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Abstract

Adaptive changes occur in response to repeated exposure to drugs. Although ethanol (EtOH) is 

known to induce pharmacokinetic tolerance, the effects of EtOH on in vivo, magnetic resonance 

(MR)-detectable brain measures across repeated exposures have not previously been reported. Of 

28 rats weighing 341±22g at baseline, 15 were assigned to the EtOH group and 13 to the control 

(Ctrl) group. EtOH animals were exposed to 5 cycles of 4-days of EtOH treatment followed by 10 

days of recovery. Rats in both groups had structural MR imaging (MRI) scans and whole brain 

MR spectroscopy (MRS) at baseline, immediately following each binge period, and after each 

recovery period (total=11 MR scans per rat).

Average blood alcohol levels (BALs) across each of the 5, 4-day binge periods were 298, 300, 

301, 312, 318 mg/dL. Cerebrospinal fluid (CSF) volumes of the lateral ventricles and cisterns 

showed enlargement with each binge EtOH exposure but recovery with each abstinence period. 

Similarly, changes to MRS metabolites were transient: levels of N-acetyl aspartate (NAA) and 

total creatine (tCr) decreased, while those of choline-containing compounds (Cho) and glutamate/

glutamine (Glx) increased with each binge EtOH exposure cycle, but also recovered during each 

abstinence period. The directionality of changes in response to EtOH were in expected directions 

based on previous, single-binge EtOH exposure experiments, but the current results do not provide 

support for accruing pathology with repeated binge EtOH exposure.
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INTRODUCTION

Repeated withdrawals from cycles of chronic alcohol exposure are hypothesized to 

contribute to progressive, persisting adaptive changes in the brain that lead to the insidious 

development and maintenance of alcohol use disorder (AUD). AUD individuals with a 

history of multiple detoxifications are reported to exhibit more severe withdrawal symptoms 

(Ballenger and Post, 1978; Booth and Blow, 1993; Brown et al., 1988; Lechtenberg and 

Worner, 1992) and have a higher risk for relapse (O’Connor et al., 1991) than those without 

prior detoxification experiences. In some studies, severity of cognitive impairment (based on 

compromised performance on tasks including the Wechsler Memory Scale (Glenn et al., 

1988), the IOWA gambling (Loeber et al., 2009), an emotional Stroop (Duka et al., 2002), 

incentive conflict (Duka et al., 2011), cognitive flexibility (Trick et al., 2014), and vigilance 

(Duka et al., 2003)) is associated with the number of prior withdrawal experiences. Patients 

with multiple detoxifications compared with those experiencing their first detoxification 

demonstrate significantly lower brain activity (as quantified with brain perfusion of Tc99 m-

ECD using single photon emission computed tomography scanning) in temporal lobes and 

visual cortex (George et al., 1999), greater deficits of frontal gray matter volume (Duka et 

al., 2011; Trick et al., 2014), and greater connectivity (as determined with functional 

magnetic resonance imaging, fMRI) in some, but less in other brain regions involved in 

emotion processing (O’Daly et al., 2012). Together, these results from human studies 

suggest that recurring rehabilitation attempts and attendant abstinence periods are associated 

with adaptive changes in the brain that may lead to more severe alcohol dependence.

In human studies, however, factors related to a history of AUD, such as age at initiation, 

years of heavy drinking, and quantity and frequency of alcohol consumed may confound 

findings attributed to multiple detoxifications. Animal studies have thus been undertaken to 

determine whether a history of previous withdrawal episodes from ethanol (EtOH) results in 

brain adaptations contributing to the development and maintenance of an AUD phenotype. 

As observed in humans, repeated withdrawals from EtOH in mice are associated with 

exacerbation of seizure activity (Becker et al., 1997; Becker and Lopez, 2004; Becker et al., 

1998; but see Cox et al., 2013). In rats, however, EtOH withdrawal seizures are typically not 

observed unless stimulated (but see Clemmesen and Hemmingsen, 1984; Cooper et al., 

1979; Devaud et al., 2012; audiogenic triggers Ebel et al., 1979; Gonzalez et al., 1989; 

McCown and Breese, 1990; e.g., with chemoconvulsants Pinel and Van Oot, 1975; 

electroconvulsants Pinel and Van Oot, 1978; Ruwe et al., 1986; Shen et al., 2012; Ulrichsen 

et al., 1992). Repeated deprivations from EtOH, even in the absence of overt withdrawal 

signs (Heyser et al., 1997), are associated with temporary increases in drinking as quantified 

using both simple consummatory measures and operant procedures (Backstrom et al., 2004; 

in mice: Becker and Lopez, 2004; Bell et al., 2004; Colombo et al., 2003; Cowen et al., 

2003; Cox et al., 2013; Dayas et al., 2004; Fullgrabe et al., 2007; Funk et al., 2004; Heyser 

et al., 1997; in rats: Holter et al., 2000; Khisti et al., 2006; Lundqvist et al., 1995; Melendez 

et al., 2006; Oster et al., 2006; Sanchis-Segura et al., 2006; Serra et al., 2003; Spanagel and 

Holter, 1999; Sparta et al., 2009; but see Stephens et al., 2001; Zghoul et al., 2007).

Studies of behavior in animal models compare repeated withdrawals with single withdrawals 

or continuous exposure to EtOH. Performance on an avoidance paradigm was worse in 
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female mice subjected to several withdrawals compared with those given continuous EtOH 

(Freund, 1970). Indeed, repeated withdrawals from EtOH in rats have been associated with 

deficits in conditioning (Duka et al., 2004; Stephens et al., 2001) and spatial learning 

(Swartzwelder et al., 2014) and with increased anxiety (Overstreet et al., 2002). Other 

studies, however, did not observe accruing behavioral deficits associated with repeated 

withdrawal episodes. Rodents with repeated withdrawal episodes show tolerance to EtOH-

induced motor impairment (Kalant et al., 1978; Maier and Pohorecky, 1987; Philibin et al., 

2012). Furthermore, prolonged abstinence is associated with recovery: rats tested on days 4–

6 of EtOH withdrawal demonstrate impaired performance on the Morris water maze and a 

novel object recognition task, but do not perform differently from controls when tested on 

days 11–13 after the final binge period (4 cycles: 4-day binge via oral gavage + 3 day 

withdrawal) (Zhao et al., 2013). Animals with intermittent (24h/day, 3 days/week) relative to 

those with continuous (24h/day, 7 days/week) access to EtOH initially (at 24h) perform 

worse on a delayed nonmatching-to-sample task, but with a protracted abstinence (16–68 

days) show comparable performance (George et al., 2012); performance on the Barnes maze 

is impaired 3–6 days following EtOH (6 days of 3.4g/kg/day), but recovers by day 14 

(Kuzmin et al., 2012). Similarly, mice with up to 10 binge drinking episodes (1 period: 4 

days drinking in the dark + 3 days withdrawal) did not demonstrate aggravated anxiety-like 

behaviors (elevated plus maze, open field) or ataxia (rotorod) (Cox et al., 2013).

Whether brain damage accrues with repeated withdrawal episodes is unclear. A single 4-day 

EtOH binge (via oral gavage) is reported to cause neuronal loss in brain regions including 

olfactory, entorhinal, piriform, and perirhinal cortices, as quantified by argyrophilia (i.e., 

silver staining) (e.g., Collins et al., 1996; Collins and Neafsey, 2012). Over a 1-month 

exposure period, intermittent relative to continuous EtOH exposure (in drinking water) is 

reported to cause more loss of hippocampal pyramidal neurons as quantified by an optical 

fractionator (Lundqvist et al., 1995). On the other hand, while fluoro-jade B staining, a 

marker for neuronal degeneration, is higher in EtOH-exposed animals in entorhinal cortex 

and hippocampus on the first day after the final binge period (4 cycles: 4-day binge + 3 day 

withdrawal), by day 14 of abstinence, labeling was not different from controls. Relatedly, 

dendritic spines on hippocampal and entorhinal neurons initially showed degeneration but 

demonstrated recovery with extended abstinence from EtOH (Zhao et al., 2013). Indeed, 

elevated numbers of microglia induced by repeated EtOH exposures (Riikonen et al., 2002) 

may contribute to brain recovery during abstinence (Zhao et al., 2013).

Together, these findings suggest that repeated withdrawal periods from EtOH, in both 

humans and animals, influence the morphological and physiological properties of the brain 

and consequently, behavior. Our in vivo magnetic resonance (MR) studies have consistently 

shown that a single 4-day EtOH binge is associated with reversible brain abnormality: 

enlargement of lateral ventricles, reductions in MR Spectroscopy (MRS)-detectable 

metabolites, N-acetyl-asparate (NAA) and total creatine (tCr), and elevations in choline-

containing compounds (Cho) (Zahr et al., 2010; Zahr et al., 2014; Zahr et al., 2013). 

Together, these reversible events indicate transient cellular injury. However, based on the 

proposition that progressive, persisting adaptive changes in the brain lead to the 

development of AUD, the current study tested the hypothesis that repeated binge EtOH 
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exposure and withdrawal periods would be associated with accruing brain pathology as 

quantified by progressively larger lateral ventricles, reductions in NAA and tCr, and 

elevations in Cho with later binges.

MATERIALS AND METHODS

Animals

The study group initially included 28 male, wild-type Wistar rats (Charles River 

Laboratories), singly housed with free access to food and water, with lights on for 12h 

starting at 6:00. At baseline (i.e., scan 1), rats weighed 340.66±21.93g. Animals used in 

these experiments were maintained in facilities fully accredited by the Association for the 

Assessment and Accreditation of Laboratory Animal Care (AAALAC). 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 (Institute of Laboratory Animal Resources, Commission on 

Life Sciences, National Research Council 1996).

Treatment

After baseline scanning, 15 rats were assigned to the EtOH group. On day 1 of each 4-day 

binge EtOH exposure (total of 5 treatment cycles), EtOH rats received an initial “loading” 

dose of 5g/kg 20% EtOH w/v via oral gavage, then a maximum of 3g/kg every 8h (6:00, 

14:00, 22:00; on day 1, loading dose at 6:00, extra dose at 8:00) for 4 days. On each of the 4 

days, animals were weighed and tail vein blood samples were collected (7:30, 13:00) to 

determine BALs in plasma assayed for alcohol content based on direct reaction with the 

enzyme alcohol oxidase (Analox Instruments Ltd., UK).

EtOH was administered according to body weight, BALs, 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). 

Total EtOH administered across each of the 4-day binge periods was as follows: 37.8±3.8, 

39.5±2.0, 37.5±2.1, 37.3±2.6, 36.5±1.5 g/kg. Control (Ctrl, n=13) animals received volumes 

of 5% dextrose equivalent to 3g/kg EtOH at comparable times to the experimental animals.

MR Scanning Procedures and Data Analysis

Schedule—All animals were scanned at baseline (scan 1), after each 4-day binge EtOH 

exposure period (5 binge scans, within 8h of the last EtOH dose: scans 2, 4, 6, 8, 10), and 

after each recovery period (5 recovery scans, 10 days following last EtOH dose: scans 3, 5, 

7, 9, 11) (Table 1). A total of 14 EtOH and 13 Ctrl rats completed all 11 scans: one EtOH rat 

died after completing 9 scans (missing binge scan 5 and recovery scan 5). All 28 animals are 

included in the analyses.

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 

(1.5–2.5%) and oxygen (1.5L/min) (Adalsteinsson et al., 2004). For each rat, blood oxygen 
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saturation, pulse rate, rectal temperature, and respiration were monitored throughout the ~2h 

MR experiment.

MRI Acquisition—The experiments were conducted on a clinical 3T GE Signa MR 

scanner equipped with a high-strength insert gradient coil (peak strength=600mT/m, peak 

slew rate=3200T/m/s, Chronik et al., 2000; Pfefferbaum et al., 2004). A custommade rat 

brain quadrature head coil (ø=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, dual-echo, fast spin-echo 

(FSE) images were acquired in the rat-axial plane, coronal to the magnet system bore 

(TE1/TE2/TR=12/60/5000ms, field of view (FOV)=64×48mm2, 256×192 matrix, echo train 

length=8, 26 slices, 0.7mm thick, 0mm separation, in-plane resolution=.25×.25mm2, 2 

separate acquisitions each with 2 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 co-registered, 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 of the 

same animal by co-registration of the whole-head, late-echo FSE images. Because the 
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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 Tool Kit (CMTK; http://nitrc.org/projects/cmtk/).

For ventricular and cistern quantification, a rectangular template encompassing the majority 

of the lateral ventricles across 7 contiguous slices and a similar region of interest 

encompassing the posterior cistern, were drawn on the template brain. These templates were 

reformatted and transformed onto each animal’s native image space and all pixels above a 

uniform threshold (CSF is much brighter than surrounding gray or white matter) were 

counted as ventricle or cistern CSF.

MRS Acquisition—FSE images were used to prescribe a voxel (9×7×9mm=567mm 3) 

fitting within but including as much of the brain as possible while excluding the olfactory 

bulbs and cerebellum. Single-voxel spectroscopic data were acquired with point-resolved 

spectroscopy (TE/TR = 133/2283 ms, NEX=128) (Bottomley, 1984) preceded by a 3-pulse 

chemical shift selective sequence for water suppression. Additionally, data without water 

suppression from the same voxel were acquired at multiple TEs (TE ranging from 36.6 – 

241.4ms, 12.8ms increment, TR=2s) 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 3 singlet resonances (NAA, tC, and Cho) were fitted simultaneously; EtOH 

and glutamate/glutamine (Glx) resonances were fitted 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. The quality of the 

spectra allowed evaluation of signals of the major proton metabolites: NAA (2.0 ppm), tCr 

(3.0 ppm), Cho (3.20 ppm), Glx (2.4 ppm), and EtOH (1.2 ppm).

Behavioral Assays: 2-Bottle Choice and Neurological Exam

Animals were removed from their home cages and placed in separate cages for 2-bottle 

choice sessions (12h) at baseline, 24h after the last EtOH dose of each binge, and on day 4 

of each recovery period (Table 1). EtOH (15% w/v) and water reservoirs were standard 

plastic bottles (300mL) connected to rodent fluid lixit-valves (L-2000 Bedding Resistant 

Drinking Valve, Systems Engineering Lab Group Inc., Napa, California) via polyethylene 

tubing (0.5mm OD fiber; 1 mm OD with sheaths) mounted on the wall of a standard rat 

cage. Bottles were placed on a separate scales (EW-1500i, A&D, San Jose, California) 

linked to Fusion software (Omnitech Electronics, Inc., Columbus, Ohio) that continuously 

recorded the weight (in grams) of water or EtOH consumed during the 12h session. 

Positions of reservoirs were interchanged between sessions. 2-bottle choice data were 

collected on a total of 15 EtOH and 11 Ctrl rats (i.e., missing data for 2 Ctrl animals because 

of the limited number of 2-bottle choice stations).

Neurological examination was performed at baseline, on day 4 of each binge, and days 1 and 

6 of each recovery period (Table 1). Rats were rated (0=absent, 1=present) for the presence 
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of each of 32 neurological signs (e.g., Becker, 2000; Roberts et al., 1996; Yaksh et al., 

1977).

Thiamine Assay

Before euthanasia (conducted within 1 week of the final scan), whole blood (~1.5mL) was 

collected in EDTA (ethylenediaminetetraacetic acid) tubes and transferred to 15mL conical 

centrifuge tubes, to which 10ml normal saline was added. The suspension was mixed gently 

and then centrifuged at 164g at 2 – 8°C for 10min. The supernatant was then discarded with 

care to prevent disturbing red blood cells (RBCs). This saline wash was repeated 2 more 

times. After the third wash, 3 – 5mL of saline was left with the RBCs in the tubes. The tubes 

were wrapped in aluminum foil to protect from light and shipped, cold but not frozen, to Ani 

Lyitics Inc. (Gaithersburg, MD) for the measurement of thiamine and its phosphate 

derivatives.

Liver Histopathology

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 (H&E) 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

Several approaches were used for longitudinal data analysis. A general linear model (GLM) 

approach was used in the R statistical package (http://www.r-project.org/) to test the effects 

of group (i.e., dx = EtOH vs. Ctrl), treatment (i.e., rx = binge or recovery), and observation 

(i.e., obs = MR scans 1 – 11) on volumes of ventricles or cisterns and levels of metabolites. 

To correct for multiple comparisons (intercept, dx, rx, obs, rx:obs, rx:dx, obs:dx, rx:dx:obs; 

i.e., n=8), only p-values ≤ .00625 (α=.05) are reported.

In a further analysis, combining group and treatment resulted in 4 categories: EtOH at binge 

(EtOH-B), EtOH at recovery (EtOH-R), Ctrl at binge (Ctrl-B), and Ctrl at recovery (Ctrl-R). 

This approach enabled analysis of intercept and slope differences among the 4 categories to 

be tested with JMP (http://www.jmp.com/software/) using a repeated-measures analysis of 

variance (ANOVA) with the same correction for multiple comparisons (4 intercepts and 4 

slopes, i.e., n=8, only p-values ≤ .00625 (α=.05) are reported).

Also presented are CSF volumes and MRS metabolites expressed as the percentage change 

at each scan relative to the previous condition (e.g., percentage change in lateral ventricular 

volume from baseline to binge 1, from binge 1 to recovery 1, from binge 2 to recovery 1, 

etc.) for each group (EtOH or Ctrl) separately.
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RESULTS

BALs and Weight

Fig. 1 shows BALs taken on each day of binge treatment (7:30), at each binge scan, and at 

each recovery scan (immediately following scan). Because on day 1 of each dosing period, 

the 7:30 BAL measurement was still in the rising phase, average BALs were computed for 

days 2–4. For each of the 5 binge periods, average BALs were 297.8±41.8, 299.7±35.4, 

300.6±37.3, 312.9±20.1, and 318.2±21.8 mg/dL. At each binge scan, average BALs were 

289.4±60.2, 239.6±87.5, 273.5±43.9, 268.5±75.3, and 283.5±47.5 mg/dL. Binge scan BALs 

were slightly lower than averages taken during dosing because there was more variability in 

the interval between the last EtOH dose and blood collection times for bloods collected after 

scans than for bloods collected at regular intervals during dosing.

Fig. 2 shows weights for the 2 groups at each of the 11 scans. At the baseline scan, weights 

of the 2 groups were not significantly different (t(26)=1.1, p=.28). During each binge cycle, 

EtOH rats lost weight (percentage weight loss at binge scan relative to previous scan: 11, 4, 

7, 6, 5 %). During each recovery cycle, EtOH rats gained weight (percentage weight gain at 

recovery scan relative to previous scan: 16, 13, 13, 13, 10%) so that at each recovery scan 

weights between the 2 groups were not significantly different. Weights were also not 

significantly different at the 5th binge scan (t(25)=−1.7, p=.09) despite similar BALs 

achieved. Over the course of the experiment, both groups of animals demonstrated a similar 

overall weight gain (Ctrl = 45%, EtOH = 40% increase from baseline weight).

Behavior

ANOVA showed that EtOH-B (EtOH-treated animals in 2-bottle choice sessions 24h after 

the last dose of EtOH) drank the most water (higher intercept, t=5.86, p≤.0001). Both EtOH-

B and EtOH-R (EtOH-treated animals in 2-bottle choice sessions on day 4 of recovery) rats 

consumed less EtOH than rats in Ctrl-B and Ctrl-R categories (lower intercept), but only 

EtOH-R consumption was significantly lower (t= −3.37, p=.0009) (Fig. 3).

Of 32 neurological variables, 12 were affected by binge EtOH treatment. No signs were 

evident on day 6 of recovery. The number of EtOH (out of 15) or Ctrl (out of 13) animals 

showing relevant neurological signs on binge day 4 or recovery day 1 is presented in Table 

2. Neurological signs either persisted (e.g., effects on defecation, piloerection, tail tone) or 

diminished (e.g., startle response, hunched back) with repeated binge EtOH treatment, but 

none was observed to accumulate.

Volumes of Lateral Ventricles and Cisterns

For lateral ventricle volumes (Fig. 4), the GLM showed effects of group (t=3.4, p=.00079) 

and group-by-treatment (t= −1.6, p=.00161). The ANOVA showed EtOH-B had larger 

volumes (higher intercept) than the other three categories (t=4.77, p≤.0001). Over the course 

of the experiment, volume of the lateral ventricles in all animals (both EtOH and Ctrl 

groups) decreased (t= −6.94, p≤.0001). Percentage change in lateral ventricular volume at 

each scan relative to the previous scan is presented in Fig. 4, insert.
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For cistern volume (Fig. 5), the GLM showed effects of group (t=3.1, p=.00254) and group-

by-treatment (t= −4.1, p=6.1×10−5). The ANOVA showed EtOH-B had larger volumes 

(t=6.41, p≤.0001) and EtOH-R had smaller volumes (t=−5.8, p≤.0001) than volumes of Ctrl-

B or Ctrl-R. Percentage change in cistern volume at each scan relative to the previous scan is 

presented in Fig. 5, insert.

Levels of Metabolites

Percentage change in metabolite levels at each scan relative to the previous scan is presented 

in the insert for each figure.

For NAA (Fig. 6), the GLM was not significant for any variable after correction for multiple 

comparisons. The ANOVA showed EtOH-B had lower NAA levels (t= −3.49, p=.0006) than 

the other categories. Over the course of the experiment, levels of NAA in all animals (both 

EtOH and Ctrl groups) increased (t=5.23, p≤.0001).

For tCr (Fig. 7), the GLM showed effects of group (t= −3.7, p=.003) and group-by-treatment 

(t=2.8, p=.0048). The ANOVA showed EtOH-B had a lower tCr levels (t= −8.8, p≤.0001) 

than the other categories. The apparent decrease in tCr over the course of the experiment (t= 

−2.7, p=.007) was driven by a significant decline in tCr levels in the EtOH-R group (t= −2.0, 

p=.046), although this was not significant after correction for multiple comparisons.

For Cho (Fig. 8), the GLM was significant for group (t=3.7, p=.00022). The ANOVA 

showed EtOH-B had higher Cho levels (t=6.8, p≤.0001) than the other categories.

For Glx (Fig. 9), the GLM was not significant. The ANOVA showed EtOH-B had a higher 

Glx levels (t=5.4, p≤.0001) than the other categories.

Liver Histopathology and Thiamine Levels

Postmortem histopathology provided no evidence for alcohol-related hepatic steatosis, 

hepatitis, or cirrhosis. Both groups scored 0 on a number of hepatic pathology variables (i.e., 

microvesicular and macrovesicular lipidosis, necrosis, mallory bodies, hepatocytic swelling, 

hepatic cord atrophy, fibrosis (sinusoidal, portocentric, centrilobular, portal-portal, or 

central-portal), and regeneration (microscopic or macroscopic)). For scored variables, the 

highest score given was 2 indicating mild pathology; there were, however, no group 

differences in inflammation (neutrophilic parenchymal (p=.6), lymphohistiocytic 

portocentric (p=.6)), or bile duct proliferation (p=.7). There were also no group differences 

in levels of thiamine (t(25)=−65, p=.52), thiamine monophosphate (t(25)=.35, p=.72), or 

thiamine diphosphate (t(25)=−.35, p=.73).

DISCUSSION

The current study reports that male Wistar rats exposed to 5 EtOH treatment cycles (4-days 

of binge EtOH via oral gavage followed by 10 days of abstinence), with each cycle resulting 

in BALs approaching 300mg/dL, did not show increased voluntary EtOH consumption, 

unprovoked seizure activity, or persistent brain damage as quantified by in vivo imaging 

methods. These animals also did not demonstrate liver damage or thiamine deficiency.
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Similar BALs were achieved following administration of comparable doses of EtOH over 

course of experiment (Table 1), indicating an absence of metabolic tolerance (i.e., it was not 

necessary to increase the dose of EtOH administered to achieve similar BALs) (Cox et al., 

2013). That a few behavioral responses to equivalent BALs diminished over time (i.e., startle 

response, hunched back), however, presents modest evidence for physiological tolerance 

(Linsenbardt et al., 2011). Similarly, animals lost weight during each binge period and 

gained weight during each recovery period (Zhao et al., 2013). That weights were not 

significantly different between EtOH and Ctrl groups at the 5th binge scan despite similar 

BALs achieved provides evidence for tolerance to the effects of EtOH on weight.

Although a number of studies report increased voluntary EtOH consumption in rats 

previously exposed to EtOH (Backstrom et al., 2004; Bell et al., 2004; Colombo et al., 2003; 

Dayas et al., 2004; Fullgrabe et al., 2007; Funk et al., 2004; Heyser et al., 1997; Holter et al., 

2000; Oster et al., 2006; Rodd-Henricks et al., 2000; Serra et al., 2003; Spanagel and Holter, 

1999), EtOH-exposed rats in the current study did not consume more EtOH when given a 2-

bottle choice (Stephens et al., 2001). In fact, EtOH-exposed rats drank less EtOH than Ctrl 

animals, possibly indicating aversion. One explanation for this discrepancy might be that 

animals were not assessed at the correct time to observe the transient period of EtOH-

preference that might have occurred (Colombo et al., 2003; Heyser et al., 1997). Another 

likely explanation is that the doses of EtOH administered in the current study, ~9 g/kg/day, 

are aversive (Froehlich et al., 1988; Linsenbardt et al., 2011; Schulteis et al., 1996; Slawecki 

and Samson, 1998); to achieve increased voluntary drinking, animals are typically given 

<6g/kg/day to achieve BALs <200mg/dL (e.g., Bell et al., 2004; Holter et al., 2000; 

Spanagel and Holter, 1999). Alternatively, access to multiple concentrations of EtOH (e.g., 

5%, 10%, 20%) (e.g., Bell et al., 2004; Spanagel and Holter, 1999) or to saccharin-

sweetened EtOH (Dayas et al., 2004) might have been necessary to observe increased 

voluntary EtOH consumption.

Several findings are salient. Gradually increasing body weight (Fig. 2), decreasing size of 

the lateral ventricles (Fig. 4), and increasing levels of NAA (Fig. 6) over the course of the 

experiment indicate that the animals were still growing and had not reached their maximum 

brain size at the start of the experiment, despite the fact that their weight (~340g, >76 days 

old) indicates they were at least young adults at baseline (Bell et al., 2013). We previously 

observed that even older rats (~400g, >88 days old) similarly continued to gain weight and 

show an increase in brain volume over an extended period of observation (up to 700g, >500 

days old) (Pfefferbaum et al., 2006a; Sullivan et al., 2006).

Results of in vivo MR imaging are consistent with our previous studies: each binge EtOH 

exposure cycle was associated with an increase in the volume of the lateral ventricles, a 

decrease in the levels of NAA and tCr, and an increase in the levels of Cho (Zahr et al., 

2010; Zahr et al., 2014; Zahr et al., 2013). As described in great detail, this pattern of 

changes is consistent with a model of transient fluid redistribution during acute EtOH 

intoxication and recovery (Zahr et al., 2013). Although we predicted that repeated cycles of 

binge EtOH exposure would result in persistent and accruing changes in ventricular volumes 

and metabolite levels, the current results do not support our hypothesis, but are consistent 

with findings from a similar study in rats using repeated binge EtOH treatments (Zhao et al., 
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2013). Instead, our findings provide evidence for the remarkable plasticity of the rat brain: 

even following 5 cycles of EtOH exposure (to BALs consistently approaching 300mg/dL), 

changes in ventricular volume and metabolite levels were transient. One implication for 

these results is that perhaps older animals must be used to model AUD: in humans with 

AUD, older age contributes to greater pathology (Pfefferbaum et al., 2006b; Pfefferbaum et 

al., 1997; Rosenbloom and Pfefferbaum, 2008). Another consideration is the possibility that 

longer periods or alternative patterns of EtOH exposure are required to observe persistent 

pathology (Bell et al., 2013; Braconi et al., 2010; Spanagel, 2000). The only hint of an 

accumulating change was the decrease in tCr in EtOH exposed animals, indicated by the 

non-significant decrease in tCr levels in the EtOH group at the recovery scans (Fig. 7). The 

accruing change in tCr levels in response to repeated binge EtOH treatments might reflect 

gradually accumulating effects on the brain’s osmotic balance (as tCr has an identified role 

as an osmolyte, Ross and Bluml, 2001) or energy utilization (as tCr reflects the substrates 

available for the brain’s high-energy phosphate metabolism, Sartorius et al., 2008).

A novel observation in the current study was an increase in Glx levels following binge EtOH 

exposure, which we have not previously noted following single bout of binge EtOH 

treatment. Indeed, by the 5th binge exposure, levels of Glx were elevated to 13% above the 

previous recovery scan. The Glx signal includes resonances from glutamate and glutamine; 

given that the concentrations are ~8mM for glutamate and ~3mM for glutamine, however, 

the majority of the signal is likely from glutamate. We have previously observed that EtOH 

exposure via vapor chamber for 24 weeks does result in elevations in the MRS-signal 

derived from glutamate (Zahr et al., 2009), suggesting that prolonged periods of EtOH 

exposure might be required to affect the MRS-derived glutamate signal. A number of animal 

studies demonstrate that withdrawal from chronic EtOH is associated with elevated levels of 

glutamate (Chefer et al., 2011; Dahchour and De Witte, 2003; Hermann et al., 2012; Keller 

et al., 1983; Rossetti et al., 1999). Furthermore, a single rat was observed to experience 

unprovoked seizure activity after the 4th binge EtOH exposure: scanning following recovery, 

i.e., at the 4th recovery scan, revealed that this animal had higher Glx levels than any other 

animal. None of the other variables (volumes of lateral ventricles or cisterns, levels of NAA, 

tCr, Cho) uniquely discriminated this animal. The current results, however, do not 

necessarily support the “glutamate theory” of alcoholism, describing enhanced glutamate-

mediated neuronal excitability during EtOH withdrawal and abstinence that might contribute 

to craving and relapse (Spanagel, 2009), because we did not observe increased voluntary 

EtOH consumption in any of the EtOH-exposed animals. These findings, however, may 

indicate a role for glutamate in brain plasticity in response to repeated binge EtOH exposure.

In conclusion, repeated episodes of EtOH intoxication and withdrawal provided little to no 

support for accruing brain pathology as quantified using in vivo MR imaging and 

spectroscopy.
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Fig. 1. 
Blood Alcohol Levels (BALs) collected on each day of binge EtOH treatment (7:30am) and 

at each scan. In all figures, the EtOH-exposed group is presented in red circles, the Ctrl 

group in gray squares.
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Fig. 2. 
Animal weights at baseline and each scan.
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Fig. 3. 
Results of 2-bottle choice preference for water or 15% EtOH (w/v) assessed for 12h at 

baseline, 24h after the last EtOH dose of each binge, and on day 4 of each recovery period.
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Fig. 4. 
Volumes of lateral ventricles at baseline and each binge and recovery scan. Inset is an axial 

slice of an FSE image indicating lateral ventricles. In this and all the following figures, the 

dark red line is the regression for EtOH-exposed rats at binge scans (scans 2, 4, 6, 8, 10), the 

red dashed line is the regression for EtOH-exposed rats at recovery scans (scans 1, 3, 5, 7, 9, 

11), the solid gray line is the regression for Ctrl rats at binge scans (scans 2, 4, 6, 8, 10), the 

gray dashed line is the regression for Ctrl rats at recovery scans (scans 1, 3, 5, 7, 9, 11). 

Table insets show the percent change in volume or metabolite levels at each scan relative to 

the previous scan.
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Fig. 5. 
Volumes of cisterns at baseline and each binge and recovery scan. Inset is an axial slice of an 

FSE image indicating posterior cistern.
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Fig. 6. 
Levels of N-acetyl aspartate (NAA) in arbitrary units (a.u.) at baseline and each binge and 

recovery scan. Inset shows a typical spectrum acquired during a binge scan with EtOH rats 

in blue and Ctrl rats in red.
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Fig. 7. 
Levels of total creatine (tCr) in arbitrary units (a.u.) at baseline and each binge and recovery 

scan.

Zahr et al. Page 24

Addict Biol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Levels of choline-containing compounds (Cho) in arbitrary units (a.u.) at baseline and each 

binge and recovery scan.
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Fig. 9. 
Levels of glutamate (Glu) in arbitrary units (a.u.) at baseline and each binge and recovery 

scan.
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