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Abstract:
Ethanol withdrawal syndrome, characterized by glutamatergic hyperexcitability in the
brain, is a defining characteristic of alcohol dependence. Glutamate hyperexcitability and an
upregulation of NMDA receptors have been observed in the brains of mice in withdrawal from
ethanol consumption. The present study examined the effects of the uncompetitive NMDA
receptor antagonist memantine on aggression during withdrawal from ethanol. Outbred Carworth
Farm Webster (CFW) male mice were given intermittent, 2-bottle choice access to 20% w/v
ethanol and water for ten weeks. CFW males voluntarily consumed ethanol, ranging from 5-20
grams/kilogram (g/kg) bodyweight in 24 hours over the 10 weeks of intermittent access. To
measure alcohol withdrawal severity, handling-induced convulsion (HIC) scores were assessed
every two hours during the ethanol withdrawal period. Outbred mice exhibited significantly
greater HIC severity than water controls. In the same individuals, aggression during withdrawal
was probed with a memantine or ketamine challenge to assess glutamate excitability. Resident
CFW mice were injected with memantine (0, 3, 5, 10, or 30 mg/kg, i.p.) or ketamine (0, 3, 5, or
10 mg/kg, i.p.) and tested for aggression against an intruder at eight hours into withdrawal.
Memantine significantly increased aggression in CFW mice during the withdrawal period,
specifically at the 5 mg/kg dose, while ketamine did not significantly affect measures of
aggression during ethanol withdrawal. These findings suggest that the uncompetitive NMDA
receptor antagonist memantine, but not ketamine, biphasically increased withdrawal-related
aggression in outbred CFW mice. Future studies will use microdialysis to examine glutamate
levels in the mouse brain throughout the ethanol withdrawal period and will measure NMDA
receptor regulation in the ethanol-withdrawn brain using immunohistological techniques.
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Alcoholism is one of the most common psychiatric disorders, with about 8 million people
in the United States meeting the criteria for alcohol dependence (Grant et al., 2004). Withdrawal
is a defining characteristic of ethanol dependence, and at its most extreme is typified by
increased anxiety, tremors, and seizures (Dahchour & DeWitte, 2003). In order to avoid these
symptoms, both humans and animals experiencing ethanol withdrawal will increase their ethanol
intake (Brown, et al., 1998; (DeWitte, Pinto, Ansseau, & Verbanck, 2003; Spanagel & Kiefer,
2008), making withdrawal a potent negative reinforcer for alcohol use. The neurobiological
basis of ethanol withdrawal has yet to be fully elucidated, although one important mechanism is
thought to be the upregulation of glutamatergic receptors in the brain during withdrawal
(Dahchour & DeWitte, 1999; Dahchour & DeWitte, 2003; Follesa & Ticku, 1996; Grant,
Valverius, Hudspith, & Tabakoff, 1990; Kumari & Ticku, 1998). The aim of the current work is
to explore the role of the glutamate receptor NMDA-mediated hyperexcitability in the
withdrawal phase in an animal model of ethanol dependence.
Alcohol and Society
Humans have imbibed alcohol since the prehistoric era (Rehm et al., 2009). Although
most adults abstain from regular alcohol use (Rehm et al., 2009), according to the World Health
Organization, about 55% of adults have consumed alcohol, with alcohol abuse creating
significant public health and safety problems the world over (WHO, 2011). Alcohol consumption
is responsible for 2.5 million deaths worldwide, and is the third highest risk factor for disease
burden (WHO, 2011). 3.6% of people in the world have an alcohol-use disorder, with men still
being far more likely to consume more alcohol and develop an alcohol-use disorder than women
(Rehm et al., 2009). The alcohol-related economic cost varies among countries, with alcohol
consumption leading to productivity loss, health-care costs, and law enforcement costs (Rehm et
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al., 2009). Overall, it is clear that alcohol abuse has a significant detrimental impact on society.
Discovering the neurobiological mechanism of alcohol and the biological basis of alcoholism
could help differentiate social alcohol use from problematic use, both of which have serious
societal consequences.
Animal Models of Alcohol Use
Creating translational animal models of alcohol use allows better study of the
neurobiological mechanisms associated with alcoholism, given the ethical constraints associated
with performing tightly controlled, drug-related experiments on human subjects. In addition,
animal models allow for attempts to understand alcoholism at many levels of analysis, from
behavioral to molecular, and provides a way to discover targets for new pharmacological
substances that could possibly treat alcoholism (Kamdar et al., 2007)
A variety of different types of animal models of alcohol drinking and alcohol dependence
have been developed over the past century (Spanagel, 2000). The following table represents a
summary of the major animal models, with their respective advantages and disadvantages with
regard to mimicking human drinking behavior.
Method

Description

Reference Advantages

Disadvantages

Onebottle/Ethanol diet

One bottle
with an
ethanol
solution (w/v
%)

(Lieber &
DeCarli,
1982)

Animals
drink
elevated
ethanol
levels

Forced drinking;
Ethanol is
animal’s only
source of
calories/nutrients

Sucrose fading

Ethanol
solution
mixed with
saccharin,
saccharin
concentration
is
progressively

(Samson,
1986;
Tolliver,
Sadeghi,
&
Samson,
1988)

Animals
develop
ethanol
preference as
the taste of
the solution
is not
initially

Does not
consider the
taste aversion of
ethanol;
Ethanol is not
naturally sweet;
Sucrose is
calorically rich

Blood Ethanol
Concentration
100-150 mg/dl
((Lieber &
DeCarli, 1982)

40-110 mg/dl
(Matthews,
Overstreet,
Rezvani,
Devaud, &
Morrow, 2001)

5
decreased

aversive

Ethanol vapor
chamber

Animals
breathe in
vaporized
ethanol
solution

(Rogers,
Wiener, &
Bloom,
1979)

Renders
physical
dependence
on ethanol

Forced;
Ethanol is
typically
consumed orally
in nature, not via
inhalation

200-300 mg/dl
(Griffin, III,
Lopez, &
Becker, 2009)

Drinking in the
dark

20% ethanol
solution at 2
or 4 hours
into the dark
cycle

(Rhodes,
Best,
Belknap,
Finn, &
Crabbe,
2005)

Oral
consumption;
Model of
“binge-like”
ethanol
consumption

Access to
ethanol is timelimited;
Does not induce
ethanol
dependence

0-250 mg/dl
(Rhodes et al.,
2005)

(Wise,
1973;
Hwa et
al., 2011)

Leads to high
voluntary
ethanol
consumption
Represents
cyclical
nature of
human
alcohol
drinking
(alternating
access and
deprivation)

Difficult to
assess
motivation to
drink ethanol

79.58-166.93
mg/dl (Hwa et
al., 2011)

Two-bottle
Choice
choice/Intermittent between
Access
water and
ethanol
solution
every other
day

Intermittent Access Procedure.
All the ethanol-drinking procedures outlined above lead to high levels of ethanol
consumption and represent attempts to mimic human alcoholic drinking behavior, each with its
own limitations. Thus far, no animal model has fully captured all of the complex sociocultural
and behavioral factors that are involved in human alcoholism. Some models, however, have
more potential for translation to humans than others. The key features of an externally valid
animal models would include oral ethanol consumption and free-choice, and preferential
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drinking of ethanol over other liquids leading to ethanol dependence (Dole, Ho, & Gentry, 1985;
Lester & Freed, 1973).
In addition, studies have suggested that human alcoholism results from a specific pattern
of drinking behavior: intermittent heavy drinking, or “binge,” episodes followed by periods of
deprivation (Breese et al., 2005). These cycles of high ethanol consumption and abstinence can
lead to a “kindling” effect in the brain, similar to electrophysiological kindling (Ballenger &
Post, 1978). In electrophysiological kindling, the brain becomes sensitized to excitatory electrical
impulses (Goddard, McIntyre, & Leech, 1969). In alcohol dependence, ethanol withdrawal is
theorized to lead to a hyperexcitable state due to the upregulation of glutamatergic activity in the
brain (Chefer et al., 2011; Dahchour & DeWitte, 1999; Dahchour & DeWitte, 2003; Rossetti,
Carboni, & Fadda, 1999). Thus, each episode of ethanol withdrawal may serve as an excitatory
stimulus, leading to a kindling-like process in which the nervous system becomes sensitized to
the effects of ethanol withdrawal (Ballenger & Post, 1978).
Thus, prior experience with ethanol withdrawal may lead to sensitization during
subsequent withdrawal episodes. Ethanol withdrawal is typically accompanied by a number of
aversive effects in humans and animals, including anxiety and seizures (Dahchour & DeWitte,
2003). Individuals will often increase ethanol intake after experiencing withdrawal (Heyser,
Schulteis, & Koob, 1997), perhaps to relieve withdrawal’s negative symptoms (Dahchour &
DeWitte, 2003). Repeated episodes of ethanol withdrawal have been shown to augment the
intensity of aversive events, such as seizures (Becker & Hale, 1993; Hwa et al., 2011), and
animals subjected to intermittent periods of ethanol access and withdrawal increase their ethanol
intake accordingly, to alcoholic-like levels (Becker & Lopez, 2004; Hwa et al., 2011). The
intermittent access procedure, in which animals are presented with the option to drink ethanol or
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water every other day, with the removal of ethanol solution occurring on alternate days (Hwa et
al., 2011), thus generates a promising animal model for alcohol dependence by changing
neurotransmitter activity.
Neurobiological Mechanisms of Alcohol and Alcohol Withdrawal
Alcohol intake affects a variety of neurotransmitter systems in the brain via action on
receptors, including the dopaminergic, serotonergic, opioidergic, GABAergic, and glutamatergic
systems (Gass & Olive, 2008; Koob, 1992; Spanagel, 2009). The current work will focus on
alcohol’s effects on glutamate, in order to better understand alcohol withdrawal’s effect on the
glutamatergic system.
Alcohol and the NMDA Receptor.
Glutamatergic neurotransmission accounts for 70% of syntaptic transmission in the brain
(Gass & Olive, 2008). The N-methyl-D-aspartate receptor (NMDAR) is an ionotropic, ligandgated glutamate receptor that allows sodium and calcium influx and potassium efflux upon the
binding of glutamate and glycine (Gass & Olive, 2008; Kew & Kemp, 2005). The NMDAR is
heterotetrameric in structure, typically composed of two NR1 subunits and two NR2 subunits
(Dingledine, Borges, Bowie, & Traynelis, 1999; Monyer et al., 1992). In addition, the NMDAR
is voltage-dependent, due to a magnesium ion that blocks the ion channel of the receptor that is
only removed with a change in membrane voltage (Gass & Olive, 2008; Kew & Kemp, 2005).
NMDA receptors are present throughout the brain (Gass & Olive, 2008), and are important for a
number of phenomena. For instance, NMDAR activation has been linked to learning and
memory, and has been shown to mediate long-term potentiation (Watt, Sjostrom, Hausser,
Nelson, & Turrigiano, 2004). On the other hand, excessive calcium influx mediated by NMDA
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receptors is responsible for excitotoxic cell death, and may underlie forms of brain damage and
diseases of age (Choi, 1992).
Ethanol has been shown to acutely inhibit the function of NMDARs (Lovinger, White, &
Weight, 1989), although the precise mechanism of its antagonism is still unclear. Given that
glutamate is the brain’s primary excitatory neurotransmitter, ethanol’s antagonism of the
NMDAR produces a number of effects, including perhaps the general sedative effect seen in
organisms that consume high levels of ethanol (Tsai & Coyle, 1998).
Alcohol Withdrawal and the NMDAR.
Alcohol withdrawal is characterized by an upregulation of glutamatergic activity in the
brain, leading to a general state of hyperexcitability (Dahchour & DeWitte, 1999; Dahchour &
DeWitte, 2003; Follesa & Ticku, 1996; Grant et al., 1990; Kumari & Ticku, 1998). Chronic
ethanol exposure, with its accompanying persistent antagonism of NMDARs and activation of
the inhibitory γ-Aminobutyric acid-A receptors (GABAAR) (Mehta & Ticku, 1988; Nakahiro,
Arakawa, & Narahashi, 1991), leads to homeostatic changes in the subunit expression of the
NMDAR, and expression of this receptor overall increases (Follesa & Ticku, 1996; Grant et al.,
1990; Hendricson et al., 2007; Kumari & Ticku, 1998), while GABAA R expression decreases
(Kumar et al., 2010). The absence of ethanol, as during alcohol withdrawal, manifests itself as an
imbalance between excitatory and inhibitory neurotransmitters. Microdialysis studies have
shown increased levels of glutamate and decreased levels of GABA in the hippocampus and
striatum during ethanol withdrawal, particularly after multiple episodes of ethanol consumption
and withdrawal (Chefer et al., 2011; Dahchour & DeWitte, 1999; Dahchour & DeWitte, 2003).
Rossetti and colleagues (1999) found that application of NMDA—an NMDAR
agonist—to ethanol-withdrawn rats increased striatal glutamate levels significantly above
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baseline, compared to control sucrose-treated animals treated with NMDA. These data suggest
that NMDAR upregulation during ethanol withdrawal may mediate a general increase in
glutamatergic neurotransmission, perhaps leading to the central nervous system hyperexcitability
that characterizes ethanol withdrawal. The effects of this hyperexcitability include many of the
main symptoms of alcohol withdrawal, including seizures and anxiety (Grant et al., 1990), and
can even lead to excitotoxic cell death (Idrus, McGough, Riley, & Thomas, 2011; Ikonomidou et
al., 2000). Findings by Grant and colleagues (1990) also support the NMDA-mediated
hyperexcitability hypothesis. Administration of NMDA in ethanol-dependent mice during
ethanol withdrawal exacerbated handling-induced seizures, suggesting that NMDAR
upregulation may be responsible for this common symptom of ethanol withdrawal.
In addition, application of NMDAR antagonists has been shown to ameliorate the
symptoms of ethanol withdrawal. Administration of the non-competitive NMDAR antagonist
MK-801 reduced handling-induced seizures in ethanol-withdrawn mice (Grant et al., 1990), as
did uncompetitive NMDAR antagonist MRZ 2/579 (Bienkowski et al., 2001). The
noncompetitive NMDAR antagonist dextromethorphan has been shown to reduce
hyperlocomotion and audiogenic seizures in ethanol-withdrawn rats (Erden et al., 1999).
Acamprosate is a partial co-agonist of the NMDAR, inhibiting receptor function at high
concentrations when receptor concentration is also high (Littleton, 2007; Mason & Heyser, 2010;
al, Bouchenafa, & Littleton, 1998). Acamprosate is an FDA-approved drug for the treatment of
relapse and cravings in alcoholics, has also been tested for effects on ethanol withdrawal
symptoms. Acamprosate produces anxiolytic behavior in ethanol-withdrawn rats on the elevatedplus maze (Kotlinska & Bochenski, 2008) and inhibits ethanol-withdrawal induced calcium ion
entry and neurotoxicity (Mayer et al., 2002). Taken together, all these data strongly suggest that
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the NDMAR plays an important role in mediating the hyperexcitable effects of ethanol
withdrawal.
Memantine
Memantine hydrochloride is an uncompetitive NMDA receptor antagonist (Kew &
Kemp, 2005; Johnson & Kotermanski, 2006) currently approved by the FDA for treatment of
moderate to severe Alzheimer’s disease (Kavirajan, 2009). It, like many other NMDAR
antagonists, has been shown to ameliorate ethanol-withdrawal induced seizures in animals
(Stepanyan et al., 2008) and even protect against ethanol-withdrawal induced excitotoxic cell
death (Idrus et al., 2011; Stepanyan et al., 2008). In humans, memantine can reduce craving for
ethanol in moderate alcohol users and alcohol-dependent subjects (Bisaga & Evans, 2004;
Krupitsky et al., 2007).
Memantine’s specific pharmacokinetic properties may be responsible for its favorable
clinical profile, an unusual feature among NMDAR antagonists (Kavirajan, 2009). The NMDAR
is important for many basic brain functions (Johnson & Kotermanski, 2006), thus many
NMDAR antagonists may produce aversive central nervous system side-effects in humans,
including schizophrenia-like psychosis (Bisaga, Popik, Bespalov, & Danysz, 2000; Krystal et al.,
2003a). Memantine acts to antagonize the NMDAR by blocking the receptor channel after
binding of an NMDAR agonist and channel opening (Blanpied, Boeckman, Aizenman, &
Johnson, 1997; Parsons, Panchenko, Pinchenko, Tsyndrenko, & Krishtal, 1996), similarly to
other, less clinically well-tolerated drugs, including ketamine and phencyclidine (Macdonald et
al., 1991). However, memantine has faster on/off receptor kinetics than most NMDAR
antagonists (Parsons, Gruner, Rozental, Millar, & Lodge, 1993). In addition, memantine acts as a
‘partial-trapper,’ rather than a ‘full-trapper,’ in that not all molecules of memantine bound to
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NMDAR channels become trapped after the removal of the NMDAR agonist and channel
closure (Blanpied et al., 1997; Kotermanski, Wood, & Johnson, 2009).
Kotermanski and colleagues (2009) found that memantine may actually antagonize the
NMDAR via two different sites on the NMDAR: a superficial ‘non-trapping’ site that is
accessible whether the channel is open or closed and a deep ‘trapping’ site that is available only
when the channel is open. When memantine binds to the deep site, it can be trapped by the
closing of the channel. But when memantine binds to the superficial site, it is not trapped by the
closing of the channel, and can thus readily dissociate, causing the partial-trapping phenomenon.
Partial-trapping may be very important to memantine’s clinical utility, as incomplete trapping
could augment the number of NMDARs that are available for normal synaptic functioning,
decreasing the amount of aversive side-effects experienced (Johnson & Kotermanski, 2006;
Mealing, Lanthorn, Murray, Small, & Morley, 1999) and making memantine a valuable potential
treatment for the symptoms of ethanol withdrawal.
Ketamine
Ketamine, like memantine, is an uncompetitive NMDAR antagonist that binds to and
blocks the NMDAR channel only when an agonist is bound and the channel is open (Macdonald
et al., 1991; Parsons et al., 1995). Ketamine is currently used as a veterinary anesthetic
(Bednarski et al., 2011), but has been found to dose-dependently substitute for ethanol in
discriminative stimulus effect tasks in pigeons and mice (Grant, Knisely, Tabakoff, Barrett, &
Balster, 1991). In addition, ketamine retards the development of tolerance to chronic ethanol
administration in rats (Khanna, Shah, Weiner, Wu, & Kalant, 1993). In one study, ketamine
blocked cellular calcium ion accumulation and neurotoxicity associated with application of
NMDA in rat cortical cells (Takadera, Suzuki, & Mohri, 1990). In humans, ketamine has been
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shown to produce ethanol-like subjective effects in recovering ethanol-dependent patients
(Krystal et al., 2003b).
Ketamine, however, has different pharmacokinetics than memantine. Ketamine does not
bind to the superficial NMDAR site and is thus a ‘full-trapper,’ in that all molecules of ketamine
become trapped in the NMDAR channel after channel closure (Kotermanski et al., 2009). These
pharmacokinetic differences may result in ketamine’s unfavorable clinical profile. Although
memantine is clinically well-tolerated in human patients (Kavirajan, 2009), ketamine produces
significantly disturbing side-effects in patients (Krystal et al., 2003a) making it more unsuitable
for human clinical use.
Alcohol and Aggression
The Social Cost.
In some individuals, alcohol use and dependence can lead to atypical aggression, causing
problems for individuals and society at large. Alcohol and increased aggression are linked
throughout the world’s cultures (WHO, 2006). Alcohol is associated with two-thirds of violent
actions in humans (Krug et al., 2002) and high-levels of alcohol consumption are a significant
risk-factor for child abuse, intimate partner abuse, elder abuse, and sexual violence (WHO,
2006). Although alcohol does not produce violence in most individuals (Higley, 2001; Miczek,
1987), it is clear that for some alcohol consumption can have a particularly destructive effect.
Scientific research into the alcohol-aggression link could help society understand who is at risk
for alcohol-heightened aggression and possibly diminish alcohol’s violent effects in
communities.
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Animal Models.
Due to the obvious ethical constraints in performing tightly controlled experiments
concerning alcohol’s effect on aggression in human subjects, animal models of alcoholheightened aggression are useful in trying to understand the neurobiological mechanisms
mediating the phenomenon (Higley, 2001). In particular, mouse aggression can be readily
observed using the resident-intruder aggression paradigm, in which a male “resident” mouse
defends his territory against an unfamiliar “intruder” mouse that is placed inside the resident’s
cage (Miczek & O'Donnell, 1978a). Miczek and colleagues found that only 27% of ethanolintoxicated pair-housed outbred male mice showed reliable heightening of aggression against an
intruder mouse (alcohol-heightened aggression, or AHA), while 64% showed no reliable changes
in aggression (alcohol-non-heightened aggression, or ANA) and 9% actually showed decreases
in aggressive behavior (alcohol-suppressed aggression, or ASA) (Miczek, Barros, Sakoda, &
Weerts, 1998). Below, these subgroups are displayed as the change in standard deviations from
control attack bite frequency:
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Figure 1. Individual differences in aggressive behavior following ethanol consumption by
pair-housed male mice. Change in attack bite frequency after consumption of 1.0 g/kg of
ethanol compared to consumption of an equal volume of water. From Miczek et al., 1998
Experiments with single-housed male “resident” mice produced similar results, with 35%
of the intoxicated residents exhibiting AHA, 48% exhibiting ANA, and 16% exhibiting ASA:

Figure 2. Individual differences in aggression behavior following ethanol consumption in
single-housed male mice. Change in attack bite frequency after consumption of 1.0 g/kg of
ethanol compared to consumption of an equal volume of water. From Miczek et al., 1998
The subjects in the above experiments did not show significant changes in other
behaviors, such as locomotion, after ethanol intoxication, suggesting that AHA is not the product
of a general dysinhibition of behavior, but a specific effect on a specific subset of behavior
(Miczek et al., 1998). The above data also allowed subsequent experimenters to utilize the
identification of the different aggressive subgroups of mice (AHA, ANA, ASA) to discover the
possible neurobiological and/or genetic differences that mediate AHA.
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Neurobiological Mechanisms of Aggression.
A number of neural structures and neurotransmitter systems have been implicated in
aggressive behavior. For instance, Flynn (Flynn, 1967) found that differential stimulation of the
ventromedial and lateral hypothalamus in cats led to affective defense and quiet biting attack,
respectively, showing that different brain areas mediate different aspects of the aggressive
response. In more recent studies, species atypical aggression, including AHA, has been
examined. In particular, the prefrontal cortex (PFC) has been studied as a key modulator of
aggression. The PFC is thought to underlie impulse control (Amat et al., 2005), the dysregulation
of which could lead to inappropriate aggressive behavior. Consistent with this hypothesis, human
subjects with frontal lobe damage showed increased aggressiveness (Anderson, Bechara,
Damasio, Tranel, & Damasio, 1999). In addition, PET studies have correlated aggressive
behavior with decreased metabolism in the PFC (New et al., 2004). Alcohol use has been
experimentally associated with similar PFC dysfunction (Easdon & Vogel-Sprott, 2000;
Mulvihill, Skilling, & Vogel-Sprott, 1997; Peterson, Rothfleisch, Zelazo, & Pihl, 1990;
Schweizer, Vogel-Sprott, Dixon, & Jolicoeur, 2005) and an electrophysiological study showed
that ingestion of alcohol in humans reduces activity in the PFC (Ridderinkhof et al., 2002).
In terms of neurotransmitters, the serotonin (5-HT), GABA, dopamine (DA), and
glutamate systems have all been implicated in aggressive behavior (Celada, Puig, Casanovas,
Guillazo, & Artigas, 2001; Heinz, Beck, Meyer-Lindenberg, Sterzer, & Heinz, 2011). The
present paper will focus on the 5-HT and glutamate systems to explore the effect of ethanol
withdrawal-induced increased glutamatergic tone on aggression in mice.
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Serotonin and Aggression.
5-HT is considered to be of great importance in potential neural circuits for impulsive
types of aggression (Miczek, Hussain, & Faccidomo, 1998; Takahashi, Quadros, de Almeida, &
Miczek, 2011). In general, low levels of 5-HT or its metabolites have been associated with
higher levels of aggressive behavior (Brown, Goodwin, Ballenger, Goyer, & Major, 1979; Heinz
et al., 2011; Miczek, Fish, DeBold, & de Almeida, 2002), although in some studies this
correlation is absent (Miczek et al., 2002). However, AHA mice do show decreased serotonin
receptor expression (Chiavegatto, Quadros, Ambar, & Miczek, 2010) and a microdialysis study
revealed a decrease in 5-HT levels in the PFC during and after an aggressive encounter between
a resident rat and an intruder (Van Erp & Miczek, 2000). In addition, a variety of serotonergic
drugs have been shown to lower aggressive behavior. For example, agonists of the 5-HT1a
autoreceptor, including 8-hydroxy-2-(N,N-di-n-propylamino)tetralin (8-OH-DPAT) and
alnespirone, reduced aggression in male resident mice (Miczek, Faccidomo, Fish, & DeBold,
2007; Takahashi et al., 2011). Antagonists of 5-HT2 receptors like 2,5-dimethoxy-4iodoamphetamine (DOI) and 3-Trifluoromethylphenylpiperazine (TFMPP) reduce aggression at
doses lower than those that affect general locomotor behavior (Miczek et al., 2007). Finally,
selective serotonin reuptake inhibitors (SSRIs) like fluoxetine, which act to increase 5-HT
neurotransmission (Stahl, 1998), also reduce aggressive behavior (Coccaro & Kavoussi, 1997;
Miczek et al., 2007) and even increase PFC metabolism in human subjects with impulsive
aggression problems (New et al., 2004).
Although the manner in which 5-HT mediates aggression is not yet fully understood,
some progress has been made with regards to the possible complex neural circuitry. Celada and
colleagues (2001) reported that stimulation of the PFC regulates 5-HT activity in the dorsal raphe
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nucleus (DRN) via descending excitatory afferents acting on postsynaptic NMDARs and other
ionotropic glutamate receptors and via indirect activation of inhibitory receptors such as the 5HT1a autoreceptor and the GABA-A receptor. These excitatory and inhibitory pathways lead to
the secretion of 5-HT or GABA, respectively, which act on other 5-HT neurons in the DRN to
inhibit 5-HT activity overall (Celada et al., 2001). In addition, ascending 5-HT pathways from
the DRN to the PFC may constitute a feedback loop that controls the activity of the PFC’s
descending pathways via postsynaptic 5-HT1a receptors (Celada et al., 2001). Alcohol could
affect this pathway through inhibition of the PFC or action on GABA-A receptors, leading to
dysregulation of 5-HT levels and increased aggression.
5-HT, however, is clearly not the only neurotransmitter involved in aggressive behavior.
In particular, glutamatergic neurotransmission has been implicated in aggression, although its
exact role remains unclear (Miczek & Fish, 2005). One early hypothesis proposed that
aggression results from an imbalance between glutamate and GABA (Mandel, Mack, & Kempf,
1979). In support of this hypothesis, aggressive animals have been found to have increased levels
of glutamate and decreased levels of GABA in their brains compared to nonaggressive animals
(Miczek et al., 2007). Lowering glutamate levels and increasing GABA levels decreases
aggressive behavior (Miczek et al., 2007). Animals that have experienced electrical kindling in
amygdala and hippocampal sites exhibit increased reactivity to possible threats (i.e. presence of
an intruder animal) (Kalynchuk, Pinel, & Treit, 1999), suggesting that inducing hyperexcitability
can change aggressive responses.
NMDAR antagonists have mixed effects on aggressive behavior. PCP and MK-801
increase aggression in male mice with little previous fighting experience (Burkhalter & Balster,
1979; Rewerski, Kostowski, Piechocki, & Rylski, 1971; Wilmot, Vander Wende, & Spoerlein,
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1987), while they decrease aggression in mice with much previous aggressive experience
(Miczek & Haney, 1994; Tyler & Miczek, 1982). One study found that PCP, MK-801, and
memantine inhibit aggression in isolated male mice only at doses that also produce ataxia
(Belozertseva & Bespalov, 1999). On the other hand, Sukhotina and Bespalov (Sukhotina &
Bespalov, 2000) showed that memantine and MRZ 2/579 inhibit aggression induced by
morphine withdrawal in male mice. In another study, memantine and neramexane have been
found to dose-dependently increase aggressive behavior in male mice that had self-administered
1 g/kg of ethanol prior to the aggressive encounter, while ketamine dose-dependently increased
aggression only in mice that had previously ingested water (Newman et al., 2012 in press).

Objective
Many studies have examined the influence of ethanol consumption on aggressive
behavior, but none so far have looked at aggressive behavior during ethanol withdrawal. The
purpose of the present study was to use aggression in male mice exposed to ethanol via the
intermittent access paradigm as a possible measure of central nervous system changes during
ethanol withdrawal. Specifically, the study aimed to investigate if glutamate and NMDARs in
particular played a role in mediating aggression that occurred during withdrawal from alcohol,
via intraperitoneal injections of various doses of the NMDAR antagonists memantine and
ketamine at the peak of ethanol withdrawal symptoms. As ethanol withdrawal is thought to be
accompanied by an upregulation of NMDARs and increased glutamatergic neurotransmission,
we would expect that NMDAR antagonism would restore normal glutamate activity, thereby
decreasing aggression. An alternate hypothesis would be that administration of NDMAR
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antagonist would increase aggressive behavior in ethanol-withdrawn mice, perhaps by affecting
the PFC-DRN circuitry.
Materials and Methods
Subjects.
Seventy-two ethanol-naïve Swiss-derived Carworth Farm Webster (CFW) mice were
received from Charles River Laboratories International Inc. in Wilmington, MA) and were
randomly assigned into three cohorts. Ten other CFW mice were assigned to be water controls.
All of these resident mice were eight weeks old upon arrival and were initially group-housed for
three days in groups of six before being housed individually in polycarbonate cages (28 x 17 x
12 cm) with stainless steel wire mesh lids and pine shavings on the floor. Intruder mice were
housed in groups of eight to ten in 46 x 24 x 16 cm polycarbonate cages with stainless steel wire
mesh lids and corn cob shavings used as bedding. Bedding in resident and intruder cages was
changed once a week, at least 24 hours before any behavioral testing was done. All animals
were given one week to habituate to laboratory conditions on an inverse 12-hour light/dark cycle
(lights off at 6 AM) with constant temperature (21 ± 2º Celsius) and humidity (25%). Subjects
had unrestricted access to food (LabDiet 5001 Rodent Diet, PMI Nutrition International,
Brentwood, MO) and water. All experimental procedures were approved by the Tufts University
Institutional Animal Care and Use Committee and complied by the NIH Guide for Care and Use
of Laboratory Animals.
Ethanol Intake.
For three days prior to the beginning of experimentation, resident animals were provided
with two 50 mL tubes (Nalgene) with no. 5 rubber stoppers (Fisher Scientific, Agawam, MA)
containing stainless steel ball-bearing sippers (Ancare Corp., Bellmore, NY) filled with water on
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their cage lids so as to acclimate to drinking from sipper nozzles. 20% w/v ethanol solutions
were prepared in tap water from 95% ethyl alcohol (Pharmaco-AAPER, Brookfield, CT) and
were administered in the same tubes used for acclimation. Drinking tubes were held in the wire
mesh cage lid and given to mice 3 hours into their dark cycle (9 AM). The tubes were weighed
to the nearest hundredth of a gram 24 hours after fluid presentation. Weekly ‘drip’ averages
(loss of fluid in a cage not containing an animal) were calculated and subtracted from each
animal’s fluid intake to control for accidental spillage or evaporation (Hwa et al., 2011).
Animals were weighed to the nearest tenth of a gram before each ethanol drinking session in
order to calculate the grams of ethanol consumed per kilogram body weight (g/kg ethanol
intake).
A procedure similar to the one outlined above was followed for water control mice as
well. However, water control mice only had access to two bottles of water, and bottles were not
weighed to measure fluid intake. Water control mice were weighed once a week to ascertain
body weight.
Intermittent Access to Ethanol.
Subjects were given intermittent access to a 20% ethanol solution according to the
procedure used in inbred C57BL/6J mice (Hwa et al., 2011). Animals were given 20% w/v
ethanol solution in one tube and tap water in the other each Monday, Wednesday, and Friday.
Animals had access to both tubes for 24 hours. On Tuesdays, Thursdays, and Saturdays,
drinking tubes were removed and weighed, and were then thoroughly cleansed of ethanol and
filled with water. Mice had access to the two water tubes until the next presentation of ethanol.
The placement of ethanol- and water-containing tubes on the wire mesh cage was alternated
every drinking session to avoid the development of side preferences. This procedure continued
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until mice drank ethanol at stable levels, defined as less than 15% variability in intake across
three ethanol drinking sessions, which took about eight weeks. Animals were assigned three
groups based on g/kg ethanol intake: the high-drinking group (drank >10 g/kg ethanol
consistently), the on/off group (drank >10 g/kg ethanol at least once a week), and the low
drinking group (drank <10 g/kg ethanol consistently).
The procedure for water control mice was the same as above, except these mice had
access to two bottles of water all for the entire experimental procedure.
Aggression Procedures.
Before the first presentation of ethanol, forty-eight ethanol-consuming subjects (IAA
mice) and the ten water control subjects were initially screened for aggressive behavior
according the resident-intruder protocol (Miczek & O'Donnell, 1978). The experimental subjects
(resident mice) were first presented in their home cage with a group-housed animal inside of a
perforated bottle for five minutes in order to socially instigate the experimental mice (Fish,
Faccidomo, & Miczek, 1999). After presentation of the instigator, the resident mice were
presented with smaller, younger, group-housed, unfamiliar intruder mice in the resident home
cage. Aggressive encounters began when the intruders were placed into the resident’s cage and
ended five minutes after the first attack bite. During the initial screens for aggression, only
attack latency (time to first attack bite) and number of attack bites were measured. Each resident
was screened at least five times to establish aggression as part of its behavioral repertoire.
Aggression during Ethanol Withdrawal.
After four weeks of intermittent access to ethanol, twenty-four IAA mice and nine water
control mice were tested for aggression at eight and twenty-three hours into the withdrawal
periods. One water control mouse escaped from its cage before aggression testing could
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commence. The eight-hour time-point has been found to be the peak of withdrawal behaviors in
C57BL/6J mice (Hwa et al., 2011), and the twenty-three hour time-point was used as a baseline
measurement, as it occurs past the peak of ethanol withdrawal. The aggression protocol
employed was the same as that used for aggression screening. The number of attack bites and
the attack latency was measured for each aggressive encounter, and the session was recorded
with a JVC Everio GZ-MG670 digital camera for later analysis of other aggressive behaviors,
such as sidesways threat, tail rattling, biting, and pursuit, and non-aggressive behaviors, such as
anonasal contact, self-grooming, rearing, and walking. Analysis was completed using the
Observer XT 9.0 software (Noldus; Wageningen, The Netherlands) by a trained observer (intraobserver reliability: r>.90). After eight weeks of intermittent access to ethanol, mice were tested
once again at eight hours into ethanol withdrawal using the same procedures as above.
Handling-Induced Convulsions.
After withdrawal aggression testing was completed, twenty-four IAA mice and eight
water control mice were tested for alcohol dependence by assessing physical reactions to ethanol
withdrawal (Goldstein & Pal, 1971). One water control mouse died before HIC scoring could be
completed. The handling-induced convulsion (HIC) method is described by Goldstein
(Goldstein, 1972): on a 0 to 4 scale (0 = no withdrawal signs; 1 = tonic convulsion when the
mouse is lifted and given a gentle 180° turn; 2 = tonic-clonic convulsion elicited by the gentle
spin, or tonic convulsion when lifted without turning; 3 = tonic-clonic convulsion not requiring
any spin; 4 = violent tonic-clonic convulsion, often continuing after release of the mouse). HIC
measurements were taken from each mouse by the investigator every 2 hours during the ethanol
withdrawal period, from 0 hours—when access to ethanol ended—to 10 hours.
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Pharmacological Manipulations.
Memantine and ketamine were purchased from Sigma-Aldrich (St. Louis, MO) and
diluted with dH2O and saline, respectively, for dose concentrations. Animals were habituated to
i.p. injections with saline and dH2O vehicle for four days prior to the beginning of experimental
sessions. On test days, twenty-four IAA animals and seven water control animals were weighed
and injected i.p. with dH2O vehicle or memantine at various doses (3.0, 5.0, 10.0, 30.0 mg/kg).
One water control mouse died before memantine treatment began. Twenty-four other animals
were weighed and injected i.p. with saline vehicle or ketamine at various doses (3.0, 5.0, 10.0
mg/kg). All drugs were delivered at .1 mL of drug per 10 grams of body weight. Aggression at
eight hours into withdrawal was assessed 20 minutes following injection for memantine. For
ketamine, aggression at eight hours into withdrawal was evaluated at 10 minutes following
injection. Behavioral testing occurred in counterbalanced order, the highest dose being
administered last for all subjects.
Blood Ethanol Concentration.
Blood was taken from 24 mice after they had completed 10 weeks of ethanol selfadministration on the intermittent access procedure. On the day of blood collection, mice were
given access to one bottle of water and one bottle of 20% ethanol for one hour. After that hour,
fluid bottles were removed and weighed to determine water and ethanol consumption. Blood was
taken from each mouse via the submandibular vein. Blood samples were then centrifuged at 4°C
for 5 minutes at 5,000 rpm to distill plasma. Blood ethanol concentrations (BEC, mg/dl) were
assessed with an enzyme-linked colorimetric ethanol assay kit that read at 570 wavelengths
(Biovision Inc., Mountain View, VA) and absorbance was analyzed with a SmartSpec 3000
spectrophotometer (Bio-Rad, Hercules, CA).
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Statistical Analysis.
Statistical analyses were performed with SigmaStat 11.0 (Systat Software, San Jose, CA).
Multiple one-way, repeated measures ANOVAs were done to compare differences in weekly
ethanol consumption (g/kg) and weekly ethanol preference ratios within the ethanol consumption
groups (High, On/Off, and Low) over the 10 weeks of intermittent access to ethanol. Post-hoc
Bonferroni t-testing was used if any main effects or interactions were found to be significant
(p<.05).
HIC scores for IAA and water control mice were reported in median values and
interquartile ranges for each 2-hour assessment. The trapezoidal method was used to calculate
area-under-the-curve (AUC) for withdrawal severity over time for both groups. T-tests were used
to compare the mean AUC values for IAA and water control mice and to compare the mean
AUC values between the ethanol consumption groups.
Multiple one-way repeated measures ANOVAs were used to examine differences
between withdrawal testing time points (4 weeks IAA: 23 and 8 hours, 8 weeks IAA: 8 hours) on
aggressive and non-aggressive behaviors in both IAA and water control mice. These ANOVAs
were followed by post-hoc Bonferroni tests if significant main effects of withdrawal time were
found (p<.05). A two-way repeated measures ANOVA was performed to analyze any potential
differences in aggressive and non-aggressive behaviors between IAA and water control mice in
these pre-drug trials. Post-hoc Holm-Sidak tests were used if main effects or interactions were
found (p<.05).
The effect of different doses of memantine or ketamine on aggressive and non-aggressive
behaviors were also assessed using multiple one-way repeated measures ANOVAs. These
ANOVAs were followed by post-hoc Bonferroni tests if significant main effects of drug
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treatment were found (p<.05). Two-way repeated measures ANOVAs were used to examine the
effect of memantine or ketamine treatment on differences in aggressive and non-aggressive
behaviors between ethanol consumption groups. Post-hoc Holm-Sidak tests were used if main
effects or interactions were found (p<.05).Multiple two-way repeated measures ANOVAs were
employed to compare the IAA mice treated and water control mice treated with memantine on
aggressive and non-aggressive behaviors. Post-hoc Holm-Sidak tests were used if main effects or
interactions were found (p<.05). In addition, mice treated with ketamine were divided into two
groups—one that experienced an increase in attack bite frequency (n=11) after drug treatment
and one that experienced a decrease (n=10)—and compared using two-way repeated measures
ANOVAs.
Results
Ethanol Drinking and Ethanol Withdrawal
Acquisition and Maintenance of Intermittent Access.
Adult male CFW mice (n=72) were given intermittent access to 20% ethanol for ten
weeks. All but one mouse (n=71) completed the drinking procedure. The intermittent access
procedure induced stable ethanol drinking behavior (Figure 3a) at variable levels (Figure 3b).
Multiple one-way repeated measures ANOVAs were done to examine the effect of time on
ethanol consumption in each of the three ethanol consumption groups (High, On/Off, and Low).
For the High ethanol consumption group, the ANOVA showed a significant main effect of time
(F(27,279)=9.47, p<.001), with post-hoc Bonferroni t-tests revealing that ethanol consumption
within this group was significantly higher on Weeks 4-10 of the intermittent access procedure
compared to ethanol consumption the first week. In the On/Off group, a significant main effect
of time was also found (F(31,319)=4.5, p<.001). In this group, however, post-hoc Bonferroni t-
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tests showed that compared to the first week of ethanol access, ethanol consumption was
significantly higher only on Weeks 6, 8, and 9. In the Low group, the ANOVA did not find a
significant main effect of time.
The preference ratio for alcohol was calculated for 20% ethanol versus water. The
formula for this calculation was ethanol intake (ml) divided by total fluid intake (ml). The
intermittent access procedure led to stable levels of ethanol preference ratios (Figure 4a) at
variable levels (Figure 4b). Only High-ethanol consuming mice reached a .5 (or 50%) preference
for ethanol. Multiple one-way repeated measures ANOVAs were done to examine the effect of
time on preference ratios in each of the three ethanol consumption groups (High, On/Off, and
Low). In the High group, the ANOVA found a significant main effect of time (F(27,279)=8.336,
p<.001). Post-hoc Bonferroni t-tests showed that preference ratios in Weeks 4-10 were
significantly greater than that in the first week of the intermittent access procedure. In the On/Off
group, there was also a significant main effect of time (F(31,319)=6.817, p<.001), with
Bonferroni t-tests showing that preference ratios in Weeks 6-10 of the intermittent access
procedure were significant greater than that in Week 1. In the Low group, there was a significant
main effect of time (F(10,109)=2.03, p<.05); however, Bonferroni t-tests showed that preference
ratio throughout the intermittent access procedure did not significantly change compared to the
preference in the first week.
Handling-induced Convulsion (HIC).
HIC scores were performed for 71 male CFW mice undergoing the intermittent access
procedure (IAA mice) and for 8 male CFW water control mice. Median HIC scores for the IAA
mice increased over time, with 8-10 hours into ethanol withdrawal having the highest median
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HIC scores (Figure 5a). Median HIC scores for water control mice remained stable over the
period of assessment.
A t-test comparing AUC for IAA and water control mice revealed that IAA mice had
significantly greater HIC score AUC than water control mice (T=3.148, p<.01), indicating that
IAA mice were experiencing symptoms of ethanol withdrawal (Figure 5b). T-tests comparing the
mean AUCs of the High, On/Off, and Low ethanol consumption groups found no significant
differences between the groups (Figure 5c).
Blood Ethanol Concentration.
Blood ethanol concentration (BEC) was analyzed for a set of individual mice (n=24) that
had completed 10 weeks of intermittent access to ethanol. BEC values ranged from 2.25 to 6.03
mg/dl, with the mean BEC being 3.16±.17 mg/dl. There was a significant positive correlation
between each animal’s BEC value and the g/kg amount of ethanol they had consumed in the one
hour prior to blood collection (r=.789, p<.001) (Figure 6).
Aggression During Ethanol Withdrawal
Aggressive Behaviors.
48 IAA mice and 7 water control mice were assessed for aggressive and non-aggressive
behaviors 4 weeks into the IAA procedure at 8 and 23 hours into ethanol withdrawal and 8
weeks into the IAA procedure at 8 hours into ethanol withdrawal. Two-way repeated measures
ANOVAs examining the differences between test session and the differences between IAA and
water control mice found no significant main effect of test session on either attack bite frequency
or sideways threat frequency, and no significant main effect of drinking condition on either of
these aggressive behaviors (Figures 7a and 7b).
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Non-aggressive Behaviors.
During the 23 hour and two 8 hour withdrawal aggression sessions, non-aggressive
behavior such as walking duration, rearing duration, and self-grooming duration were also
analyzed (Figures 8a-c). Multiple two-way repeated measures ANOVAs comparing the
differences between test session and the differences between IAA and water control mice found
no significant main effect for either test session or drinking condition for any of the nonaggressive behaviors.
Aggression During Ethanol Withdrawal: Drug Treatment
Memantine: Aggressive Behaviors.
24 IAA mice and 7 water control mice were assessed for aggression at 8 hours into
ethanol withdrawal after i.p. injections of memantine. 3 IAA mice were excluded from analysis
as they never exhibited aggressive behavior. In IAA mice, a one-way repeated measures
ANOVA showed a main effect of memantine treatment on attack bite frequency
(F(20,103)=13.593, p<.001) (Figure 9a). Post-hoc Bonferroni t-tests revealed that only the 5
mg/kg memantine dose augmented attack bite frequency significantly compared to vehicle
(T=4.933, p<.001). In water control mice, memantine also significantly altered attack bite
frequency (F(6,34)=14.147, p<.001), with post-hoc Bonferroni t-tests showing that the 3 mg/kg
dose significantly increased attack bite frequency (T=4.002, p<.01), while the 30 mg/kg dose
significantly decreased it (T=3.159, p<.05). A two-way repeated measures ANOVA comparing
attack bite frequencies across memantine dosages for IAA and water control groups revealed
main effects for both drinking condition (F(1,138)=7.376, p<.05) and memantine dose
(F(1,138)=9.208, p<.001), as well as an interaction between the two (F(1,138)=3.915, p<.01).
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Post-hoc Holm-Sidak tests showed that the attack bite frequency was significantly different
between the two experimental conditions only at the 5 mg/kg dose (T=4.468, p<.001).
The frequency of sideways threats was also assessed for IAA and water control mice
during memantine-treated aggressive encounters (Figure 9b). There were no significant
differences in sideways threat frequency between memantine doses within the IAA group. In the
water control group, there was a main effect of memantine treatment on sideways threat
frequency (F(6,34)=5.016, p<.01). Post-hoc Bonferroni t-tests revealed that the 30 mg/kg dose
significantly decreased sideways threat frequency in water control mice (T=2.706, p<.05). A
two-way repeated measures ANOVA comparing sideways threat frequency in IAA and water
control mice showed a main effect for both drinking condition (F(1,138)=5.192, p<.05) and
memantine dose (F(1,138)=2.556, p<.05), but no significant interaction between the two. Posthoc Holm Sidak tests revealed that the water control group had a significantly lower number of
sideways threats overall compared to the IAA group at the 5 and 30 mg/kg doses (T=2.092,
p<.05; T=2.559, p<.05).
The effect of memantine treatment on the frequency of aggressive behaviors was
compared between the High (n=5), On/Off (n=9), and Low (n=5) ethanol consumption groups
(Figures 10a and 10b). A two-way repeated measures ANOVA comparing attack bite frequency
between the three groups showed a main effect of memantine dose (F(2,93)=10.724, p<.001) but
no main effect of consumption group. Multiple one-way repeated measures ANOVAs found a
significant main effect of memantine treatment on attack bite frequency in the High
(F(4,24)=16.268, p<.001) and On/Off groups (F(8,43)=7.749, p<.001), but not in the Low
group. Post-hoc Bonferroni tests showed that within the High consumption group, memantine
significantly increased attack bite frequency compared to vehicle at the 5 mg/kg and 10 mg/kg
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doses (T=4.552, p<.001; T=3.125, p<.05). Within the On/Off group, memantine was shown to
significantly increase attack bites compared to vehicle only at the 5 mg/kg dose (T=4.104,
p<.001). For sideways threat frequency, a two-way repeated measures ANOVA revealed no
significant main effects of either consumption group or memantine dose.
Memantine: Non-aggressive Behaviors.
During aggressive encounters, non-aggressive behaviors, including the duration of
walking (Figure 11a), rearing (Figure 11b), and self-grooming (Figure 11c), were also analyzed.
In IAA mice, a one-way ANOVA showed a main effect of memantine treatment on walking
behavior (F(20,103)=4.377, p<.01), but post-hoc Bonferroni t-tests revealed no significant
differences between memantine-treated walking duration and vehicle. A one-way ANOVA
examining the effect of memantine treatment on rearing behavior in IAA mice had a main effect
of memantine (F(20,103)=3.386, p<.05), but once again post-hoc Bonferroni t-tests showed no
significant differences in rearing duration between memantine trials and vehicle. Finally, a oneway ANOVA looking at memantine’s effect on self-grooming duration had a main effect of
memantine treatment (F(20,103)=3.072, p<.05). Post-hoc Bonferroni t-tests showed that the 30
mg/kg memantine dose significantly decreased self-grooming duration in IAA mice (T=3.491,
p<.01).
In water control mice, a one-way ANOVA showed a main effect of memantine treatment
on walking duration (F(6,34)=6.314, p=.001). Bonferroni post-hoc tests revealed that the 30
mg/kg dose significantly decreased walking duration (T=2.914, p<.05). There was no significant
effect of memantine treatment on rearing duration or self-grooming duration in water control
mice.
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Two-way repeated measures ANOVAs were performed to compare the duration of nonaggressive behaviors between IAA and water control mice. For walking duration, there was a
main effect of both drinking condition (F(1,138)=8.875, p<.01) and memantine treatment
(F(1,138)=5.983, p<.001), with no significant interaction between the two. Post-hoc Holm-Sidak
testing showed that, overall, water control mice displayed significantly shorter durations of
walking behavior than IAA mice (T=2.985, p<.01). For rearing duration, there was no significant
main effect of either drinking condition or memantine treatment. The ANOVA done for selfgrooming duration showed no main effect of either drinking condition or memantine treatment,
but did reveal a significant interaction between the two factors (F(1,138)=5.083, p<.001). Posthoc Holm-Sidak tests showed that at the 30 mg/kg memantine dose, the water control group
exhibited significantly greater durations of self-grooming than IAA mice (T=3.909, p<.001).
The effect of memantine treatment on the duration of non-aggressive behaviors was
compared between the High (n=5), On/Off (n=9), and Low (n=5) ethanol consumption groups
(Figures 12a-12c). A two-way repeated measures ANOVA comparing the groups on walking
duration found no significant main effects of either memantine treatment or consumption group.
Another two-way repeated measures ANOVA done for rearing duration, however, showed a
significant main effect of memantine dose (F(2,93)=4.225, p<.01) but not consumption group,
and no significant interaction between the two factors. Post-hoc Holm-Sidak tests revealed that
only animals within the Low ethanol consumption group exhibited an effect of memantine on
rearing behavior; specifically, within the Low group rearing duration significantly decreased
compared to vehicle at the 30 mg/kg dose (T=3.146, p<.05). For self-grooming duration, a twoway repeated measures ANOVA showed a significant main effect of memantine dose
(F(2,93)=3.838, p<.01), but no significant main effect of consumption group nor a significant
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interaction between the two factors. Post-hoc Holm Sidak tests revealed that memantine only had
a significant effect on self-grooming duration within the Low consumption group, with animals
in that group experiencing a significant decrease in self-grooming behavior compared to vehicle
at the 5 mg/kg, 10 mg/kg, and 30 mg/kg doses (T=3.118, p<.05; T=3.784, p<.01; T=4.349,
p<.001). Additionally, post-hoc tests showed that within the vehicle dose of memantine, the High
and On/Off groups showed significantly less self-grooming behavior than the Low group
(T=2.835, p<.05; T=2.577, p<.05).
Ketamine: Aggressive Behaviors.
24 IAA mice were tested for aggressive and non-aggressive behaviors following i.p.
injections of ketamine at eight hours into ethanol withdrawal (Figures 13a and 13b). 1 IAA
mouse was excluded from analysis as it never exhibited aggressive behavior. One-way ANOVAs
examining the effect of ketamine treatment on attack bite frequency and sideways threat
frequency found no main effect of ketamine for either aggressive behavior.
The effect of ketamine treatment on aggressive behaviors was also analyzed and
compared between the High (n=14), On/Off (n=9), and Low (n=1) ethanol consumption groups
(Figures 14a and 14b). A two-way repeated measures ANOVA examining attack bite frequency
found a significant main effect of ethanol consumption group (F(2,91)=4.698), p<.05), but no
significant main effect of ketamine dose nor a significant interaction between the two factors.
Post-hoc Holm-Sidak tests revealed that within the vehicle dose, the High group displayed
significantly more attack bites than the On/Off group (T=2.493, p<.05). A two-way repeated
measures ANOVA examining sideways threat frequency found a significant effect of ethanol
consumption group (F(2,91)=3.636, p<.05), and no significant main effect of ketamine dose nor
an interaction between the two factors. Post-hoc Holm-Sidak tests showed that within the 5
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mg/kg ketamine dose, the High group exhibited significantly more sideways threats than the
On/Off group (T=2.54, p<.05).
Mice treated with ketamine showed individual variability in their response to the drug,
with some exhibiting reliable increases in attack bite frequency (the Increase group, n=11) and
others showing no response (the Non-increase group, n=10). The aggressive behavior of these
two groups were compared (Figures 15a and 15b). A two-way repeated measures ANOVA
comparing these two groups on attack bite frequency showed no significant main effect of either
group or ketamine dose, but did show a significant interaction between the two factors
(F(1,91)=8.599, p<.001). Post-hoc Holm-Sidak tests revealed that animals within the Increase
group displayed significantly more attack bites at the 3 mg/kg and 5 mg/kg doses compared to
vehicle (T=4.087, p<.001; T=4.021, p<.001), while those within the Non-increase group, as
expected, did not show significant alterations in attack bites compared to vehicle. In addition, the
Increase group exhibited significantly more attack bites than the Non-increase group at the 3
mg/kg and 5 mg/kg doses (T=2.689, p<.01; T=2.987, p<.01).
A two-way repeated measures ANOVA comparing the two groups on sideways threat
frequency found no significant main effects of either group or ketamine dose, but did find a
significant interaction between the two (F(1, 91)=6.776, p<.001). Post-hoc Holm-Sidak tests
revealed that ketamine only significantly altered sideways threat behavior within the Increase
group, with this group displaying significantly more sideways threats at the 3 mg/kg, 5 mg/kg,
and 10 mg/kg doses compared to vehicle (T=3.491, p<.01; T=2.722, p<.05; T=2.568, p<.05).
Furthermore, the Increase group showed significantly more sideways threats than the Nonincrease group at the 3 mg/kg dose (T=2.355, p<.05).
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Ketamine: Non-aggressive Behaviors
One-way ANOVAs examining the effect of ketamine treatment on walking, rearing, and
self-grooming durations (Figures 16a-c) found no significant main effect of ketamine for any of
these behaviors. However, effect of ketamine treatment on rearing duration was almost
significant (F(22,91)=2.629, p=.057).
The effect of ketamine treatment on non-aggressive behaviors was also analyzed and
compared between the High, On/Off, and Low ethanol consumption groups (Figures 17a-c).
Multiple two-way repeated measures ANOVAs examining walking, rearing, and self-grooming
duration found no significant main effects of ketamine dose or ethanol consumption group on
any of these non-aggressive behaviors.
Mice were also compared for non-aggressive behavior on the basis of the Increase and
Non-increase groups (Figures 18a-c). A two-way repeated measures ANOVA examining
walking duration found no significant main effects of either group or ketamine dose, but did find
a significant interaction between the two factors (F(1,91)=4.074, p<.05). Post-hoc Holm-Sidak
tests showed that animals within the Increase group exhibited significantly increased walking
behavior compared to vehicle at the 3 mg/kg and 5 mg/kg doses (T=3.003, p<.05; T=3.271,
p<.05). There were no significant differences in walking behavior between the two groups. Twoway repeated measures ANOVAs analyzing rearing and self-grooming duration between the two
groups found no significant main effects of group or ketamine dose on either of the behaviors.
Discussion
The intermittent access procedure that Hwa and colleagues (2011) employed to induce
escalated levels of ethanol consumption in inbred C57BL/6J mice also brought about increased
ethanol drinking in outbred CFW mice. A large proportion of CFW mice in the present study,
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designated as the High consuming group, drank on average up to 21 g/kg of ethanol per 24
hours. However, not all mice achieved escalated levels of ethanol consumption, some—the Low
consuming group—drinking only very small amounts of ethanol without significant change for
the entire ten week of the intermittent access procedure. And mice in the On/Off consumption
group never drank ethanol stably, vacillating between higher and lower g/kg ethanol intake. This
difference may reflect the increased genetic diversity of this outbred strain of mice. In addition,
no group of mice attained preference for ethanol over water; those mice that consumed high
amounts of ethanol still drank large quantities of water. Still, the data in the present study suggest
that it is possible to induce high levels of voluntary ethanol consumption in this strain via
intermittent access. Importantly, it seems that the mice in the present study experienced
withdrawal when denied access to ethanol, as indicated by their significant seizure activity
during the withdrawal period. This suggests that these mice did become dependent on ethanol.
However, it must be noted that the ethanol consumption groups did not differ in their severity of
ethanol withdrawal, suggesting that animals that drank more ethanol did not in fact experience
more severe ethanol withdrawal than those animals that consumed much less.
With regard to the main behavioral outcome examined in the current study—
aggression—ethanol-withdrawn animals exhibited higher levels of aggressive behavior than
water controls, albeit only during drug testing. In pre-drug aggression tests ethanol-withdrawn
animals did not display significantly more aggression than water controls. This finding, however,
may be due to the small number of water control animals and their high variability in aggressive
behavior. Adding additional animals to the water control group could resolve this issue.
Nevertheless, ethanol-withdrawn animals did exhibit higher levels of aggression during drug
testing; additionally, ethanol-withdrawn animals showed higher levels of locomotor behavior
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than water controls during both pre-drug and drug-treatment aggression tests. These data suggest
that the glutamatergic hyperexcitability that accompanies ethanol withdrawal (Chefer et al.,
2011; Dahchour & DeWitte, 2003; Follessa & Ticku, 1996; Grant et al., 1990; Hendricson et al.,
2007; Kumari & Ticku, 1998; Rossetti et al., 1999) does in fact lead to measurable increases in
aggressive and non-aggressive behaviors.
Memantine, but not ketamine, increased aggressive behavior in both ethanol-withdrawn
and water control mice, albeit at different doses—5 mg/kg and 3 mg/kg, respectively. It is
interesting to note that within the ethanol-withdrawn mice, memantine only produced this
aggression heightening effect in those mice that drank high levels of ethanol, either reliably or
unstably. Animals that drank low levels of ethanol were not significantly affected by memantine,
although there was a trend towards a significant increase in aggressive behavior at the 5 mg/kg
dose. This suggests that the amount of ethanol previously consumed could affect memantine’s
action on aggression. Neither of the doses that affected aggression significantly affected nonaggressive behaviors, suggesting that the effect on aggressive behavior is not the result of gross
changes in locomotor behavior. Since animals in ethanol-withdrawal would be expected to have
higher levels of glutamate and NMDARs than water controls (Chefer et al., 2011; Dahchour &
DeWitte, 2003; Follessa & Ticku, 1996; Grant et al., 1990; Hendricson et al., 2007; Kumari &
Ticku, 1998; Rossetti et al., 1999) it is expected that larger doses of an NMDAR antagonist like
memantine would be required to affect behavior. This would also explain why only water control
animals experienced significant decreases in aggressive behavior at the highest dose of
memantine, although ethanol-withdrawn animals did show observable motor impairment at the
30 mg/kg dose.
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Ketamine seemed to produce variable effects on aggressive and non-aggressive behavior
in ethanol-withdrawn animals. Dividing the subjects into groups depending on whether or not
ketamine treatment increased or decreased their attack bite frequency allows better examination
of these individual differences. Indeed, ketamine did increase aggressive behavior in a subset of
ethanol-withdrawn animals at the 3 mg/kg and 5 mg/kg doses. However, unlike in memantinetreated animals, these doses were also accompanied by a significant increase in locomotor
activity. Thus, the increase seen in aggression could be due to gross alterations in locomotor
behavior. Ketamine’s effects did not seem to reliably differ among the ethanol consumption
groups, suggesting that the amount of ethanol previously consumed may not influence
ketamine’s effects on aggressive and non-aggressive behaviors.
The differentiation in the effect of memantine and ketamine on aggressive behavior
during ethanol withdrawal is likely due to their dissimilar mechanisms of action. Memantine is
particular in its pharmacokinetics, displaying low receptor affinity, rapid on/off kinetics, and
partial trapping that allows it to dissociate from receptors in between action potentials (Blanpied
et al., 1997; Kotermanski et al., 2009). On the other hand, ketamine has high receptor affinity,
slower on/off kinetics, and exhibits full trapping that requires an additional action potential to reopen the NMDAR channel to terminate receptor binding (Blanpied et al., 1997; Kotermanski et
al., 2009; Parsons et al., 1995). Thus, ketamine is more likely to prevent normal glutamatergic
activity, producing side-effects that could interfere with normal behavior and produce variable
effects on aggression. The pharmacokinetics of memantine, however, allow it to block only
excessive glutamate activity—such as the like observed during ethanol withdrawal—leaving
normal brain processes and behavior intact.
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It is interesting to note that, according to the results of the current study, both ethanol
withdrawal with its accompanying augmentation of glutamate activity and treatment with an
NMDAR antagonist that blocks glutamate activity increase aggressive behavior. It is perhaps
expected that treatment with an NMDAR antagonist might increase aggression. Ethanol, after all,
is known to antagonize the NMDAR (Lovinger et al., 1989) and ethanol consumption produces
escalated aggression in a subpopulation of mice (Miczek et al., 1998). One previous study found
that memantine dose-dependently increased aggression in mice that had previously consumed 1
g/kg of ethanol (Newman et al., 2012 in press). Newman and colleagues suggested that
antagonism of the NMDAR, by ethanol or memantine or both, interferes with behavioral
inhibition controlled by the PFC via glutamatergic projections to areas such as the DRN (Celada
et al., 2001; Lee, Kim, Valentino, & Waterhouse, 2003). Thus, administration of memantine may
lead to dysregulation of the PFC-DRN circuit, causing behavioral disinhibition and increased
aggressive behavior in both ethanol-withdrawn and water control mice.
On the other hand, the relative increase in aggressive behavior and non-aggressive
behavior seen in ethanol-withdrawn mice compared to water controls may be due to the effect of
ethanol withdrawal on the brain. As discussed previously, ethanol withdrawal leads to a state of
nervous system hyperexcitability (Chefer et al., 2011; Dahchour & DeWitte, 2003; Follessa &
Ticku, 1996; Grant et al., 1990; Hendricson et al., 2007; Kumari & Ticku, 1998; Rossetti et al.,
1999), resulting in anxiogenesis and increased irritability (Dahchour & DeWitte, 2003; Knapp,
Saiers, & Pohorecky, 1999). Simple hyperexcitability could cause the increases in locomotor
activity seen in the ethanol-withdrawn mice, while the anxiogenic effects of hyperexcitability
could lead to increased aggression (Keele, 2005).
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In addition, it is worth noting that ethanol has effects on other neurotransmitter systems
that are relevant to the expression of aggressive behavior, such as 5-HT and GABA. Chronic
intermittent access to ethanol and ethanol withdrawal could lead to homeostatic changes in these
systems, perhaps causing the increased aggressive behavior seen in ethanol-withdrawn animals
in the present study. Future studies should employ pharmacological treatments affecting these
neurotransmitter systems—for example, the application of 5-HT agonists or antagonists—before
aggressive encounters in ethanol-withdrawn mice. Studies of this kind could help to pinpoint the
cause of withdrawal-induced increases in aggressive behavior.
Additional studies will be needed to address the limitations of the current studies. For
instance, there is no water control group for the IAA animals treated with ketamine; this control
should be added in the future. In addition, although the blood ethanol concentrations obtained
from mice in the present study did correlate tightly with previous ethanol intake, the mg/dl
values obtained do not reflect blood ethanol levels sufficient to induce intoxication. This may be
an issue with the ethanol assay used, and blood ethanol concentration will be re-examined using
a different assay kit. Furthermore, although the intermittent access paradigm represents a good
model of ethanol dependence, it does not measure the animal’s motivation to drink. Motivation is
considered a key aspect of alcoholism in humans (Rhodes et al., 2007), and future studies may
wish to use operant self-administration procedures to better evaluate the motivation of outbred
mice to drink ethanol.
Importantly, although animals in the present study exhibit behavioral signs of
glutamatergic hyperexcitability, there is no objective measure of glutamate levels or NMDAR
expression. Future studies should employ microdialysis to measure glutamate in real-time in
ethanol-withdrawn mice throughout the ethanol withdrawal period. NMDAR expression levels in
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ethanol withdrawal could be measured using immunohistological techniques. Both of these
procedures would provide an objective measure of excessive glutmate activity, and validate the
current study’s findings of behavioral hyperexcitability. In addition, microinjection of either
memantine or ketamine into brain areas known to be involved in aggressive behavior, such as the
PFC or DRN, could further elucidate the specific actions these compounds have, or fail to have,
on aggression.
Finally, a project concurrent with present paper found that in inbred C57BL/6J mice
given intermittent access to ethanol, memantine treatment during ethanol withdrawal caused a
dose-dependent decrease in aggressive behavior (Dodman et al., unpublished). These findings
clearly contrast with the memantine-induced increase in aggressive behavior in CFW mice seen
in the current paper. Future studies should further examine the differences in the two mice strains
and use microdialysis and immunohistochemistry to determine any differentiation in brain
changes during ethanol withdrawal.
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Figure 3. Average weekly g/kg ethanol consumption for each week of intermittent access.
A) The average weekly g/kg ethanol consumption for all subjects (n=71), regardless of
consumption group, each week of the intermittent access procedure. B) The average weekly g/kg
ethanol consumption for each consumption group (High, On/Off, and Low) for each week of the
intermittent access procedure. Error bars denote standard error of the mean. Asterisks denote
significance (p<.05) compared to the average g/kg ethanol consumption of the first week of
intermittent access within each group.
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Figure 4. Average weekly preference ratios for ethanol over water for each week of
intermittent access. A) The average weekly ethanol preference ratio for all subjects (n=71),
regardless of consumption group, each week of the intermittent access procedure. B) The
average weekly ethanol preference ratio for each consumption group (High, On/Off, and Low)
for each week of the intermittent access procedure. Error bars denote standard error of the mean.
The dashed line marks the .5 preference ratio. Asterisks denote significance (p<.05) compared to
the average ethanol preference ratio of the first week of intermittent access within each group.
A)

Preference
Ratio
0.8

0.6

0.4

0.2

0.0

1

2

3

4

5

6

7

8

Week of Ethanol Access

9

10

59
B)

Preference
Ratio

High Consumers (n=28)
On/Off Consumers (n=32)
Low Consumers (n=11)

0.8

0.6

*

*

0.4

*

*

*

*

6

7

*

*

*

*

8

9

*
*

0.2

0.0

1

2

3

4

5

Week of Ethanol Access

10

60
Figure 5. Severity of Handling-Induced Convulsion (HIC) scores for mice in ethanol
withdrawal and water control mice. A) The median HIC score for each assessment (from 0-10
hours into ethanol withdrawal, assessed every 2 hours) in water control and IAA mice. Error bars
denote interquartile ranges. B) The area under the curve for ethanol-withdrawn and water control
mice. C) The area under the curve for IAA mice in each ethanol consumption group. Error bars
denote standard error of the mean. Asterisks denote significance (p<.05) compared to water
control.
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Figure 6. Correlation between 1-hour g/kg ethanol intake and blood ethanol concentration
(mg/dl). The blood ethanol concentration for each of the 24 animals blood was collected from
plotted against that animal’s g/kg ethanol intake in the one hour prior to blood collection. There
was a significant positive correlation between blood ethanol concentration and ethanol intake
(p<.05).
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Figure 7. The effect of ethanol withdrawal on aggressive behavior in IAA and water control
mice at 23 and 8 hours into ethanol withdrawal. A) The effect of ethanol withdrawal on A)
attack bite frequency and B) sideways threat frequency in mice with intermittent access to
ethanol and water control mic. Error bars denote standard error of the mean. Asterisks denote
significance within the IAA or water control groups compared to vehicle (p<.05) and pound
signs denote significance compared to water control (p<.05).
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Figure 8. The effect of ethanol withdrawal on non-aggressive behaviors in IAA and water
control mice at 23 and 8 hours into ethanol withdrawal. The effect of ethanol withdrawal on
seconds of A) walking duration, B) rearing duration, and C) self-grooming duration during an
aggressive encounter in mice that had intermittent access to ethanol and water control mice.
Error bars denote standard error of the mean. Asterisks denote significance compared to vehicle
(p<.05) within the IAA or water control group and pound signs denote significance compared to
water control (p<.05).
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Figure 9. The effect of memantine treatment on aggressive behavior in IAA and water
control mice at 8 hours into ethanol withdrawal. A) The effect of memantine treatment on A)
attack bite frequency and B) sideways threat frequency in mice with intermittent access to
ethanol and water control mice at 8 hours into the ethanol withdrawal period. Error bars denote
standard error of the mean. Asterisks denote significance within the IAA or water control groups
compared to vehicle (p<.05) and pound signs denote significance compared to water control
(p<.05).
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Figure 10. The effect of memantine treatment on aggressive behavior in High, On/Off, and
Low ethanol consumption groups at 8 hours into ethanol withdrawal. A) The effect of
varying doses of memantine on A) attack bite frequency and B) sideways threat frequency in
mice that drank High, On/Off, or Low levels of ethanol at 8 hours into the ethanol withdrawal
period. Error bars denote standard error of the mean. Asterisks denote significance within the
IAA or water control groups compared to vehicle (p<.05) and pound signs denote significance
compared to the Low group (p<.05).
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Figure 11. The effect of memantine treatment on non-aggressive behaviors in IAA and
water control mice at eight hours into ethanol withdrawal. The effect of varying doses of
memantine on seconds of A) walking duration, B) rearing duration, and C) self-grooming
duration during an aggressive encounter in mice that had intermittent access to ethanol and water
control mice at eight hours into the ethanol withdrawal period. Error bars denote standard error
of the mean. Asterisks denote significance compared to vehicle (p<.05) within the IAA or water
control group and pound signs denote significance compared to water control (p<.05).
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Figure 12. The effect of memantine treatment on non-aggressive behaviors in High, On/Off,
and Low ethanol consumption groups at 8 hours into ethanol withdrawal. The effect of
varying doses of memantine on seconds of A) walking duration, B) rearing duration, and C) selfgrooming duration during an aggressive encounter in mice that drank High, On/Off, or Low
levels of ethanol at eight hours into the ethanol withdrawal period. Error bars denote standard
error of the mean. Asterisks denote significance compared to vehicle (p<.05) within the IAA or
water control group and pound signs denote significance compared to the Low group (p<.05).
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Figure 13. The effect of ketamine treatment on aggressive behavior in IAA mice at eight
hours into ethanol withdrawal. A) The effect of varying doses of ketamine on A) attack bite
frequency and B) sideways threat frequency in mice with intermittent access to ethanol (n=23) at
8 hours into the ethanol withdrawal period. Error bars denote standard error of the mean.
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Figure 14. The effect of ketamine treatment on aggressive behavior in High, On/Off, and
Low ethanol consumption groups at eight hours into ethanol withdrawal. A) The effect of
varying doses of ketamine on A) attack bite frequency and B) sideways threat frequency in mice
that drank High, On/Off, and Low levels of ethanol at 8 hours into the ethanol withdrawal
period. Error bars denote standard error of the mean. Pound signs denote significance compared
to the On/Off group (p<.05).
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Figure 15. The effect of ketamine treatment on aggressive behavior in the Increase and
Non-increase groups at eight hours into ethanol withdrawal. A) The effect of varying doses
of ketamine on A) attack bite frequency and B) sideways threat frequency in mice that
experienced an increase in attack bites (Increase group) or no change in attack bites (Nonincrease group) after ketamine treatment at 8 hours into the ethanol withdrawal period. Error bars
denote standard error of the mean. Asterisks denote significance within the Increase or Nonincrease groups compared to vehicle, while pound signs denote significance between groups
(p<.05).
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Figure 16. The effect of ketamine treatment on non-aggressive behaviors in IAA mice at
eight hours into ethanol withdrawal. The effect of varying doses of ketamine on seconds of A)
walking duration, B) rearing duration, and C) self-grooming duration during an aggressive
encounter in mice that had intermittent access to ethanol (n=23) at eight hours into the ethanol
withdrawal period.
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Figure 17. The effect of ketamine treatment on non-aggressive behaviors in High, On/Off,
and Low ethanol consumption groups at eight hours into ethanol withdrawal. The effect of
varying doses of ketamine on seconds of A) walking duration, B) rearing duration, and C) selfgrooming duration during an aggressive encounter in mice that drank High, On/Off, or Low
levels of ethanol at eight hours into the ethanol withdrawal period.
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Figure 18. The effect of ketamine treatment on non-aggressive behaviors in the Increase
and Non-increase groups at eight hours into ethanol withdrawal. The effect of varying doses
of ketamine on seconds of A) walking duration, B) rearing duration, and C) self-grooming
duration during an aggressive encounter in mice that experienced an increase in attack bites
(Increase group) or no change in attack bites (Non-increase group) after ketamine treatment at
eight hours into the ethanol withdrawal period. Asterisks denote significance within the Increase
or Non-increase group compared to vehicle (p<.05).
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