain tissue to facilitate
alignment of the image to a whole-head image of a template animal, from which the final
brain mask would then be derived by label propagation of the manually defined template
brain mask.

To this end, baseline data from each animal were aligned with the template animal via a
sequence of successively refined image transformations: (1) initial alignment based on
principal axes of the whole-head late-echo FSE images, (2) rigid alignment of the whole-
head late-echo images, (3) affine alignment of the brain-only late-echo template image and
the animal late-echo image masked using the preliminary brain mask, and (4) full nonrigid
alignment of the brain-only template image to the whole-head late-echo animal image. Steps
2 through 4 all used maximization of normalized cross correlation as the cost function for
alignment, which was implemented to exclude non-brain pixels from computation where
applicable, rather than set them to zero. This registration sequence resulted from balancing
competing needs, such as the observation that brain alignment accuracy improves when
brain-only images are coregistered, yet the quality of the initial animal brain masks is too
poor for direct use and would interfere with the alignment.

For longitudinal alignment, each follow-up image was aligned with the baseline image for
the same animal by coregistration of the whole-head, late-echo FSE images. Because the
anatomy of the non-brain tissue is consistent over time in a single animal (as opposed to
between different animals), use of the whole-head images for alignment yields better results
compared with brain-only images because it avoids errors that would otherwise arise from
longitudinally inconsistent brain masks. All software tools used to perform the processing
outlined above were developed in house and are freely available, in source code, as part of
the Computational Morphometry ToolKit (http://nitrc.org/projects/cmtk/).

For ventricular quantification, a rectangular template encompassing the majority of the
lateral ventricles across seven contiguous slices was drawn on the template brain. This
template was reformatted with rigid transformation onto each animal's native FSE images,
and all pixels above a uniform threshold (CSF is much brighter than surrounding gray or
white matter) were counted as ventricle.

MRS acquisition—FSE images were used to prescribe a voxel (10x4x4 mm3) in the

dorsal hippocampus (coordinates according to the atlas of (Paxinos and Watson 2005): 2.0
mm anterior and posterior to —4.0 mm Bregma, 4.9 mm right and left of midline, and 4.0
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mm inferior to —3.1 mm Bregma). Single-voxel spectroscopic data were acquired with
constant time point-resolved spectroscopy (TE ranging from 36.6 to 241.4 ms, 1.6 ms
increment, TR=2 s, six averages) (Dreher and Leibfritz 1999; Mayer and Spielman 2005)
preceded by a three-pulse chemical shift selective sequence for water suppression.
Additionally, data without water suppression from the same voxel were acquired at multiple
TEs (same TE range, 12.8 ms increment, TR=2 s, two averages) to measure tissue water
content for normalization of metabolite signal intensities to the amount of tissue water in the
voxel (for details, see Zahr et al. 2009). The quality of the spectra allowed evaluation of
signals of the major proton metabolites: NAA (2.01 ppm), tCr (3.03 ppm), Cho (3.20 ppm),
Glu (2.36 ppm), and EtOH (1.18 ppm). The three singlet resonances (NAA, tCr, and Cho)
were fit simultaneously, and the EtOH and Glu resonances fit independently, with a
Gaussian function within a +7.95-Hz window using a downhill simplex method (IDL
AMOEBA). The integrated area under the fitted Gaussian was used for quantification.

Behavioral and liver analysis

Neurological examination (e.g., Becker 2000; Roberts et al. 1996; Yaksh et al. 1977) was
performed on day 4 of binge and day 4 of recovery. Rats were rated (0 = absent, 1 = present)
for the presence of neurological signs in the following categories: autonomic, sensory,
anxiety-like, posture, motor, and central.

At euthanasia (2.5-3.5 % isoflurane, followed by decapitation), left lateral lobe liver
specimens from all rats were collected and immersed in 10% buffered formalin solution.
After fixation, the specimens were routinely processed for light microscopic examination of
hematoxylin and eosin stain and Masson’s trichrome stain and evaluated by the veterinary
pathologist (RL) for hepatic pathology on a 0 to 4 scale, where 0 = no pathology, 1 =
minimal (affects <5% of tissue), 2 = mild (affects 5-20% of tissue), 3 = moderate (affects
20-50% of tissue), and 4 = severe (affects >50 % of tissue) (Zahr et al. 2009).

Statistical analysis

Results

Differences between rat lines were tested with three-line (W, P, N) by two-treatment (Ctrl,
EtOH) by three-time-point (baseline = time 1; binge = time 2; recovery = time 3) repeated-
measures analyses of variance (ANOVA). Within rat line differences were assessed with
two-treatment (Ctrl, EtOH) by three-time-point repeated-measures ANOVA. Rat line
effects, treatment effects, and interactions were of interest to this analysis. Follow-up
comparisons were conducted with a two-tailed t test. Simple regressions evaluated
correlations.

Binge ethanol affects weight

An ANOVA comparing baseline weight differences among the three lines (i.e., W, P, NP)
was significant (F(2,56)=187.12, p <0.0001): NP>P>W rats (p <0.0001) (Fig. 2a). Baseline
body weight and thus age differences were linked to logistic and quarantine constraints;
however, all were young adults at the initiation of procedures. A two-treatment (EtOH, Ctrl)
by three-rat line (W, P, NP) ANOVA comparing weight loss during binge treatment showed
a treatment effect (F(1,2)=48.13, p <0.0001), but neither a line effect (F(2,2)=1.04, p =0.36)
nor an interaction (F(2,2)=0.09, p =0.91). Regardless of line, all animals lost weight during
treatment (Fig. 2b) and EtOH animals lost more weight than their Ctrl counterparts (W: p =
0.0003; P: p<0.0001; NP: p =0.0003). Weight gain during recovery showed a line effect
(F(2,2)=36.98, p <0.0001), but neither a treatment effect (F(1,2)=0.14, p =0.71) nor an
interaction (F(2,2)=1.31, p =0.28). All animals gained weight during recovery (Fig. 2b), but
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W rats gained more weight than P (t(36)= 4.82, p <0.0001) and NP (t(38)=7.89, p <0.0001)
rats.

Binge ethanol affects behavior

In each of these three experiments, EtOH rats exhibited similar behavioral changes during
binge and recovery that differed from Ctrls (Table 1). On binge day 4, WE compared with
WC rats showed dehydrated stool (t(17)=5.68, p <0.0001), sat motionless (t(17)=2.93, p =
0.0093), and had gait disturbances (t(17)=2.70, p =0.0151). Despite resolution of behavioral
differences during recovery, WE on recovery day 4 were more irritable (t(17)=2.44, p
=0.0258) and likely to vocalize when handled (t(17)=3.06, p =0.0071) than WC rats.

Similarly to the WE rats, on binge day 4, PE rats showed dehydrated stool (1(17)=4.33, p
=0.0005), sat motionless (t(17)=3.54, p =0.0025), and had gait disturbances (t(17)=5.60, p
<0.0001) compared with PC rats. Unlike WE rats, PE rats during binge EtOH treatment also
showed chromodacryorrhea (t(17)=2.44, p =0.0258), heightened startle response
(t(17)=2.50, p =0.0228), reduced trunk tone (t(17)= 2.50, p =0.0228), and loss of righting
reflex (t(17)=5.5, p < 0.0001). Again, by day 4 of recovery, these behaviors no longer
distinguished PE and PC rats; instead, as observed for W rats, PE rats were more irritable
(t(17)=4.33, p =0.0005) and likely to vocalize when handled (t(17)=2.96, p =0.0087) than
PC rats.

The pattern of behavioral changes was similar for the comparison of NE and NC rats at
binge day 4: NE rats sat motionless (t(19)=9.32, p <0.0001), had gait disturbances
(t(19)=4.94, p <0.0001), showed chromodacryorrhea (t(19)= 3.38, p =0.0032), loss of
righting reflex (t(19)=9.46, p < 0.0001), and a trend toward differences in startle response
(t(19)=2.02, p =0.0580) and trunk tone (t(19)=1.95, p = 0.0662). While chromodacryorrhea
persisted in NE compared with NC rats (t(19)=3.42, p =0.0112), none of the other
neurological signs distinguished NP rats at day 4 of recovery.

Binge ethanol does not affect the liver

Postmortem histopathology provided no evidence for alcohol-related hepatic steatosis,
hepatitis, or cirrhosis. All EtOH-treated animals scored an average close to O (i.e., no
pathology) on a number of hepatic pathology variables: hepatocyte swelling or necrosis,
mallory bodies, inflammation (neutrophilic parenchymal), fibrosis (sinusoidal, centrilobular,
portal—portal, or central-portal), and regeneration (microscopic or macroscopic). For the
remaining variables, i.e., hepatocellular glycogenosis, microvesicular and macrovesicular
lipidosis, inflammation (lympho-histiocytic portocentric), bile duct proliferation, and
portocentric fibrosis, EtOH-treated animals scored averages close to 1 indicating minimal
pathology, but there were no meaningful line or treatment effects.

Differential effects of binge ethanol on ventricular volume

For ventricular volume, a two-treatment (EtOH, Ctrl) by three-line (W, P, NP) repeated
measures (baseline = time 1; binge = time 2; recovery = time 3) ANOVA showed line (F(2,
53)=10.25, p =0.0002), time (F(2,106)=71.46, p <0.0001), and interaction effects (treatment
by time: F(2,106)=20.92, p <0.0001; line by time: F(4,106)=8.82, p <0.0001; treatment by
line by time: F(4,106)=3.80, p =0.0063). The simple treatment effect was not significant
(F(1,53)=0.0048, p = 0.9448). At baseline, P rats had larger ventricles than either W (p
=0.005) or NP (p =0.0025) rats (Fig. 3a). As previously reported (Zahr et al. 2010b) and
replicated (Zahr et al. 2013), WE rats showed a pattern of profound but reversible
ventricular enlargement (Fig. 3b), such that ventricular volume was larger in WE than WC
rats at binge (t(17)=2.68, p = 0.0159) and larger in WE rats at binge than at baseline
(t(10)=6.54, p <0.0001) and recovery (t(10)=-5.76, p = 0.0002). This pattern was not
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observed in P rats (Fig. 3c): There were no treatment differences at any time point, and
ventricles were larger in both PE and PC rats at binge than at baseline (PE: t(11)=4.64, p
=0.0007; PC: t(6)=4.49, p =0.0042) and recovery (PE: t(11)=-5.97, p < 0.0001; PC: t(6)=
-4.48, p =0.0042). Whereas NP rats also did not show treatment differences at any time
point (Fig. 3d), ventricles of NE rats were larger at binge relative to baseline (t(11)=5.45, p
=0.0002) and recovery (t(11)= —4.64, p <0.0001).

Differential effects of binge ethanol on proton metabolite levels

For NAA, a two-treatment by three-line repeated measures ANOVA showed treatment
(F(1,53)=7.40, p =0.0088), line (F(2,53)=11.15, p <0.0001), time (F(2,106)=14.47, p<
0.0001), and treatment-by-time interactions (F(2,106)=14.37, p <0.0001). At baseline, NP
rats had higher levels of NAA than W (p =0.0017) and P (p =0.0474) rats (Fig. 4a). The
pattern of NAA changes for W rats was as previously reported (Zahr et al. 2010b) and
replicated (Zahr et al. 2013): WE rats showed reversible decreases in NAA (Fig. 4b), with
NAA levels lower in WE than WC rats at binge (t(17)=5.23, p <0.0001) and lower in WE
rats at binge than at baseline (t(10)=—4.38, p = 0.0014) and recovery (t(10)=6.83, p
<0.0001). Both PE (Fig. 4c) and NE (Fig. 4d) rats demonstrated the same pattern of
reversible NAA decreases. NAA levels at binge were lower in PE than PC rats (t(17)=3.33,
p =0.004). NAA levels in PE rats at binge were lower than at baseline (t(11)=-5.01, p=
0.0004) but were not statistically lower than at recovery (t(11)= 1.59, p =0.1412). The lower
NAA levels at binge in the NE than NC rats were not significant (t(19)=1.86, p =0.0785).
Within NE rats, NAA levels at binge were lower than at baseline (t(11)=-5.13, p =0.0004)
and recovery (t(11)=2.46, p =0.0336).

For tCr, a two-treatment by three-line repeated measures ANOVA showed treatment
(F(1,53)=13.91, p =0.0005), line (F(2,53)=14.79, p <0.0001), time (F(2,106)=20.80, p <
0.0001), and treatment-by-time interactions (F(2,106)= 16.90, p <0.0001). At baseline, NP
rats had higher levels of tCr than W (p <0.0001) and P (p =0.0011) rats (Fig. 5a). The
pattern of tCr changes for W rats was as previously reported (Zahr et al. 2010b): WE rats
showed reversible decreases in tCr (Fig. 5b), with tCr levels lower in WE than WC rats at
binge (t(17)=3.24, p =0.0048) and lower at binge than at baseline (t(10)=—3.84, p =0.0033)
and recovery (t(10)= 4.81, p =0.0007). Both P (Fig. 5¢) and NP (Fig. 5d) rats demonstrated
the same pattern of reversible tCr decreases. tCr levels at binge were lower in PE compared
with PC rats (t(17)=5.45, p <0.0001) and lower than at baseline (t(11)= —4.86, p =0.0005)
and recovery (t(11)=2.63, p =0.0232). Similarly, NE rats at binge had lower tCr levels
(t(19)=2.58, p =0.0184) than NC rats and lower levels at binge than at baseline (t(11)=-5.35,
p =0.0002) and recovery (t(11)=2.95, p =0.0132).

For Cho, a two-treatment by three-line repeated measures ANOVA showed treatment
(F(1,53)=7.39, p =0.0088), line (F(2,53)=24.64, p <0.0001), treatment-by-time (F(2,106)=
12.12, p<0.0001), line-by-time (F(4,106)=4.48, p =0.0022), and treatment-by-line-by-time
(F(4,106)=3.06, p =0.0198) interactions. At baseline, P rats had lower Cho levels than W (p
=0.0145) and NP (p =0.0009) rats (Fig. 6a). The pattern of Cho changes for W rats was as
previously reported (Zahr et al. 2010b) and replicated (Zahr et al. 2013): WE rats showed
reversible increases in Cho (Fig. 6b), with Cho levels higher in WE than WC rats at binge
(t(17)=3.48, p =0.0029) even though at baseline WE had significantly lower Cho than WC
rats (t(17)=2.4, p =0.0275). WE rats at binge had higher Cho levels than at baseline
(t(10)=6.78, p <0.0001) and recovery (t(10)=-2.64, p =0.0246). Both PE (Fig. 6¢) and NE
(Fig. 6d) rats appeared to have reversible Cho increases, but the pattern of changes were not
as expected. Cho levels tended to differentiate PE and PC rats at binge (t(17)=1.97, p
=0.0649). Although Cho levels in PE rats at binge were higher than at recovery (t(11)=
-2.42, p =0.0340), they were not higher than at baseline (t(11)=0.82, p =0.4310). NE
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compared with NC rats had higher Cho levels at binge (t(19)=3.16, p =0.0052), but this was
due to changes in the NC group: Cho levels were lower in the NC group at binge compared
to baseline (t(8)= —3.91, p =0.0052) and recovery (t(8)=2.55, p =0.0340).

For Glu, a two-treatment by three-line repeated measures ANOVA showed only a line
(F(2,53)=7.51, p=0.0013) and a line-by-time interaction (F(4,106)=10.88, p <0.0001). At
baseline, W rats had lower Glu than P (p <0.0001) and NP (p <0.0001) rats (Fig. 7). Glu
levels were not affected by binge EtOH treatment in W (Zahr et al. 2010b, 2013), P, or NP
rats.

For MRS-derived brain EtOH levels (Fig. 8a), an ANOVA showed treatment
(F(1,53)=27.38, p<0.0001), time (F(2, 106)=27.02, p <0.0001), and treatment-by-time
interactions (F(2,106)=28.03, p <0.0001). In all three studies, EtOH levels were equivalent
between groups at baseline and recovery, but differentiated EtOH from Ctrl animals at binge
(W: t(17)=3.02, p =0.0077; P: t(17)=1.82, p =0.0857; NP: t(19)=4.43, p = 0.0003). In PE
and NE animals, in which BALs were quantified at the time of the binge (time 2) scan,
MRS-derived EtOH levels correlated with BALs (r =0.838, p =.0001) (Fig. 8b).

Relationship between changes in ventricular volume and choline levels

The results of binge EtOH treatment on changes in ventricular volume and in metabolite
levels in the three rat lines are summarized in Table 2. Of note, ventricular volume
expansion and increases in Cho levels were unique to W rats. Based on this observation, the
relationship with regard to percent change between the baseline and binge time points in
ventricular volume and Cho was evaluated in the three rat lines. Only W rats showed a
relationship between these two variables (r = 0.61, p =0.0071; Fig. 9); P (r =0.10, p
=0.6902) and NP (r = 0.05, p =0.8365) rats did not show this correlation. Further, in the W
rats, a multiple regression to predict changes in ventricular volume from changes in the
levels of the four metabolites (i.e., NAA, tCr, Cho, Glu) was significant (F(18)=3.09, p
=0.05), with Cho as the only significant predictor of ventricular volume (t(18)=2.73, p
=0.0162).

Discussion

This study reports both baseline and EtOH-induced differences in brain structure and
neurochemistry in rat lines differentially bred for EtOH preference. At baseline, P rats had
larger ventricles and lower Cho levels than W or NP rats whereas NP rats had higher levels
of NAA and tCr than W or P rats.

WE, PE, and NE rats received an equivalent cumulative dose (i.e., 42.9+0.76 g/kg) across
four treatment days in resulting in average BALSs of 255+6 mg/dL and peak BALs of
406.5+10.8mg/dL. Despite equivalent dosing, average and peak BALs were lower in NP
than P rats (see Waller et al. 1983). In response to binge EtOH treatment, ventricular volume
expanded substantially in W rats but was not a prominent feature in EtOH-exposed P and
NP rats. NAA and tCr levels were lower and Glu levels unchanged in all three lines (i.e., W,
P, NP) in the binge EtOH-treated animals compared with their controls. Similar to the
selectivity of ventricular expansion, Cho was higher in WE than WC rats with EtOH, but not
in P or NP rats exposed to EtOH compared with their controls.

Binge ethanol effects on weight and behavior

Treatment of animals with EtOH caused significant weight reductions in all three lines. WE,
PE, and NE rats lost approximately the same amount of weight between baseline and binge
scans (i.e., 16.5+ 0.93 %). While Ctrl animals in all three lines also lost weight during that
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time (i.e., 7.8+ 0.63 %), their weight loss was significantly less pronounced than that
observed in the EtOH animals. EtOH-induced weight loss reported herein was more than
previously reported in a study of P and NP rats in which weight loss across 4 days of binge
EtOH was only ~2 % (Crews and Braun 2003). A likely explanation is that the previous
study used a high caloric, nutritionally complete, liquid diet for gavage dosing animals.
While Ctrl rats lost weight because of food restriction, EtOH animals lost weight because of
EtOH exposure. EtOH-treated animals were observed to sit motionless, indicating that they
were often too intoxicated to consume normal quantities of food. Moreover, previous studies
have documented that BALSs greater than 180 mg/dL can inhibit growth (Rivier and Vale
1983) and that isocaloric substitution of carbohydrates by EtOH results in weight loss
(Lieber 1991).

The reported results, however, are unlikely related to nutritional deficiencies. First, acute
weight loss does not necessarily result in malnutrition (e.g., Zawada Jr 1996). Additionally,
a deficiency often associated with chronic alcoholism is for thiamine (vitamin B1).
However, a combination of a thiamine deficient diet and daily administration of the thiamine
antagonist, pyrithiamine, for a minimum of 2 weeks, is necessary to produce an animal
model of thiamine deficiency (e.g., Ciccia and Langlais 2000; Langlais and Zhang 1997;
Pitkin and Savage 2001; Pfefferbaum 2007 #16400). Given the excessive manipulations
necessary to produce a thiamine-deficient animal model, binge EtOH treatment for 4 days is
unlikely to result in thiamine deficiency. Indeed, the levels of thiamine and its phosphate
derivatives were unaffected by the 4-day binge EtOH exposure paradigm (Zahr et al. 2010a).
Further, MRS in the thiamine-deficient animal model shows reduced Cho (Lee et al. 2001),
while heterogenous stock Wistar rats respond to binge EtOH treatment with elevated Cho
(i.e., Fig. 6b).

In addition, malnutrition, as observed in anorexia nervosa (Enzmann and Lane 1977; Golden
et al. 1996), kwashiorkor disease (Gunston et al. 1992), and vitamin D deficiency
(Annweiler et al. 2013), results in ventriculomegaly. If binge EtOH treatment alone resulted
in malnourishment, then all three strains of rat exposed to EtOH should have demonstrated
ventricular enlargement.

A previous study comparing binge EtOH treatment using EtOH in a nutritionally complete
liquid diet compared to EtOH mixed with water indicated that in fact, the nutritionally
complete diet may have contributed to increased EtOH-induced brain damage (Crews et al.
2001). Final evidence against the possible role of nutritional deficits as contributing to the
specific imaging and metabolite findings reported herein is provided by the current results:
EtOH-exposed animals from all three strains demonstrated similar weight loss (i.e., weight
loss between strains was not statistically different) but nevertheless showed differential
binge EtOH effects in brain.

After 1 week of recovery, all rats gained weight (EtOH 18.9+1.1 %, Ctrl 19.3+1.5). W rats,
however, gained more weight than either P or NP rats. The finding with W rats was
probably due to the animal’s age, being slightly younger than the P and NP rats at the start
of the experiment. Growth rate is sigmoidal across development with adolescence and young
adulthood representing a growth spurt relative to younger and older animals (Kennedy 1967;
Spear 2000). Nevertheless, the rat body weights indicate that the animals used in this study
were tested during adulthood (cf., Bell et al. 2004, 2006b). Moreover, the present findings
for the W rats parallel observations from larger (i.e., older) W rats (Zahr et al. 2013).

Two behavioral signs were observed in all three lines during intoxication: sitting motionless
and gait disturbances. PE rats presented the most signs of altered “behavior” including
chromodacryorrhea, heightened startle response, reduced trunk tone, and loss of righting
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reflex. This last observation is counter to a previous report that P rats are less affected by
EtOH on a measure of motor impairment (Bell et al. 2001). However, this previous study
was conducted with doses that resulted in much lower peak BALS (i.e., 100 to 150mg/dL)
than those attained in the present study. Moreover, the present findings corroborate findings
in Sardinian P and NP rats, also derived from a Wistar background (Colombo et al. 2006), in
which Sardinian P rats took shorter times to lose the righting reflex and regained the reflex
over longer periods of time and at lower blood ethanol levels than Sardinian NP rats
(Colombo et al. 2000).

Despite resolution of EtOH-related signs during recovery, WE and PE but not NE rats were
more irritable and likely to vocalize in the recovery week. There is some evidence that
higher anxiety levels are associated with a greater propensity to abuse alcohol (e.g., Grant et
al. 2004), and the latter finding would support previous work with P compared with NP rats
(e.g., Jones et al. 2000). Thus, NP rats may have a neurobiological characteristic, associated
with reduced anxiety or reactivity, which protects against alcohol abuse (cf., Bell et al.
2012).

Differential effects of binge ethanol on ventricular volume

Prior to EtOH treatment, P rats had significantly larger ventricular volume than either Wor
NP rats. A potential interpretation of this finding is that the volumes of select brain
structures are smaller in P than in W or NP rats. Indeed, relative to NP rats, P rats have been
shown to have fewer serotonergic fibers in the hippocampus, nucleus accumbens, and cortex
(Zhou et al. 1991), lower catecholaminergic innervation in the mesolimbic system (Zhou et
al. 1995), and less densely packed astrocytes in the prelimbic cortex (Miguel-Hidalgo 2005).
Such findings may implicate smaller volumes of these regions, which could contribute to the
larger intrinsic ventricular volume in P rats. Relevant to this possibility, Marchigian-
Sardinian P have smaller gray matter volumes in the thalamus, ventral tegmental area,
insular, and cingulate cortices than outbred Wistar rats (Gozzi et al. 2013).

Binge EtOH treatment of W rats resulted in ventricular volume increases to 115 % of
baseline with ventricular size returning to baseline with 7 days of recovery (Zahr et al.
2010b). This dynamic change was replicated in an independent group of older W rats (Zahr
et al. 2013) but not observed in P rats. Rather, both PE and PC rats had larger ventricular
volume at the binge time point compared with baseline and recovery, possibly indicating
that P rats are especially susceptible to the stress of gavage or, alternatively, that P rats have
greater difficulty maintaining fluid balance than W and NP rats. For instance, when
experiencing an intermittent EtOH access protocol (i.e., four cycles of 4 days access to and 4
days of deprivation from EtOH), P rats have higher water intake during EtOH deprivation
than during access by approximately 50 % (Bell et al. 2008).

Although NE rats did show a pattern of reversible ventricular enlargement, with ventricular
volume expansion to 70 % greater than baseline values and values larger at the binge
compared with the baseline and recovery time points, ventricular volume was not different
from NC rats at any time point. NE rats displayed only negligible changes in ventricular size
following binge EtOH compared with either WE or PE rats, indicating that the NP line may
have a protective mechanism to avert the deleterious effect of high BALs. Thus, profound
ventricular volume expansion in response to EtOH under the present experimental
parameters appears to be selective to W rats.

Differential effects of binge ethanol on proton metabolite levels

In the dorsal hippocampus at baseline, NP rats had higher levels of NAA and tCr than W
and P rats, P rats had lower levels of Cho than Wand NP rats, and W rats had lower levels of
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Glu than P and NP rats. Higher levels of NAA suggest that NP rats have a higher density of
neurons in the hippocampus than W or P rats. P rats have been shown to have fewer
serotonin fibers (Zhou et al. 1991) and fewer delta opioid receptors (Strother et al. 2001)
than NP rats in the hippocampus. Further, proteomics demonstrate that the expression of
some proteins is higher in the hippocampus of NP than P rats (Witzmann et al. 2003).
Together, this type of data may imply strain differences in neuronal density, thereby
accounting for the relatively higher levels of NAA in NP than in P rats.

A single study reported that local cerebral glucose utilization was significantly higher in
several limbic, cortical, and subcortical regions in P compared with W and NP rats (Smith et
al. 2001). It is possible that P rats have high local cerebral glucose utilization to compensate
for low high-energy phosphate metabolism, i.e., low levels of tCr. Lower levels of Cho in P
than W and NP rats may indicate differences in glial density, as demonstrated in the frontal
cortex of P compared with W and NP rats (Miguel-Hidalgo 2005). Line differences in Glu
levels may be accounted for by differential regulation of genes involved in glutamate
neurotransmission, as noted in the ventral tegmental area of several rat lines (McBride et al.
2012)

In contrast to the differential effects of EtOH on ventricular volume in the three rat lines and
despite differences in baseline metabolite levels, EtOH treatment resulted in similar effects
on NAA, tCr, and Glu in WE, PE, and NE rats: NAA and tCr levels were lower at binge
than at baseline and recovery while Glu levels were unaffected. That all three lines showed
similar effects of binge EtOH treatment on NAA and tCr indicates a general response.
Potential interpretations for lower NAA and tCr levels following binge EtOH treatment
include effects on brain osmotic balance (Baslow et al. 1999, 2000; Ross and Bluml 2001),
energy utilization (Bates et al. 1996; Moffett et al. 2007; Sartorius et al. 2008), or myelin
homeostasis (Moffett et al. 2007). A more thorough discussion of these potential
interpretations is presented in the context of findings in W rats (Zahr et al. 2010b). The
absence of an effect on MRS-detectable Glu does not indicate that glutamate homeostasis is
unaffected by binge EtOH treatment, but rather that gross Glu measures by in vivo MRS are
perhaps insufficient to detect changes in response to EtOH at the molecular level as has
previously been reported in P (Ding et al. 2013; Fitzgerald et al. 2012) and NP rats
(McBride et al. 2012).

In contrast to the consistent effects of binge EtOH treatment on NAA, tCr, and Glu in the
three rat lines, the current findings indicate that binge EtOH differentially affects Cho levels
in W, P, and NP rats. Whereas binge EtOH exposure caused a clear increase in Cho levels in
WE rats (Zahr et al. 2010b; Zahr et al. 2013), PE rats showed only a modest, non-significant
increase. The effect in NE rats was significant only because Cho levels decreased in NC rats
between baseline and binge (Fig. 6c).

MRS-visible Cho is composed of a number of metabolites including phosphocholine and
glycerophosphocholine (Bluml et al. 1999; Boulanger et al. 2000), with residual
contributions from other metabolites including free choline and acetylcholine (Lee et al.
2013). Because choline derivatives are precursors or degradation products of membrane
phospholipids, variations in Cho levels are interpreted as representing changes in cell
membrane synthesis and turnover (e.g., Boulanger et al. 2000; Sim and Pasternak 1976) and
changes in response to EtOH may reflect adaptive changes in brain cell membranes (Lee et
al. 2013). Indeed, Marchigian-Sardinian P rats with free access to EtOH for 10 weeks
showed increased content of long-chain fatty acids and decreased content of short-chain
fatty acids in the hippocampus (Berrettini et al. 2004), a finding which may underlie the
consistent increase in Cho in W rats observed following binge EtOH treatment (i.e., Zahr et
al. 2010b, 2013).
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Although associated with changes to cell membranes, the functions and relative
contributions of the various metabolites contributing to the MRS-detectable Cho signal may
depend on the disease or animal model under investigation. For example, because Cho is
elevated in gliomas (e.g., Gupta et al. 1999; Tedeschi et al. 1997), one interpretation for
elevated Cho is infiltration of glia. Cho is also elevated in multiple sclerosis (Mader et al.
2008) and models of multiple sclerosis (Brenner et al. 1993) where interpretations include
demyelination and inflammation. Elevations in Cho in renal failure (Sasaki et al. 2006),
along with evidence that glycerophosphocholine is a cerebral osmolyte (e.g., Lien et al.
1990), suggest that elevations in Cho represent altered osmoregulation. Free choline levels
increase during energy reduction (Djuricic et al. 1991), so another potential interpretation
for elevated Cho is compromise in the brain’s normal energy utilization (Trovarelli et al.
1982).

With respect to EtOH effects on brain, treatment with EtOH (a single day of dosing or the 4-
day binge model) results in upregulation of vimentin, a marker of reactive gliosis (Kelso et
al. 2011). There is also evidence that alcoholism is associated with demyelination as inferred
from findings in humans (e.g., Lewohl et al. 2005; Pfefferbaum et al. 2002, 2009) and
animal models (Alfonso-Loeches et al. 2012). Alcoholism has also been associated with
inflammation (e.g., He and Crews 2008), altered osmoregulation (e.g., Harding et al. 1996;
Silva et al. 2002), and modified energy utilization (Altura and Altura 1999; Sonn and
Mayevsky 2001). Thus, the elevations in Cho observed in W rats in response to binge EtOH
treatment can be interpreted in various ways and additional research in necessary to
determine precisely what the elevation in Cho in response to EtOH may indicate. The
differential effects of EtOH on Cho in the three rat lines suggest that one or more of these
variables may be intrinsically distinct.

Relationship between changes in ventricular volume and choline levels

Only W rats clearly showed both profound ventricular enlargement and increases in Cho in
response to binge EtOH treatment. Evaluation of the relationship between changes in
ventricular volume and Cho between the baseline and binge time points demonstrated that
only W rats show a correlation between these two variables. Thus, EtOH-induced
ventricular enlargement related to adaptive changes in brain cell membranes may be due to
changes in glial, myelination, osmoregulatory, or energy utilization factors. Given the
speculative nature of the current understanding of changes in Cho levels in the context of
EtOH exposure, however, it is not clear which interpretation may account for EtOH-induced
changes in ventricular volume.

Conclusion

This study evaluated the effects of binge EtOH treatment on three rat lines, two bred for
differential alcohol preference. Key findings include intrinsic differences: P rats had larger
ventricular volumes and lower levels of Cho at baseline than W or NP rats, whereas NP rats
had higher levels of NAA and tCr at baseline than W or P rats. Additionally, differential
responses to EtOH highlight unique responses in W rats regarding ventricular volume and
Cho and suggest that changes in ventricular volume are related to adaptive changes in brain
cell membranes, the precise mechanism of which remains to be determined.
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Refer to Web version on PubMed Central for supplementary material.
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a Average baseline weights of the six groups of animals. b Weight loss and gain during
binge ethanol (EtOH) exposure and recovery. *p<0.05, WC heterogeneous stock Wistar
control (Ctrl) rats, WE heterogeneous stock Wistar EtOH-treated rats, PC alcohol preferring
P rat Ctrl, PE P EtOH rats, NC alcohol nonpreferring NP rat Ctrl, NE NP EtOH rats, Acl
acclimation
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a Ventricular volume at the three time points in the six groups of animals. Time 1 baseline,
time 2 binge, time 3 recovery. b Changes in ventricular volume for just heterogeneous stock
Wistar rats, ¢ for P rats, and d for NP rats. *p<0.05, WC heterogeneous stock Wistar control
(Ctrl) rats, WE heterogeneous stock Wistar EtOH-treated rats, PC alcohol preferring P rat
Ctrl, PE P EtOH rats, NC alcohol nonpreferring NP rat Ctrl, NE NP EtOH rats
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Fig. 4.

a N-Acetylaspartate (NAA) levels at the three time points in the six groups of animals. Time
1 baseline, time 2 binge, time 3 recovery. b Changes in NAA for just heterogeneous stock
Wistar rats,c for P rats, and d for NP rats. *p <0.05, WC heterogeneous stock Wistar control
(Ctrl) rats, WE heterogeneous stock Wistar EtOH-treated rats, PC alcohol preferring P rat
Ctrl, PE P EtOH rats, NC alcohol nonpreferring NP rat Ctrl, NE NP EtOH rats
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a Total creatine (tCr ) levels at the three time points in the six groups of animals. Time 1
baseline, time 2 binge, time 3 recovery. b Changes in tCr for just heterogeneous stock Wistar
rats, c for P rats, and d for NP rats. *p <0.05, WC heterogeneous stock Wistar control (Ctrl)
rats, WE heterogeneous stock Wistar EtOH-treated rats, PC alcohol preferring P rat Ctrl, PE
P EtOH rats, NC alcohol nonpreferring NP rat Ctrl, NE NP EtOH rats
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Fig. 6.

a Choline-containing compounds (Cho) levels at the three time points in the six groups of

animals. Time 1 baseline, time 2 binge, time 3 recovery. b Changes in Cho for just

heterogeneous stock Wistar rats, c for P rats, and d for NP rats. *p <0.05, ip =0.0649, WC
heterogeneous stock Wistar control (Ctrl) rats, WE heterogeneous stock Wistar EtOH-treated
rats, PC alcohol preferring P rat Ctrl, PE P EtOH rats, NC alcohol nonpreferring NP rat Ctrl,

NE NP EtOH rats
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Fig. 7.

a Glutamate (Glu) levels at the three time points in the six groups of animals. Time 1
baseline, time 2 binge, time 3 recovery. b Changes in Glu for just heterogeneous stock
Wistar rats, ¢ for P rats, and d for NP rats. *p <0.05, WC heterogeneous stock Wistar control
(Ctrl) rats, WE heterogeneous stock Wistar EtOH-treated rats, PC alcohol preferring P rat
Ctrl, PE P EtOH rats, NC alcohol nonpreferring NP rat Ctrl, NE NP EtOH rats
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Fig. 8.

a MR spectra from three different NE animals showing varying MRS-detectable EtOH

levels in brain. b Correlation between MRS-derived EtOH levels and BALs in PE and NE
animals. The starsindicate the three animals whose spectra are displayed in a
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Fig. 9.

Relationship between change in ventricular volume and change in Cho levels between
baseline and binge scans in WC and WE rats. WC heterogeneous stock Wistar control rats
(triangles), WE heterogeneous stock Wistar EtOH-treated rats (circles)
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Behavioral signs

WE PE NE
Binge
Dehydrated stool 0.0001 0.0005 n.s.
Motionless 0.0093 0.0025 0.0001
Gait disturbances 0.0151 0.0001 0.0001
Chromodacryorrhea ns. 0.0258  0.0032
Heightened startle response  n.s. 0.0228 0.0580
Reduced trunk tone ns. 0.0228  0.0662
Loss of righting reflex ns. 0.0001 0.0001
Recovery
Irritable 0.0258 0.0005 n.s.
Likely to vocalize 0.0071 0.0087 n.s.
Chromodacryorrhea ns. n.s. 0.0112

t test results compared with corresponding Ctrl animals

Page 29

WE heterogeneous stock Wistar rats exposed to EtOH, PE alcohol preferring rats exposed to EtOH, NE alcohol nonpreferring rats exposed to EtOH
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Table 2

Summary of structural and neurochemical responses to binge EtOH

WE PE NE

Ventricular volume
NAA

tCr

Cho

Glu

Larger nle nle
Lower  Lower Lower
Lower  Lower Lower
Higher  nle nle

n/e nle nle

Compared with controls

n/e no effect

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 January 01.

Page 30



