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Abstract
Background—Excessive alcohol intake produces structural and functional deficits in corticolimbic
pathways that are thought to underlie the cognitive deficits in the alcohol use disorders. Animal
models of binge alcohol administration support the direct link of high levels of alcohol consumption
and neurotoxicity in the hippocampus and surrounding cortex. In contrast, voluntary wheel running
enhances hippocampal neurogenesis and generally promotes the health of neurons.

Methods—We investigated whether voluntary exercise prior to binge alcohol exposure could
protect against alcohol-induced cell loss. Female Long-Evans rats exercised voluntarily for 14 days
before undergoing 4 days of binge alcohol consumption. Brains were harvested immediately after
the last dose of alcohol and examined for various histological markers of neurodegeneration,
including both cell death (FluoroJade B) and cell birth (Ki67) markers.

Results—Rats that exercised prior to binge exposure were significantly less behaviorally
intoxicated, which was not a result of enhanced hepatic metabolism. Rats that exercised prior to binge
alcohol consumption had reduced loss of dentate gyrus granule cells and fewer FluoroJade B positive
cells in the dentate gyrus and associated entorhinal-perirhinal cortex compared to non-exercisers.
However, exercise did not protect against cell death in the piriform cortex nor protect against alcohol-
induced decreases in cell proliferation, evidenced by a similar alcohol-induced reduction in Ki67
labeled cells between exercise and sedentary rats.

Conclusions—We conclude that exercise can reduce behavioral sensitivity to ethanol intoxication
and protect vulnerable brain areas from alcohol-induced cell death. Exercise neuroprotection of
alcohol-induced brain damage has important implications in understanding the neurobiology of the
AUDs as well as in developing novel treatment strategies.
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INTRODUCTION
In their lifetimes, over 30% of Americans will meet the diagnostic criteria for an alcohol use
disorder (AUD), commonly referred to as alcoholism (Hasin et al., 2007). Excessive intake,
the hallmark of an AUD, has been linked to deficits in brain structure and function according
to MRI analyses of brain volume to cell counts in postmortem brain tissue from alcoholics
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(Harper, 1985; Pfefferbaum et al., 1992; Sullivan and Pfefferbaum, 2005). Animal models have
provided a direct link between excessive alcohol intake and neurodegeneration and further,
have begun to elucidate the various mechanisms that result in a net loss of cells (Collins et al.,
1996; Crews et al., 2000; Crews and Nixon, 2009; Obernier et al., 2002b; Walker et al.,
1980). Several different lines of evidence, such as lifetime consumption not correlating with
neurodegeneration (Tivis et al., 1995) and that even adolescent abusers demonstrate
neuropathology (De Bellis et al., 2000), supports the fact that pattern of intake, namely binge
drinking, is more predictive of neurodegeneration rather than lifetime duration of intake (Hunt,
1993). Some hypothesize that binge drinking, and specifically brain damage from binge
drinking, is one of the critical links between alcohol experimentation and developing an AUD
(Crews, 1999). Epidemiological studies indicate that binge alcohol consumption is on the rise
in young people (Courtney and Polich, 2009), and particularly college students as a university
environment appears to foster binge drinking (Hartzler and Fromme, 2003; Neal and Fromme,
2007). Indeed, 18–25 year olds drink more alcohol that all other age groups and have the highest
rates of AUDs (Hasin et al., 2007; Johnston et al., 2007). Although variables such as gender
and ethnicity have been studied in relationship to alcohol consumption in young adults (Corbin
et al., 2008), the influence of lifestyle factors such as exercise has received little attention.

Exercise induces many beneficial physiological changes, including reduced body fat (Alessio
et al., 2005; Lambert and Jonsdottir, 1998; Moraska et al., 2000; Skalicky and Viidik, 1999),
increased expression of cardioprotective proteins (Noble et al., 1999), enhanced muscle
mitochondrial biogenesis (Moraska et al., 2000), increased circulation of trophic factors (Asano
et al., 1998; Carro, 2000) and decreased blood pressure (Pescatello et al., 2004). Exercise also
benefits the brain, by inducing angiogenesis (Black et al., 1990; Swain et al., 2003) and
bolstering antioxidant activity (Alessio et al., 2005; Somani et al., 1995). In particular, exercise
promotes the health of the hippocampus, where it increases the proliferation, survival and
neuronal differentiation of progenitor cells (van Praag et al., 1999b) enhances LTP (Bengochea
and Gonzalo, 1990; Farmer et al., 2004; van Praag et al., 1999a) and is correlated with
improvements in learning and memory (Cotman and Berchtold, 2002; van Praag et al.,
1999a).

In contrast, excessive alcohol consumption causes degeneration of the hippocampus in humans
and animal models of AUDs (Agartz et al., 1999; Bengochea and Gonzalo, 1990; Cadete-Leite
et al., 1988; Obernier et al., 2002a; Sullivan et al., 1995; Walker et al., 1980). Binge alcohol
administration in rats has been shown to produce neurodegeneration by inducing necrosis in
corticolimbic regions including the hippocampus as well as by inhibiting adult neurogenesis
(Crews and Nixon, 2009; Nixon and Crews, 2002; Obernier et al., 2002a). Because exercise
promotes the health of the hippocampus, we investigated the possibility that it could protect
the brain against binge alcohol-induced damage. Further, because binge drinking is increasing
in young women (Keyes et al., 2008), and women are more likely to binge drink in college
(Reifman and Watson, 2003), the present study investigated the neuroprotective potential of
exercise against future binge alcohol consumption in young female rats.

MATERIALS AND METHODS
Animals and Housing Conditions

All experimental procedures were conducted in accordance with the National Institutes of
Health (NIH) Public Health Service Policy on Humane Care and Use of Laboratory Animals
(NIH, 2002), and were approved by the Institutional Animal Care and Use Committee of the
University of Houston. Upon arrival, rats were group-housed in clear Plexiglas cages and given
1 week to acclimate to vivarium conditions, which included ad libitum rat chow and water,
and a reversed light/dark cycle (lights off 10:00 / on 22:00). Thirty-seven female Long-Evans
rats (Harlan), weighing 190 – 220 grams at the beginning of the experiment were divided into

Leasure and Nixon Page 2

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 September 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



four groups in a 2×2 design comparing ethanol versus control diet and exercise versus
sedentary: sedentary control (SC; n = 10) which were sedentary and received isocaloric control
diet; sedentary ethanol (SE; n = 7) which were sedentary and received ethanol diet, exercise
control diet (EC; n = 10) which exercised daily and received isocaloric control diet; and exercise
ethanol (EE; n = 10) which had daily exercise and the ethanol diet. Prior to beginning the
experiments, all rats were tamed by gentle handling, to acclimate them to the daily handling
of the experiment and make them amenable to gavage. Female rats were chosen because of
their consistent running behavior and they have not been studied in this model of an AUD.

Exercise
Rats were given voluntary access to exercise wheels for a total of 14 days. In order to precisely
monitor distance traveled, rats were removed from their home cages and placed into individual
running wheels equipped with counters, as previously described (Leasure and Decker, 2009;
Stranahan et al., 2006). Exercise began at 1030 daily (the beginning of the dark cycle) and
stopped at 1600, when the animals were removed from the exercise wheels and returned to the
home cages. Thus, although rats in the exercise groups were socially isolated while exercising,
this occurred for only 5.5 hours daily, leaving these animals group-housed the majority of the
time.

Binge consumption paradigm
Immediately after the exercise period, rats were subjected to a binge model of alcohol exposure.
The four-day binge model is a well-accepted model of alcohol abuse with a characteristic and
consistent pattern of cell death in male rats (Collins et al., 1996; Crews et al., 2000). As the
majority of those diagnosed with an AUD drink in a binge pattern and because a binge pattern
of drinking is predictive of neuropathology (Hunt, 1993), this model was chosen to best mimic
the human condition. Food was removed during the period of alcohol administration, but water
was always available. Ethanol was administered via gavage according to a paradigm modified
from Majchrowicz (1975), which maintains consistent intoxication while avoiding mortality
(Knapp and Crews, 1999; Nixon and Crews, 2004). Briefly, rats were gavaged with ethanol
diet (25% ethanol w/v in vanilla Ensure™, Abbott Laboratories, Columbus, OH) or isocaloric
control diet every 8 hours for 4 days. The initial dose for each animal was 5 g/kg; thereafter
each dose was determined based on a six-point behavioral intoxication scale that corresponded
to an accompanying dose of ethanol (see Table 1). Blood ethanol concentration (BEC) was
determined from tail blood samples taken 90 minutes after the morning dose on day 3. Samples
were centrifuged, then stored at −20°C until further analysis. Serum was extracted and BEC
determined using a GM7 Analyser based on external standards (Analox, Waltham, MA).

Acute Alcohol Administration
A separate experiment investigated the effect of exercise on ethanol pharmacokinetics. Two
groups of rats were allowed to exercise voluntarily for 2 weeks as described above (n=6) or
remained sedentary (n=6). Rats were then food deprived for 8 hours before being administered
a single 5g/kg dose of ethanol via gavage the day following the last day of exercise. Tail blood
samples were taken at 30 minutes, 60 minutes, 90 minutes, 3 hours, 5 hours and 9 hours. Blood
was collected and analyzed by a GM7 Analyser as reported above.

Histological procedures
Immediately after the last dose of alcohol, each rat was given an overdose of anesthetic and
intracardially perfused with cold saline, followed by 4% paraformaldehyde until the upper
body was stiff. Brains were removed, post-fixed overnight and then refrigerated in 30%
sucrose. Brains were cut in 40 µm coronal sections on a Vibratome from a random start point
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at the level of the caudate putamen through the approximately Bregma −6.6. Each section was
stored in cryoprotectant in 24-well microtiter plates at −20°C.

Quantification of Dentate Gyrus Granule Cells—Every 12th section from the earliest
emergence of the inferior blade of the dentate gyrus (Bregma −1.72) through Bregma −5.88
was mounted to gelatin coated slides and processed for cresyl violet counterstain. This resulted
in six to nine sections per subject quantified for the dentate gyrus. The number of granule cells
in the dentate gyrus was determined using the optical fractionator method, applied via the
automated stereology system, StereoInvestigator (MicroBrightField, Williston, VT) similar to
published methods (West, 1991) on a Nikon Eclipse 80i upright microscope. For every section,
the dentate gyrus was traced at 10X in StereoInvestigator. The optical fractionator was then
applied, and cells counted at 100X using an oil-immersion objective, with counting frames of
40 µm × 40 µm, and a 200 µm grid. For every counting frame, the top of the section was set,
and then a top guard zone of 4 µm and an optical dissector height of 12 µm applied. Because
the average mounted section thickness was approximately 20 µm, these parameters resulted in
all granule cells present in the middle 12 µm of each section being counted, thereby eliminating
the problems of uneven section surface and cell stripping. The number of granule cell profiles
was totaled and used to estimate the total number of granule cells per dentate gyrus ± SEM.

FluoroJade B labeling—FluoroJade B staining of degenerating cells was conducted
following published methods (Morris et al., 2009; Schmued and Hopkins, 2000). Briefly, every
12th section was mounted to Superfrost Plus® slides (Fisher Scientific, Waltham, MA) and
dried overnight. Slides were processed through graded alcohols, rinsed in dH20 then incubated
in 0.06% KMnO4 for 10 minutes. Following a wash in dH20, sections were then incubated in
FJB (Chemicon, Temecula CA) in the dark. After additional washes in dH20, sections were
dried then coverslipped in Cytoseal® (Stephens Scientific, Wayne, NJ). Quantification of FJB-
positive (FJB+) cells was conducted on an Olympus BX-51 microscope fitted with
epifluorescence including a 488λ cube for blue light excitation. A profile counting
methodology was used to quantify all cells visualized within the region of interest. This method
was chosen over unbiased stereological techniques because of difficulty in accurately detecting
section thickness in sections with very low background staining as our FJB method produces
and to compare across regions where stereology is not appropriate. Further, we have shown
previously that profile methodologies result in identical percent change between control and
experimental groups (Crews et al., 2004), and relative difference is the question of interest in
this study. FJB+ cells were counted in brain regions that consistently show alcohol-induced
cell death in this model: the hippocampal dentate gyrus (granular cell layer and subgranular
zone combined), the entorhinal and perirhinal cortices combined and the piriform cortex
(Obernier et al., 2002a; Obernier et al., 2002b). Specifically, in the dentate gyrus, each blade
was counted and averaged separately and the mean number of FJB+ cells per dentate gyrus
section was calculated by adding the averages from the superior and inferior blades together.
FJB+ cells are reported as mean number of cells per section ± SEM.

Ki67 Immunohistochemistry—Immunohistochemistry for the endogenous cell
proliferation marker, Ki67 was performed on every 12th section of the dentate gyrus as defined
above and followed previously reported methods (Morris et al., 2009). Ki67 is expressed in
cells that are actively proliferating, in G1 through M phase of the cell cycle (Scholzen and
Gerdes, 2000). Ki67 was chosen to assess proliferating cells because the use of exogenous
markers such as Bromo-deoxy-Uridine have been criticized for potential experimental
differences in bioavailability and these experiments investigate two events (namely, exercise
and alcohol administration) that could, in theory, alter the bioavailability of Bromo-deoxy-
Uridine. Briefly, free-floating sections were washed in tris-buffered saline (TBS) followed by
treatment with 0.3% hydrogen peroxide to exhaust endogenous peroxidases. Following
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washes, sections were blocked in TBS+ (TBS/0.1% Triton-X/3% horse serum) and then
incubated in anti-Ki67 (VectorLabs, Burlingame, CA; 1:200) for 48 hours at 4°C. After washes
in TBS+, sections were incubated with biotinylated secondary antibody (horse anti-mouse,
Vector Laboratories, Burlingame, CA; 1:200) rinsed again and then incubated with avidin-
biotin complex (ABC, Vector Labs, Burlingame, CA). Finally, diaminobenzidine (DAB) was
used as the chromagen with 0.0006% hydrogen peroxide and Nickel enhancement. Sections
were mounted onto slides, counterstained in Neutral Red and coverslipped with Cytoseal®.

The number of Ki67-positive (Ki67+) cells in the dentate gyrus was estimated using the optical
fractionator method applied via an automated stereology system, (newCAST™, Visiopharm,
Denmark) on a BX-51 Olympus Microscope (Olympus, Center Valley, PA) coupled to a Prior
stage and digital camera (DP70; Olympus, Center Valley, PA). All Ki67+ cells were counted
in the dentate gyrus and subgranular zone (i.e. 100% area sampling fraction) in every 12th

section (480 µm apart) of the dentate gyrus. Cells were counted at 1200X using a 60X oil-
immersion objective lens with an optical dissector height of 15µm. The total number of
immunopositive profiles was then used to estimate the total number of Ki67+ per dentate gyrus
± SEM. Coefficients of error (CE) were calculated using the method of Gunderson and were
less than 0.05 for all groups (Gunderson et al., 1999).

Statistical Analyses
All values presented are expressed as mean ± standard error of the mean. Running distance,
body weight, behavioral intoxication and ethanol dose data were analyzed using repeated
measures ANOVA. All other data were analyzed with two-way ANOVA using the variables
Activity, Diet and the Activity by Diet interaction. Planned post hoc t-test comparisons were
conducted when necessary. When applicable, significance of correlations was determined
using the critical value table for Pearson’s Correlation Coefficient. For all statistical analyses,
a p value of less than 0.05 was deemed significant.

RESULTS
Body Weights & Distance Run

As shown in Figure 1A, all rats were similar in weight and gained similar amounts of weight.
There was no main effect of Group for body weight (F(3,33) = 2.105, p > 0.05), and no
significant Group × Time interaction (F(39,429) = 0.814, p > 0.05). However, all animals
gained a significant amount of weight over Time (F(13,429) = 112.709, p < 0.05). For rats in
the exercise groups, there was no main effect of Group for distance run (F(1,18) = 0.121, p >
0.05), and no significant Group × Time interaction (F(13,234) = 0.922, p > 0.05). There was
a significant effect of Time, however, indicating that exercising animals increased the distance
covered during the course of the exercise period (F(13,234) = 16.789, p < 0.05; see Figure 1B),
consistent with what we have previously observed (Leasure and Decker, 2009; Leasure and
Jones, 2008).

Behavioral Response to Binge Alcohol Administration
Rats that exercised for two weeks prior to binge ethanol consumption (EE) behaved
significantly less intoxicated compared to rats that were sedentary (F(1,15) = 11.34, p < 0.05;
see Figure 2A). A significant effect of Time (F(11,165) = 27.49, p > 0.05) indicates that all
rats given alcohol acted progressively more intoxicated (sedated or motorically impaired)
during the course of the 4-day binge. The Group × Time interaction was not significant (F
(11,165) = 1.17, p > 0.05). Because dose of ethanol administered was dependent on behavioral
intoxication (with more alcohol given to those rats that acted less drunk), rats that had exercised
actually received more alcohol than sedentary rats (F(1,15) = 12.11, p < 0.05; see Figure 2B).
Furthermore, there was a significant main effect of Time (F(11,165) = 27.95, p < 0.05),
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indicating that dose of alcohol initially decreased during the 4-day binge, corresponding to
increased intoxication, then increased as tolerance developed which is characteristic of this
model. There was no significant Group × Time interaction (F(11,165) = 1.17, p > 0.05). Not
surprisingly, exercised rats had significantly higher blood ethanol levels (F(1,14) = 5.337, p <
0.05; Figure 2C) when assessed on the third day of the binge, a point at which they had received
slightly higher alcohol doses (p=0.06, t-test).

In order to determine whether rats that exercised before binge alcohol acted less intoxicated
because physical activity had altered ethanol metabolism, we conducted a control experiment.
Six additional female Long-Evans rats exercised for two weeks, and six remained sedentary.
The next morning, all twelve were given a single 5g/kg dose of ethanol, and tail blood samples
were taken 30 minutes, 60 minutes, 90 minutes, 3 hours, 5 hours and 9 hours thereafter (see
Figure 3). There was no significant effect of Group on BEC (F(1,10) = 0.057, p > 0.05) and
no significant Group × Time interaction (F(5,50) = 2.14, p > 0.05). The main effect of Time
was significant (F(5,50) = 26.48, p < 0.05). Taken together these analyses show that blood
alcohol levels change over time but change similarly between exercise and sedentary groups
over time, which suggests that there is no difference in ethanol metabolism between exercising
and sedentary rats.

Number of Granule Cells in the Dentate Gyrus
This model of binge alcohol consumption caused a significant loss of granule cells in the dentate
gyrus, as determined by stereological methods. Specifically, Two-way ANOVA revealed a
significant main effect of Diet (F(1,33) = 5.167, p < 0.05) but there was no significant main
affect of Activity (F(1,33) = 0.357, p > 0.05) and no significant Activity × Diet interaction (F
(1,33) = 1.219, p > 0.05; Figure 4A). Posthoc comparison showed that ethanol reduced the
number of granule cells by 16% in SE rats compared to SC, a reduction that was only 8% in
EE versus EC rats. Coefficients of error ranged from 0.03 to 0.04 and were calculated according
to the method of Gunderson (Gunderson, 1999). Among exercise groups, however, there was
a negative correlation between increased average running distance and decreased number of
granule cells in rats in the EE group (Figure 4, r2 = 0.687, p < 0.05) but not the EC group
(Figure 4C, r2 = 0.061, p > 0.05). However, there was no correlation between average dose per
day and average running distance (data not shown, r2 = −0.134, p > 0.05).

Cell Death in Hippocampus and Associated Cortical Regions
As cell death has been consistently observed in this model in male rats, FJB labeling was
examined in hippocampus and associated cortical regions. Similar to past reports in males,
binge ethanol exposure resulted in FJB+ cells in expected cortical and hippocampal locations.
Similar to past reports, little to no FJB+ cells were observed in any regions of control animals
(Crews et al., 2006b). As can be seen in Figure 5, all ethanol-exposed rats showed some FJB
+ cells in each region, which is supported by main effects of Diet in all regions examined
(detailed below). However, two-way ANOVA revealed that exercise affected regions
differently. In the entorhinal-perirhinal cortices exercise prevented alcohol-induced increase
in FJB+ cells as revealed by significant main effects of Diet (F(1,32) = 32.12, p < 0.0001) and
Activity (F(1,32) = 5.70, p < 0.05) as well as a significant interaction of Diet and Activity (F
(1,32) = 5.95, p < 0.05). A similar pattern was observed for the dentate gyrus, ANOVA revealed
significant main effects of Diet (F(1,32) = 20.21, p < 0.0001) and Activity (F(1,32) = 5.78, p
< 0.05) as well as a significant interaction of Diet and Activity (F(1,32) = 5.91, p < 0.05). In
the piriform cortex, although ethanol increased the number of FJB+ cells over controls reflected
by the main effect of Diet (F(1,30) = 69.99, p < 0.0001), there was no difference in the number
of FJB+ cells between exercise (EE) and sedentary ethanol (SE) animals. Accordingly there
was no main effect of Activity (F(1,30) = 0.33, p > 0.05) nor any interaction (F(1,30) = 0.35,
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p > 0.05). Thus, exercise had regionally specific effects on alcohol-induced FJB labeling of
degenerating cells.

Proliferation of Progenitor Cells in the Dentate Gyrus
As expected, Ki67-positive (Ki67+) cells were observed along the subgranular zone (SGZ) in
clusters (see Figure 6). The total number of Ki67+ cells was estimated by stereology in six to
nine sections per brain. Coefficients of error ranged from 0.01 to 0.04 and averaged 0.02 in all
groups except SE, which averaged 0.03. As can be seen in Figure 6a, ANOVA revealed only
a main effect of Diet (F(1,14) 19.76, p < 0.001) and not Activity (F(1,14) = 0.05, p > 0.05) nor
an interaction of Diet and Activity (F(1,14) = 0.28, p > 0.05). Thus, binge ethanol exposure
reduced the number of proliferating cells in female rats, but prior exercise did not reverse or
alter this effect.

DISCUSSION
The present study yielded several novel findings. First, we show that 4 days of binge alcohol
consumption causes detectable loss of granule cells in the dentate gyrus. While
neurodegeneration was assumed to occur from alcohol-induced cell death in the hippocampus
and surrounding cortex in this model of binge consumption (Obernier et al., 2002a), a
significant loss of fully differentiated dentate gyrus granule cells has not previously been
reported. Second, we show that moderate voluntary exercise prior to binge alcohol
consumption modulates cellular degeneration in the hippocampus and associated regions.
Third, we show that the neuroanatomical sparing is accompanied by behavioral changes. Rats
that exercised prior to binge alcohol consumption acted significantly less intoxicated than those
that did not. Finally, this is the first report of binge-induced brain damage in female rats in this
model of an AUD.

Previously, it was thought that weeks of ethanol consumption, characteristic of chronic ethanol
models, were required to produce the loss of granule cells in the hippocampus (Walker et al.,
1980). Here, we show that only 4 days of binge ethanol administration produced a significant,
16% loss of granule cells in the dentate gyrus of the hippocampus in SE versus SC rats. In
support of this observation of neurodegeneration, binge ethanol exposure also increased the
number of FJB+ cells in both the dentate and surrounding cortex (entorhinal/perirhinal cortices,
piriform cortex). The observation of increased FJB+ cells is consistent with past reports of
other indicators of cell death in various models of AUDs, such as amino cupric silver stain,
necrosis, and pyknosis (Collins et al., 1996; He et al., 2005; Herrera et al., 2003; Obernier et
al., 2002a; Obernier et al., 2002b). Although FJB detects both apoptotic and necrotic forms of
cell death, the Majchrowicz model of binge exposure results in a primarily necrotic form of
cell death (Obernier et al., 2002a). Furthermore, binge ethanol exposure inhibited the number
of proliferating progenitor cells (Ki67+ cells) in the dentate gyrus, an effect that was not
reversed by prior exercise. These effects are consistent with recent work that suggests that
ethanol affects both cell death and cell birth mechanisms when producing its detrimental effects
on hippocampal integrity (Crews and Nixon, 2009; Morris et al., 2009). Notably, the observed
reduction in the number of granule cells occurred with only four days of exposure, essentially
the equivalent of one “bender” in a bingeing alcoholic. And though this single 4-day binge has
been shown to result in behavioral deficits (e.g. Obernier et al., 2002b), the neuroanatomical
or behavioral effects of repeated bingeing within the context of this model is not known. As
alcoholics do not just binge once, the long-term effect of repeated binges warrants
investigation.

This study focused on the effects of prior exercise on alcohol intoxication and its effects on
neurodegeneration. The specific focus of the current study was due to the peak of cell death
occurring on the fourth day of exposure in this model (Crews et al., 2000) as well as the very
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different events that occur as alcohol dependence develops versus events in withdrawal and
abstinence. For example, binge alcohol exposure inhibits cell proliferation during alcohol
intoxication, however, during withdrawal and abstinence binge alcohol results in highly
dynamic effects on cell proliferation (e.g. Nixon and Crews, 2004; Nixon et al., 2008). Because
these cell proliferation events may result from alcohol-induced cell death, it was necessary to
investigate the effects on cell death first. Further, this study did not investigate the other
mechanisms involved in adult neurogenesis, many of which may contribute to long term effects
of binge alcohol exposure. These questions are outside of the scope of a single study therefore
multiple future studies should to examine both the long-term effects of exercise on alcohol-
induced neurodegeneration and the role of neurogenesis or gliogenesis in this effect.

Exercise has been shown to offer significant neuroprotection in many neurodegenerative
conditions. Exercise is neuroprotective when it occurs prior to various forms of brain injury
such as stroke (Briones, 2006; Briones et al., 2005; Hayes et al., 2008; Stummer et al., 1994),
and can delay symptom onset in rodent models of neurodegenerative disease (Carro et al.,
2001; Faherty et al., 2005; Kaspar et al., 2005). In a rodent model of fetal alcohol syndrome,
exercise rehabilitates various neurological outcomes (Christie et al., 2005; Redila et al.,
2006; Thomas et al., 2008). Furthermore, in mice that had access to a running wheel coincident
with alcohol self-administration, exercise counteracted the deleterious effect of alcohol on
neural stem cell proliferation (Crews et al., 2004). In the present study, we found that 2 weeks
of voluntary exercise decreased alcohol-induced cell death in the dentate gyrus and surrounding
cortex, as assessed by FJB. Prior exercise also partially protected the dentate gyrus against
binge-induced loss of granule cells, although this effect was dependent on distance run. Rats
that ran further had fewer remaining granule cells. Too much or too vigorous exercise may be
counterproductive to brain health (Leasure and Jones, 2008), particularly following injury
(Griesbach et al., 2004). Our results suggest that mild exercise, rather than intense exertion,
may best fortify the brain against future insults, such as binge alcohol consumption.

We have previously shown that exercise increases the volume of the hippocampal dentate gyrus
(Leasure and Decker, 2009). In the present study, we did not find that exercise alone increased
the number of granule cells in the hippocampus, suggesting that exercise-induced volume
increases may result from increased cell size or dendritic complexity, versus an increase in
total cell number (Eadie et al., 2005; Redila and Christie, 2006). Nonetheless, exercise
protected existing dentate gyrus granule cells from binge alcohol consumption, likely because
of its ability to attenuate oxidative damage (Radak et al., 2001) and/or its ability to increase
expression of neurotrophins and their receptors (Farmer et al., 2004; Gomez-Pinilla et al.,
1997; Li et al., 2008; Liu et al., 2008; Neeper, 1995; Oliff, 1998; Russo-Neustadt, 2000;
Widenfalk et al., 1999). Indeed, alcoholic neuropathology is hypothesized to be due to effects
on these exact mechanisms. Alcohol is thought to promote oxidative damage but also has vast
effects on neurotrophic factor signaling. Brain-derived-neurotrophic-factor (BDNF), in
particular, has been hypothesized to have roles in everything from promoting alcohol
dependence to alcohol-induced brain damage (Pandey et al., 2005a; Pandey et al., 2005b).
Generally, in models of AUDs, BDNF mRNA is decreased after long-term or chronic alcohol
exposure, an effect that corresponds to observations of alcohol-induced neurodegeneration
(reviewed in Davis, 2008). In addition, alcohol-induced decreases in BDNF have been
correlated to alcohol-induced effects on new granule cell survival (e.g. (Herrera et al., 2003;
Nixon and Crews, 2002). Exercise enhancement or reversal of alcohol-induced effects on
BDNF could explain the mechanism of exercise neuroprotection in this model of alcohol-
induced brain damage. Obviously, future studies should address the contribution of BDNF, as
well as the trkB receptor, in exercise neuroprotection of alcohol-induced brain damage.

Alcoholic neurodegeneration is thought to be due to an imbalance of pro-survival to pro-
inflammatory/death events. As such, the effect of exercise on neurotrophic factor signaling is
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only part of the story. Alcohol-induced loss of pro-cell survival signals, such as trophic factor
expression is thought to couple with alcohol induced oxidative stress to result in alcoholic
neurodegeneration (Crews and Nixon, 2009). Oxidative stress describes disrupted homeostasis
of intracellular redox due to an imbalance in reactive oxygen species/free radical production
and endogenous antioxidant depletion. Oxidative stress is a key factor in alcohol-induced tissue
injury in several organ systems including the brain (Calabrese et al., 2002; Gonenc et al.,
2005; Montoliu et al., 1994). Strikingly, the hippocampus may be particularly vulnerable to
alcohol-induced oxidative stress injury (Renis et al., 1996). Indeed, several markers of
oxidative stress have been reported in the serum of alcoholics (Thome et al., 1997a; Thome et
al., 1997b; Thome et al., 1997c). Besides generating reactive oxygen species, alcohol exposure
may also inhibit the activity of endogenous antioxidants such as glutathione and superoxide
dismutase (Johnsen-Soriano et al., 2007; Ku et al., 2006; Siler-Marsiglio et al., 2005; Siler-
Marsiglio et al., 2004). Intriguingly, only those antioxidants that stimulate endogenous
antioxidant production are neuroprotective in binge-induced neurodegeneration (Crews et al.,
2006a). Thus, exercise action on redox homeostasis is also consistent with its role in
neuroprotection of alcohol-induced neurodegeneration.

Prior exercise, however, did not protect the dentate against the ethanol-induced decrease in
progenitor cell proliferation. Furthermore, we did not find that prior exercise alone increased
proliferation of progenitor cells in the dentate, which is consistent with past findings that the
neurogenic effects of exercise are acute (Berchtold et al., 2005; Leasure and Jones, 2008;
Naylor et al., 2005; Stranahan et al., 2006; van Praag et al., 1999b). Although we have shown
previously that exercise increased cell proliferation in alcohol-drinking mice, cell proliferation
was examined in currently exercising animals (Crews et al., 2004). In this study, exercise had
ceased 4 days before Ki67 was assessed and exercise-induced increases in cell proliferation
return to non-exercise levels within 24 hours (Berchtold et al., 2005). In other words, exercise
does not have long-term effects on cell proliferation. It is also possible (but not likely) that the
brief social isolation or daily removal from the running wheel that occurred during exercise
counteracted its neurogenic effect. Another possibility is that gonadal hormones, which are
known to regulate neurogenesis (Galea, 2008; Tanapat et al., 1999), played a role. The number
of newborn cells is transiently increased during proestrus (Tanapat et al., 1999). Although we
did not monitor the estrus cycle in our animals, it is unlikely that none of our exercising controls
were in proestrus when they were sacrificed (which could cause a lack of increase in Ki67+
cells). Thus, our results lend support to previous findings that suggest that exercise does not
have long-term effects on the cell proliferation aspect that underlies hippocampal integrity.

One intriguing behavioral effect observed in this study was that exercisers behaved
significantly less intoxicated. This does not appear to be due to enhanced hepatic metabolism
of alcohol in exercising rats, because in our control experiment, the BECs of exercisers and
sedentary rats were not different. Although one group has reported decreased ethanol clearance
after several weeks of exercise training (Ardies et al., 1989), others have not (Canzanelli,
1934; Carpenter, 1933). Our control study clearly does not support any differences in ethanol
elimination, as the descending curves are identical. If anything, the slight difference at the 30
min timepoint might indicate that either first pass metabolism of ethanol is altered or ethanol
is absorbed differently in exercisers versus controls. The latter is most plausible as others have
shown no effect of exercise on alcohol dehydrogenase activity (Ardies et al., 1989).
Furthermore, ethanol absorption and distribution is affected by differences in body fat (lower
fat equals lower BEC) and it is highly likely that exercising animals have lower body fat than
their sedentary counterparts (Alessio et al., 2005; Leasure and Jones, 2008). Thus, lower fat
would result in lower BEC, which is reflected as reduced intoxication behavior. However, this
model can overcome pharmacokinetic differences with its variable dosing. The reduced
intoxication behavior resulted in rats receiving higher doses of alcohol overall and after three
days of significantly higher doses, blood ethanol levels were slightly higher in exercise rats
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when measured on day 3. Regardless of any metabolic differences, exercise was
neuroprotective against alcohol-induced damage despite EE rats receiving higher doses of
ethanol and having higher BECs.

Finally, to our knowledge, this is the first time the Majchrowicz binge model has been
conducted on female rats. Examination of alcoholic neuropathology has been overlooked in
women due to their lower rates of alcohol dependence; however these rates are unfortunately
on the rise (Keyes et al., 2008). Females may be more susceptible to alcohol-induced
neurodegeneration than men (Hommer et al., 2001; Prendergast, 2004) as both structural and
cognitive impairments emerge in women much faster in the course of the disease than in men
(Mann et al., 1992; Nixon et al., 1995). Although no direct comparisons are made, it is important
to note that alcohol-induced neurodegeneration via cell death and inhibition of cell birth were
observed and are similar to prior reports in male rats (Crews et al., 2006a; Obernier et al.,
2002a). Indeed, the number of FJB+ cells in SE entorhinal-perirhinal and piriform cortices is
nearly identical to that observed in males (Kelso et al., in preparation; unpublished data).
However, these data only reflect a single timepoint and binge-induced cell death begins during
the second day of binge exposure and degenerating cells are visible throughout the first week
in males (Crews et al., 2000; Obernier et al., 2002b). Furthermore, female mice show increased
cell death versus males after alcohol withdrawal (Hashimoto and Wiren, 2008). Thus, future
studies should investigate the extent and timecourse of alcohol-induced damage in females as
well as examine whether exercise is neuroprotective in males rats exposed to binge ethanol.

We conclude that exercise can reduce behavioral sensitivity to ethanol intoxication and protect
vulnerable brain areas from alcohol-induced cell death. Exercise neuroprotection in AUDs
could impact multiple aspects of addiction. First, as the hippocampus is linked to learning,
memory and mood, and all of these are disrupted in AUDs, exercise neuroprotection of
hippocampal integrity could prevent or restore the cognitive and mood deficits reported in
alcoholism. Depression and anxiety are highly comorbid with AUDs and may be causal in
excessive alcohol drinking (drinking to escape or the self-medication hypothesis) as well as in
relapse to alcohol dependence (Koob and Le Moal, 1997; Schuckit and Monteiro, 1988).
Depression and anxiety are related to deficits in hippocampal integrity (Fuchs et al., 2004;
Revest et al., 2009) and exercise neuroprotection implies that it could improve negative mood
states (Ernst et al., 2006) which could, in theory, reduce alcohol consumption. Indeed, exercise
incorporated into alcoholism treatment programs reduces several addiction outcomes including
alcohol consumption (e.g. Brown et al., 2009). Exercise may impact more than just
neurodegeneration-related behaviors as others have shown that it reduces alcohol urges (Ussher
et al., 2004) or provides an alternative reward state (Thoren et al., 1990). In summary, these
data have important implications for the development of novel treatment strategies and
understanding the role of hippocampal integrity in the AUDs.
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Figure 1.
There was no difference between the groups for body weight, although all rats gained weight
during the course of the experiment (A). There was no difference for distance traveled between
exercising rats that received ethanol, and those that received isocaloric control diet (B).
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Figure 2.
Rats that exercised prior to binge ethanol administration acted significantly less intoxicated
than sedentary rats (n=7; A), despite having received more ethanol (B). Arrow in B shows the
point at which tail bloods were taken. The BECs of the exercising rats (n=10) were significantly
higher than sedentary rats (C). * p < 0.05, significantly different from sedentary.
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Figure 3.
The decreased intoxication scores in rats that exercised were not due to enhanced metabolism
of alcohol. There were no significant differences in BECs between sedentary rats (n=6) and
rats that exercised (n=6) prior to a single 5 g/kg dose of ethanol.
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Figure 4.
Binge alcohol consumption caused significant loss of granule cells in the dentate gyrus (A).
Exercise was partially protective against this loss, although the degree of neuroprotection was
dependent on the average distance run; longer distances correlated with fewer remaining
granule cells (B). In control animals, there was no correlation between average distance and
number of remaining granule cells (C). * p<0.05 posthoc comparison to SE.
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Figure 5.
Exercise had regionally-specific effects on alcohol-induced cell death, evidenced by FJB
labeling (A). As all control groups averaged 0.2 cells per section or less, only ethanol groups
are graphed in A. Exercise reduced the number of degenerating cells (FJB+ cells) in the dentate
gyrus and combined entorhinal-perirhinal cortices, but not in the piriform cortex.
Representative photomicrographs are shown for SE rats for the entorhinal -perirhinal cortex
(B), piriform cortex (D) and dentate gyrus (F) and for EE rats for the entorhinal perirhinal (C)
piriform cortex (E) and dentate gyrus (G). Arrows highlight FJB+ cells and * indicates cells
shown in the inset. * p < 0.05 posthoc comparison to SE.
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Figure 6.
Binge ethanol administration decreases the number of Ki67+ cells in the dentate gyrus of adult
female rats (A). Representative photomicrographs show clusters of Ki67+ cells along the
subgranular zone of the dentate gyrus in SC (n=6, B), EC (n=4, C), SE (n=4, D) and EE rats
(n=4, E). Scale bar = 100µm. * p < 0.05 ethanol-exposed versus controls.
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Table 1

Modified Majchrowicz scale

Intoxication
Score

Indications Dose
(g/kg)

0 Normal rat 5

1 Hypoactive, mild ataxia 4

2 Ataxic, abdomen elevated 3

3 Delayed righting reflex,
Ataxic with no abdominal elevation

2

4 Loss of righting reflex,
Retains eye blink reflex

1

5 Loss of righting reflex
Loss of eye blink reflex

0
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