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Abstract
Background—We examined the dose-related influence of alcohol consumption on cerebral
ischemia/reperfusion (I/R) injury and the potential mechanism that accounts for the disparate
effects of high dose and low dose alcohol consumption on cerebral I/R injury.

Methods—Sprague–Dawley rats were fed a liquid diet without or with 1%, 3%, 5% or 6.4% (v/
v) alcohol for 8 weeks, and subjected to a 2-hour middle cerebral artery occlusion (MCAO). We
evaluated the brain injury at 24 hours of reperfusion. In addition, we measured protein expression
of NMDA receptor and excitatory amino acid transporters (EAATs) in parietal cortex and the
effect of NMDA receptor antagonist, memantine, on 2-hour MCAO)/24-hour reperfusion-induced
brain injury.

Results—Compared with nonalcohol-fed rats, the total infarct volume was not altered in 3% and
5% alcohol-fed rats, but significantly reduced in 1% alcohol-fed rats and exacerbated in 6.4%
alcohol-fed rats. Expression of the NMDA receptor subunit, NR1 was upregulated in 6.4%
alcohol-fed rats, whereas expression of EAAT2 was downregulated in 6.4% alcohol-fed rats and
upregulated in 1% alcohol-fed rats. Memantine reduced 2-hour MCAO/24-hour reperfusion-
induced brain injury in nonalcohol-fed and 6.4% alcohol-fed rats, but not in 1% alcohol-fed rats.
The magnitude of reduction in the brain injury was greater in 6.4% alcohol-fed rats compared to
nonalcohol-fed rats.

Conclusions—Our findings suggest that chronic consumption of low dose alcohol protects the
brain against I/R injury, whereas chronic consumption of high dose alcohol has detrimental effect
on cerebral I/R injury. The disparate effects of low dose and high dose alcohol consumption on
cerebral I/R may be related to an alteration in NMDA excitotoxicity.
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INTRODUCTION
Ischemic stroke is one of the leading causes of death and permanent disability. Alcohol is
one of the most commonly used chemical substances, and alcohol may have dose-related
influences on the brain. Epidemiological studies suggest that heavy alcohol consumption is a
major risk factor for ischemic stroke (Caicoya et al., 1999; Gill et al., 1986; Hillbom and
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Kaste, 1983), whereas light-moderate consumption of alcohol reduces the morbidity of
ischemic stroke (Collins et al., 2009; Gill et al., 1986). In addition, heavy alcohol
consumption worsens the outcome of ischemic stroke (Caicoya et al., 1999; Hillbom and
Kaste, 1983; Ikehara et al., 2008), whereas light-moderate alcohol consumption reduces
mortality (Hansagi et al., 1995; Ikehara et al., 2008) and infarct volume (Caicoya et al.,
1999) from ischemic stroke. Recently, a prospective cohort study in men found a beneficial
effect of light alcohol consumption on functional outcome from ischemic stroke (Rist et al.,
2010). However, there is a paucity of experimental data regarding the influence of alcohol
consumption on the consequence of ischemic stroke. Recently, we examined the effect of
high dose alcohol consumption on brain injury induced by transient focal cerebral ischemia
(Sun et al., 2008). We found that 8-week consumption of 6.4% (v/v) alcohol diet
significantly exacerbates cerebral I/R injury in rats. However, the influence of low dose
alcohol consumption on cerebral I/R injury has not been experimentally investigated. Thus,
our first goal of the present study was to determine the dose-related influence of alcohol
consumption on cerebral I/R injury.

Glutamate excitotoxicity is a major pathway triggering brain damage following ischemic
stroke (McCulloch, 1994). Due to the high Ca2+ permeability, NMDA receptors play a
pivotal role in glutamate excitotoxicity following cerebral ischemia (Sattler and Tymianski,
2001). Previous studies including ours have shown that chronic consumption of high dose
alcohol upregulates NMDA receptors in the brain (Fadda and Rossetti, 1998; Harper and
Matsumoto, 2005; Sun et al., 2002). In addition, chronic consumption of high dose alcohol
has been reported to inhibit EAATs (Kim et al., 2005; Park et al., 2008). Thus, it is possible
that exacerbated cerebral I/R injury during chronic consumption of high dose alcohol is
related to an increased NMDA excitotoxicity. Thus, our second goal of the present study
was to determine the role of NMDA exitotoxicity in altered cerebral I/R injury during
chronic alcohol consumption. We measured protein expression of the NMDA receptor,
EAAT1, EAAT2, and EAAT3 in parietal cortex. In addition, we examined the effect of
NMDA antagonist, memantine, on 2-hour MCAO/24-hour reperfusion-induced brain injury.

MATERIALS AND METHODS
Animal models of chronic alcohol consumption

All procedures were in accordance with the “Principle of Laboratory Animal Care” (NIH
publication no. 86–23, revised 1985) and were approved by the Institutional Animal Care
and Use Committee. At 2 months of age (body weight 200 to 220 g), male Sprague–Dawley
rats (n=66) were separated and divided into five groups, nonalcohol-fed (n=18), 1% alcohol-
fed (n=18), 3% alcohol-fed (n=6), 5% alcohol-fed (n=6) and 6.4% alcohol-fed (n=18). Rats
were fed a liquid diet with or without alcohol (Dyets, Bethlehem, PA) for 8 weeks.
Nonalcohol diet and alcohol diets contained same food calories (1.0 kcal/ml). The alcohol
was gradually introduced into the diet over a period of 5 days. The total daily volume of diet
given to nonalcohol-fed, 1% alcohol-fed, 3% alcohol-fed, 5% alcohol-fed animals was based
upon the daily consumption of diet by 6.4% alcohol-fed animals.

Transient focal cerebral ischemia
Transient focal cerebral ischemia will be performed according to our previous study (Sun et
al., 2008a). To avoid any acute effect of alcohol and anesthetic accidents during the surgical
procedures, rats were fasted for 8 h before the experiments. On the day of the experiment,
the rats were anesthetized with ketamine/xylazine (100/15 mg/kg i.p.). A catheter was
placed into a femoral artery for measurement of arterial blood pressure and to obtain a blood
sample for the measurement of arterial blood gas. A Laser–Doppler flow probe (PeriFlux
System 5000, Perimed) was attached to the right side of the dorsal surface of the skull (2
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mm caudal and 6 mm lateral to the bregma) to monitor regional cerebral blood flow (rCBF).
A 4–0 monofilament nylon suture was prepared by rounding its tip by heating and coating
with silicon. The right common and external carotid arteries were exposed and ligated. The
middle cerebral artery (MCA) was occluded by inserting the filament from the basal part of
the external carotid artery and advancing it cranially into the internal carotid artery to the
point where the MCA branched off from the internal carotid artery. Onset of the MCAO was
determined by a rapid drop in rCBF to the cerebral hemisphere. In memantine-treated rats,
memantine (20 mg/kg) was administrated intraperitoneally in a volume of 15 ml/kg body
weight at 15 minutes after the onset of MCAO. In saline-treated rats, saline 15 ml/kg body
weight was injected intraperitoneally at 15 minutes after the onset of MCAO. After
occluding the right MCA for 2 hours, reperfusion was initiated by removing the suture.
Animals were allowed to recover for 24 hours.

Assessment of the brain injury
Neurological evaluation was performed in all animals before MCAO and at 24 hours of
reperfusion using a 24-point scoring system. Sensorimotor testing was graded on a scale of
0–3 each on spontaneous activity, symmetry of movement, response to vibrissae touch, floor
walking, beam walking, symmetry of forelimbs, climbing wall of wire cage, reaction to
touch on either side of trunk. Neurological deficit scores were assigned as follows: 0,
complete deficit; 1, definite deficit with some function; 2, decreased response or mild
deficit; 3, no evidence of deficit/symmetrical responses. We have used this system
previously (Sun et al., 2008). After neurological evaluation, animals were euthanized with
Inactin (150 mg/kg body weight). The brains were quickly removed and placed in ice-cold
saline for 5 minutes, and cut into six 2 mm-thick coronal sections. Sections were stained
with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma) for 15 minutes at 37 °C. Slice
images were digitalized, the infarct lesion was evaluated using Kodak Molecular Imaging
Software. Complete lack of staining is defined as infarct lesion. Infarct lesions corrected for
cerebral edema were expressed as percentage of the contralateral hemisphere.

Western Blot
Parietal cortex samples obtained from nonalcohol-fed and alcohol-fed rats without MCAO
were homogenized in 20% (wt/vol) ice-cold buffer containing 10 mmol/L Tris-HCl, pH 7.4;
1% SDS; 1 mmol/L sodium vanadate; 10 μg/mL aprotinin; 10 μg/mL leupeptin; and 1
mmol/L phenylmethylsulfonyl fluoride. Next, samples were centrifuged at 12,000 g for 20
minutes at 4°C, and protein concentration in supernatant was determined by the Bradford
method (Bio-Rad) with BSA as the standard. SDS polyacrylamide gel electrophoresis (SDS-
PAGE) was performed on a 10% gel on which 10–20 μg of total protein per well was
loaded. After SDS-PAGE, the proteins were transferred onto polyvinylidene difluoride
membrane. Immunoblotting was performed with the use of goat anti-NR1, rabbit anti-
EAAT1, goat anti-EAAT2 and rabbit anti-EAAT3 (Santa Cruz, CA, USA) as primary and
peroxidase conjugated mouse anti-rabbit and mouse anti-goat IgG as the second antibody.
The bound antibody was detected by enhanced chemiluminescence (ECL) detection (Pierce
Chemical, Rockford, IL, USA) and the bands were analyzed using UVP BioImaging
Systems. Protein loading was controlled by probing all Western blots with rabbit anti-beta-
actin antibody (Santa Cruz) and normalizing gp91phox protein intensities to that of beta-
actin.

Statistical analysis
For evaluation of statistical significance between two groups, the nonparametric Wilcoxon
rank-sum test for unpaired samples was used. For comparison of neurological evaluation
between the groups, the nonparametric Kruskal Wallis test was performed first, followed by
posthoc pairwise comparisons with Bonferroni adjustment. Neurological scores are present
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as median and the 25th (Q.25) and 75th (Q.75) percentile values. Other values are presented as
means ± SEM. A p value of 0.05 or less was considered to be significant.

RESULTS
Control conditions

Alcohol diets did not alter body weight, mean arterial pressure or heart rate. In addition,
there were no significant difference in pH, PCO2 and PO2 of arterial blood during MCAO
among nonalcohol-fed and alcohol-fed groups. The peak concentration of blood alcohol was
reached at 1 hour after feeding the alcohol diets (0.9 ± 0.4 mM in 1% alcohol-fed rats, 5.9 ±
0.7 mM in 3% alcohol-fed rats, 27.4 ± 0.9 mM in 5% alcohol-fed rats and 29.7 ± 3.6 mM in
6.4% alcohol-fed rats). Daily alcohol intake was 1.4 ± 0.3 g/kg in 1% alcohol-fed rats, 4.2 ±
0.9 g/kg in 3% alcohol-fed rats, 7.0 ± 1.5 g/kg in 5% alcohol-fed rats and 9.2 ± 1.7 g/kg in
6.4% alcohol-fed rats.

MCAO/reperfusion-induced brain injury
The total infarct volume induced by 2-hour MCAO/24-hour reperfusion was 32.4 ( 2.0% of
controlateral hemisphere in nonalcohol-fed rats (Figure 1). There was a significant decrease
in the total infarct volume observed in 1% alcohol-fed rats (20.3 ( 2.3%) compared to
nonalcohol-fed rats. In contrast, a significant increase in total infarct volume was found in
6.4% alcohol-fed rats (42.9 (1.9%) compared to nonalcohol-fed rats. Total infarct volume
was not significantly changed in 3% alcohol-fed (30.1 (5.6%) and 5% alcohol-fed (35.2
(3.2%) rats when compared to nonalcohol-fed rats (Figure 1).

Acute treatment with memantine did not alter the total infarct volume in 1% alcohol-fed rats,
but significantly reduced total infarct volume in nonalcohol-fed and 6.4% alcohol-fed rats.
The magnitude of reduction in the total infarct volume was greater in 6.4% alcohol-fed rats
(12.7%) compared to nonalcohol-fed rats (7.6%) (Figure 1). Consist with the findings
regarding total infarct volume, the neurological deficits were significantly improved in 1%
alcohol-fed rats and exacerbated in 6.4% alcohol-fed rats. Memantine did not alter 2-hour
MCAO/24-hour reperfusion-induced neurological deficits in 1% alcohol-fed rats, but
significantly improved the neurological deficits in nonalcohol-fed and 6.4% alcohol-fed rats
(Table 1).

Protein expression of NMDA receptor and EAATs
Protein expression of NMDA receptor subunit, NR1, and EAAT1-3 in parietal cortex was
measured in nonalcohol-fed and alcohol-fed rats without MCAO. NR1 expression in parietal
cortex was significantly upregulated in 6.4% alcohol-fed rats compared to nonalcohol-fed
rats (Figure 2). In contrast, EAAT2 expression in parietal cortex was significantly
upregulated in 1% alcohol-fed rats, but downregulated in 6.4% alcohol-fed rats (Figure 2).
Expression of EAAT1 and EAAT3 in parietal cortex was not altered in either 1% alcohol-
fed or 6.4% alcohol-fed rats.

DISCUSSION
There are several new findings from this study. First, in contrast to chronic consumption of
high dose alcohol, chronic consumption of low dose alcohol reduces cerebral I/R injury.
Second, chronic consumption of high dose alcohol downregulates EAAT2, whereas chronic
consumption of low dose alcohol upregulates EAAT2. Third, treatment with an NMDA
receptor antagonist can restore exacerbated cerebral I/R injury during chronic consumption
of high dose alcohol. We suggest that the disparate effects of low dose and high dose alcohol
consumption on cerebral I/R injury may be related to an altered NMDA excitotoxicity.
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Although some epidemiological studies found that chronic alcohol consumption may have
dose-related influences on the consequence of ischemic stroke (Caicoya et al., 1999;
Hansagi et al., 1995; Ikehara et al., 2008), these studies failed to provide detailed
information regarding ischemic stroke subtype, ischemic duration and ischemic region. In
addition, mechanisms underlying disparate influences of high and low dose alcohol
consumption have not been examined. Due to the advancesin intravascular techniques and
thrombolytic agents, transient focal cerebral ischemia has become one of the most common
types of stroke. Thus, we determined the dose-related influences of chronic alcohol
consumption on cerebral I/R injury. Interestingly, 8-week consumption of 6.4% alcohol
worsens cerebral I/R injury, whereas 8-week consumption of 1% alcohol protected the brain
against I/R injury in rats. Thus, our findings from the present study are consistent with the
findings from epidemiological studies. In the present study, the daily intake of alcohol was
1.4 ± 0.3 g/kg and 9.2 ± 1.7 g/kg in 1% alcohol-fed and 6.4% alcohol-fed rats, respectively.
In the epidemiological studies, the alcohol quantity required to reduce infarct volume and
mortality from ischemic stroke in humans was up to 30 g/day (Caicoya et al., 1999), and the
lowest alcohol quantity to increase infarct volume and mortality from ischemic stroke in
humans was 69 g/day (Ikehara et al., 2008). However, if both numbers are presented
according to the body weight, they will be much smaller than those found in rats. Although
ischemic stroke subtype might be a contributing factor, the difference in alcohol metabolism
between humans and rodents may be a major reason (von Wartburg, 1976).

To determine possible mechanisms that underlie altered cerebral I/R injury during chronic
alcohol consumption, we elected to measure expression of the NMDA receptor and EAATs
in the parietal cortex. Overactivation of NMDA receptors induced by glutamate is known to
play a predominant role in the pathogenesis of ischemic brain damage (McCulloch, 1994;
Meldrum, 2000; Sattler and Tymianski, 2001). Previous studies including ours have found
that chronic consumption of high dose alcohol up-regulates NMDA receptor (Fadda and
Rossetti, 1998; Harper and Matsumoto, 2005; Sun et al., 2002). In the present study, we
found that chronic consumption of high dose alcohol significantly upregulates NR1, an
obligatory subunit of NMDA receptor (Gascon et al., 2005), in the parietal cortex. Thus, it is
possible that chronic alcohol consumption influences the consequence of transient focal
cerebral ischemia via altering NMDA receptor expression. This possibility is further
supported by experiments using the NMDA receptor antagonist. A number of NMDA
receptor antagonists including MK-801 and memantine were developed and provided
substantial protection against cerebral I/R injury (Gorgulu et al., 2000; Simon et al., 1984;
Yang et al., 1994; Zhao et al., 2008b). However, MK-801 causes schizophrenic symptoms
(Olney et al., 1991). Memantine does not have those toxicities and does not stimulate
acetylcholine release in the cerebral cortex. We found that acute treatment with memantine
significantly reduced cerebral I/R injury in nonalcohol-fed and high dose alcohol-fed rats,
but not in low dose alcohol-fed rats. In addition, the magnitude of reduction in cerebral I/R
injury was greater in high dose alcohol-fed rats compared nonalcohol-fed rats. Thus, the
NMDA receptor may play an important role in the disparate influences of low dose and high
dose alcohol consumption on cerebral I/R injury. In addition to the inhibitory effect on
NMDA receptors, however, memantine has been reported to block alpha 7 nicotinic
acetylcholine receptors (α7nAChRs) in rat hippocampal neurons (Aracava et al., 2005).
Neuronal α7nAChRs has been reported to be involved in neuroprotection against ischemia
(Hejmadi et al., 2003). Thus, the inhibitory effect of memantine on neuronal α7nAChRs
may suppress its neuroprotective effect against I/R injury.

EAATs control the extracellular glutamate concentration (Takahashi et al., 1997). To date,
five subtypes of EAATs, EAAT1-5, have been identified. EAAT1 is expressed in astrocytes
throughout the brain. EAAT2 and EAAT3 are mainly expressed in astrocytes and neurons,
respectively. EAAT2 is the main regulator of extracellular glutamate levels, contributing to
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>90% of transport activity in most brain regions (Danbolt, 2001). EAAT4 and EAAT5 are
restricted to the cerebellum and the retina, respectively (Beschorner et al., 2007). During
ischemia, impaired energy interferes with the re-uptake of glutamate by EAATs, and thus
enhances the abnormal accumulation of synaptic glutamate. Chronic exposure of high dose
alcohol has been reported to reduce the activity of EAAT3 and EAAT4 in Xenopus oocytes
(Kim et al., 2005; Park et al., 2008). In the present study, we measured expression of
EAAT1, EAAT2 and EAAT3 in the parietal cortex. Although the expression of EAAT1 and
EAAT3 was not altered by chronic alcohol consumption, the expression of EAAT2 was
upregulated in low dose alcohol-fed rats and downregulated in high dose alcohol-fed rats.
Thus, altered EAAT2 expression may also contribute to the disparate influences of low dose
and high dose alcohol consumption on cerebral I/R injury by influencing the re-uptake of
glutamate and eventually activation of the NMDA receptors.

The mechanism underlying the alteration in expression of the NMDA receptor and EAAT2
during chronic alcohol consumption remains unknown. It is well known that alcohol, when
administrated acutely in a pharmacologically relevant dose, selectively and potently inhibits
the function of NMDA receptors. In addition, acute exposure of high dose alcohol may
increase EAAT2 expression and activity (Wu et al., 2010). Thus, upregulation of NMDA
receptor and downregulation of EAAT2 during chronic consumption of high dose alcohol
may be a major neuroadaptive response to the chronic blockade by high dose alcohol (Fadda
and Rossetti, 1998; Harper and Matsumoto, 2005; Sun et al., 2002). This sensitization of
NMDA receptors is one of the most important factors in mechanisms underlying high dose
alcohol-induced brain damage (Harper and Matsumoto, 2005). However, cellular pathways
underlying altered expression of the NMDA receptor and EAAT2 during chronic
consumption of high dose alcohol remain unknown. In addition, we are not aware of studies
that have examined the chronic effect of low dose alcohol on EAAT2 expression/activity.

In summary, the present study further defines the influence of chronic alcohol consumption
on transient focal ischemia-induced brain injury. We suggest that altered NMDA
excitotoxicity may be involved in the disparate influences of high dose and low dose alcohol
consumption on cerebral I/R injury.
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Figure 1.
Total infarct volume at 24 hours of reperfusion after a 2-hour MCAO in nonalcohol-fed and
1%, 3%, 5% or 6.4% alcohol-fed rats treated without and with saline or memantine. Values
are means ± SE for 6 rats in each group. *P < 0.05 vs. Nonalcohol. #P < 0.05 vs. Without
Treatment.
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Figure 2.
Expression of NR1, EAAT1 and EAAT2 in parietal cortex of nonalcohol-fed, 1% alcohol-
fed and 6.4% alcohol-fed rats. (A) Representative Western blots. (B) Values are means ± SE
for 6 rats in each group. *P < 0.05 vs. Nonalcohol.
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